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explores applications, such as electronics, heat dissipation, field 
emission, sensors, composites, and energy. 
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Preface
This.book.aims.to.present.an.overview.of.recent.advancements.of.research.in.gra-
phene,. in. the.areas.of. synthesis,. properties,. and.applications,. such.as. electronics,.
heat. transport,. field. emission,. sensors,. composites,. and. energy.. Researchers. from.
various.sectors. including.physics,.chemistry,.materials,.and.electrical.engineering.
have.prepared.their.contributed.chapters.based.on.their.research.expertise.in.these.
fields..Although.graphene.created.enormous.research.activities.in.recent.years.due.to.
its.excellent.electrical,.optical,.and.mechanical.properties,.most.of.the.applications.
are.still.in.their.infancy..Therefore,.it.is.an.appropriate.time.to.compile.a.book.pre-
senting.a.comprehensive.review.of.the.current.status.of.graphene,.specially.focused.
on.synthesis.and.future.applications.

Graphene,.a.monolayer.of.sp2.bonded.carbon.atoms.in.a.honeycomb.lattice,.cre-
ated.a.surge.in.research.activities.during.the.last.6-7.years.owing.to.its.high.current.
density,. ballistic. transport,. chemical. inertness,. high. thermal. conductivity,. optical.
transmittance,.and.super.hydrophobicity.at.nanometer.scale..Graphene.is.considered.
to.be.one.of.the.miracle.materials.in.the.twenty-first.century..The.first.report.(by.A..K..
Geim.and.his.co-workers).of.employing.a.simple.technique.called.micro.mechanical.
cleavage.to.extract.graphene.has.attracted.worldwide.attention.and.earned.them.the.
Nobel.Prize.in.Physics.in.the.year.2010..Though.graphene.was.known.well.before.
that.time,.Geim.and.the.group’s.research.in.2004.created.huge.interest.in.the.field.

In. a. sense,. graphene. is. more. attractive. than. its. allotrope,. carbon. nanotubes.
(CNTs).since.the.2-dimensional.form.of.graphene.is.much.better,.from.the.fabrica-
tion.and.application.point.of.view,.than.1-dimensional.CNTs..Utilizing.its.extremely.
high. mobility. (200,000. cm2/Vs. at. RT. in. comparison. with. 1,400. cm2/Vs. for. Si. and.
8500. cm2/Vs. for. GaAs),. stand-alone. high. frequency. transistor. with. a. cut-off. fre-
quency.as.high.as.300.GHz.could.be.designed..On.the.other.hand,.electromigration.
problems.in.interconnects.could.be.avoided.with.high.current.capacity.(108.A/cm2).
and.low.resistance.(1.μΩ-cm:.35%.less.than.Cu).of.graphene..Graphene.heat.pad.has.
shown.good.promise.owing.to.its.high.thermal.conductivity.(5.kW/mK—10.times.
larger.than.Cu.and.Al)..Graphene.can.also.be.a.strong.candidate.for.replacement.of.
ITO.as.a.transparent.electrode.(which.is.a.necessity.as.earth.crust.has.very.low.reserve.
of.Indium)..Graphene.could.have.over.90%.of.transparency.and.30.Ohm/sq.of.sheet.
resistivity,.making.it.most.suitable.for.transparent.conducting.electrode.applications..
Graphene.has.an.extraordinary.mechanical.strength/weight.ratio.exceeding.that.of.
any.known.material..Graphene.also.has.the.highest.surface.to.volume.ratio,.utiliz-
ing.two-side.surfaces..Thus,.graphene-based.chemical.sensors.can.be.used.to.detect.
explosives.in.luggage.and.volatile.organic.compounds.in.air.by.converting.chemical.
reactions.into.electrical.signals..Graphene.might.revolutionize.battery.technologies,.
where.it.can.be.used.as.a.super-conductive.membrane.between.a.battery’s.poles..This.
battery.could.supply.a.huge.energy.for.a.short.period.of.time..Graphene.has.a.larger.
spin.diffusion.length,.too—so.we.expect.potential.high.injection.efficiency.of.spins.
for.spintronics.
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Nevertheless,.the.main.worry.at.this.juncture.is.that.graphene.can.become.a.hype,.
unless.the.issues.are.resolved.within.a.short.time.period..

Graphene.was.originally.visualized.as.a.material. that.could.replace.Si. in.digi-
tal.logic.circuits.since.it.exhibits.excellent.electrical.properties,.including.very.high.
electron.mobility..However,.one.problem.is.that.graphene.does.not.have.a.band.gap,.
which.is.a.prerequisite.for.a.semiconductor..Furthermore,.a.graphene.transistor. is.
very.difficult.to.turn.off,.with.an.on/off.ratio.as.high.as.1,000.at.room.temperature..
To.open.a.stable.band.gap.of.~1.eV,.it.is.necessary.to.make.graphene.ribbons.smaller.
than.2.nm.wide.with.single.atom.precision..Variation.in.width.of.a.graphene.sheet.
results.in.deviation.of.band.gap.energy..Mobility.of.graphene.is.severely.degraded.if.
the.ribbon.edges.are.rough.and.if.the.substrate.underneath.is.not.flat..In.turn,.repro-
ducibility.issues.are.challenging.for.the.success.of.future.graphene.nanoelectonics..

Graphene.grown.by. the. chemical. vapor.method. is. not. a. single. crystal,. due. to.
unavoidable. occurrence. of. nucleation. and. growth. during. the. process.. This. leads.
to. degradation. and. variation. in. properties. of. graphene-based. electronic. devices..
Graphene.transistors.have.not.yet.revealed.better.analog.properties.over.other.single.
crystalline.high.mobility.semiconductors.(such.as.III-V.compound.semiconductor).
since. the. transistors. have. already. approached. the. range. of. almost. 1. THz. cut-off.
frequency.. So,. it. seems. that. graphene’s. promise. in. next. generation. electronics. is.
not.easily.achievable..Its.future.may.lie.elsewhere.such.as.in.passive.devices.and/or.
components.less.sensitive.on.variation.of.its.energy.band.gap.

Silicon.was.discovered. in.1824,.but. the.first. transistor.was.made.by.Bell.Labs.
scientists.in.1947..It.took.123.years.to.create.the.first.transistor,.but.with.Ge..In.con-
trast,.CNT.was.discovered.in.1991.and.the.first.CNT.transistor.was.demonstrated.in.
1998..Graphene.was.manufactured.in.the.2-D.stable.form.through.an.easy.and.repro-
ducible.process.in.2004—just.seven.years.ago..Thus,.we.need.some.patience.for.the.
materialization.of.our.dream.in.the.application.of.nanocarbon.materials—CNTs.and.
graphene..Lots.of.research.efforts.should.be.made.until.some.big.breakthroughs.hap-
pen.with.CNTs.and.graphene..

We.would.like.to.conclude.with.the.old.saying.“Where.there’s.a.will.there’s.a.way.”.
“Though.your.beginning.was.small,.yet.your.latter.end.should.greatly.increase.”.We.
truly.hope.that.the.11.chapters.in.this.book.will.be.beneficial.for.the.scientific.com-
munity.including.students,.teachers,.researchers.and.project.managers..

Wonbong Choi and Jo-won Lee
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Introduction
Graphene,.a.one-atom-thick.planar.sheet.of.carbon.atoms.densely.packed.in.a.honey-
comb.crystal. lattice,.has.revolutionized. the.scientific.frontiers. in.nanoscience.and.
condensed.matter.physics.due. to. its.exceptional.electrical,.physical,.and.chemical.
properties..Expected.as.a.possible.replacement.for.silicon.in.electronics.and.applica-
tions.in.many.other.advanced.technologies,.graphene.has.sparked.enormous.interest.
in.many.research.groups.around.the.world,.and.has.resulted.in.an.abrupt.increase.
in.publications.on.the.subject.and.recently.in.Geim.and.Novoselov’s.Nobel.Prize.in.
Physics..The.reported.properties.and.applications.of.graphene.have.opened.up.new.
opportunities.for.future.devices.and.systems..Although.graphene.is.known.as.one.of.
the.best.electronic.materials,.synthesizing.a.single.sheet.of.graphene.for.industrial.
applications.has.been.less.explored..This.book.aims.to.present.an.overview.of.the.
advancement.of.research.in.graphene.in.the.areas.of.synthesis,.properties,.and.appli-
cations,.such.as.electronics,.heat.dissipation,.field.emission,.sensors,.composites,.and.
energy..Eleven.chapters.are.presented.by.experts.from.each.research.area..Wherever.
applicable,.the.limitations.of.present.knowledge.base.and.future.research.directions.
have.also.been.highlighted.

CHAPTER 1: TAILORING THE PHYSICAL PROPERTIES OF GRAPHENE

C. G. Rocha, M. H. Rümmeli, I. Ibrahim, H. Sevincli, F. Börrnert, 
J. Kunstmann, A. Bachmatiuk, M. Pötschke, W. Li, S. A. M. Makharza, 
S. Roche, B. Büchner, and G. Cuniberti

The.basic.properties.of.graphene.are.described,.with.emphasis.on. its.potential. in.
electronics,. mechanical. devices,. and. photonics.. In. addition,. the. state. of. the. art.
regarding.other.important.physical.aspects.of.graphene.beyond.its.electrical.proper-
ties.is.also.reviewed.including.its.mechanical,.magnetic,.and.thermal.properties.

CHAPTER 2: GRAPHENE SYNTHESIS

Santanu Das and Wonbong Choi

Major.graphene.synthesis.methods.are.described.with.detailed.information.regard-
ing.process.parameters.and.graphene.characteristics..Among.various.synthesis.tech-
niques,.emphasis.is.given.on.mechanical.exfoliation,.chemical.synthesis,.chemical.
vapor.deposition,.and.epitaxial.growth.as.the.most.popular.graphene.synthesis.meth-
ods.among.scientists.and.researchers..Other. important. issues.of.graphene.synthe-
sis,.such.as.fabrication.of.functionalized.graphene,.large-scale.graphene.growth.and.
graphene.transfer.onto.other.substrates,.have.also.been.summarized.
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CHAPTER 3: QUANTUM TRANSPORT IN GRAPHENE-BASED 
MATERIALS AND DEVICES: FROM PSEUDOSPIN EFFECTS 
TO A NEW SWITCHING PRINCIPLE

Stephan Roche, Frank Ortmann, Alessandro 
Cresti, Blanca Biel, and David Jimenez

This.theoretical.chapter.presents.an.overview.of.some.electronic.and.transport.fea-
tures.of.clean.and.chemically.modified.graphene-based.materials.and.devices,.either.
described. with. simple. models. or. tight-binding. models. elaborated. from. first. prin-
ciples.simulations.

CHAPTER 4: ELECTRONIC AND PHOTONIC APPLICATIONS 
FOR ULTRAHIGH-FREQUENCY GRAPHENE-BASED DEVICES

Taiichi Otsuji, Tetsuya Suemitsu, Akira Satou, Maki Suemitsu, 
Eiichi Sano, Maxim Ryzhii, and Victor Ryzhii

This.chapter.provides. the.recent.advances. in. theoretical.and.experimental.studies.
of. graphene-based. materials. in. electronic. and. photonic. device. applications.. Due.
to.unique.carrier. transport. and.optical.properties,. including.massless.and.gapless.
energy.spectra,.graphene.will.break.through.many.technological.limits.on.conven-
tional.electronic.and.photonic.devices..One.of.the.most.promising.applications.for.
the. electronic. devices. is. the. introduction. of. graphene. as. the. channel. material. in.
field-effect.transistors.(FETs)..The.optical.properties.of.graphene.can.also.provide.
many.advantages.in.optoelectronic.applications.such.as.new.types.of.terahertz.lasers.
as. well. as. high-sensitive,. ultrafast. photodetector. and. phototransistor. operation. of.
graphene.on.junction.and.graphene.channel.FETs..A.detailed.discussion.and.experi-
mental.study.are.described.

CHAPTER 5: GRAPHENE THIN FILMS FOR UNUSUAL 
FORMAT ELECTRONICS

Chao Yan, Houk Jang, Youngbin Lee, and Jong-Hyun Ahn

This.chapter.provides.an.introduction.to.graphene.films.for.electronic.application,.
focusing.on.growth.and.transfer.techniques.that.can.be.used.to.synthesize.and.fabri-
cate.films.on.unusual.substrates.such.as.flexible,.stretchable.substrates..The.content.
is.organized.into.six.main.sections:.introduction.to.graphene.for.high-.performance.
electronics,.fabrication.of.graphene.thin.films.using.the.chemical.vapor.deposition.
method.and.printing.approach.for.large.area.electronics,.applications.in.radio.fre-
quency.transistors.and.flexible.electronic.systems,.integration.of.graphene.for.touch.
screen. panels,. organic. solar. cells,. and. light-emitting. diodes,. graphene-based. gas.
barrier.films,.and.a.summary.
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CHAPTER 6: NANOSIZED GRAPHENE: CHEMICAL SYNTHESIS 
AND APPLICATIONS IN MATERIALS SCIENCE

Chongjun Jiao and Jishan Wu

Currently,.nanosized.graphene.is.among.the.most.widely.studied.families.of.organic.
compounds.. Synthesis. and. applications. of. nanosized. graphene. are. described. in.
Chapter.6..This.chapter.summarizes.modern.processes.to.synthesize.nanosized.gra-
phenes. with. different. sizes,. shapes,. and. edge. structures,. and. their. basic. physical.
properties.. In. addition,. the. fundamental. structure. and. physical. property. relation-
ship.is.introduced,.and.then.applications.of.nanosized.graphene.in.materials.science.
are.discussed.

CHAPTER 7: GRAPHENE-REINFORCED CERAMIC 
AND METAL MATRIX COMPOSITES

Debrupa Lahiri and Arvind Agarwal

This.chapter.deals.with.graphene-reinforced.metals.and.ceramic.nanocomposites,.
their.synthesis.techniques,.and.potential.applications..A.classification.of.composite.
preparation.techniques.is.offered,.based.on.the.mechanism..Future.scope.and.poten-
tial.of.these.nanocomposites.are.also.discussed.

CHAPTER 8: GRAPHENE-BASED BIOSENSORS AND GAS SENSORS

Subbiah Alwarappan, Shreekumar Pillai, Shree R. Singh, and Ashok Kumar

This.chapter.describes.some.of. the. important.electrochemical.biosensing.applica-
tions.of.graphene..More. specifically,. the. electrochemistry.of.graphene,. the.direct.
electrochemistry. of. enzymes. on. graphene,. graphene’s. electrocatalytic. activity.
toward. biomolecules,. graphene-based. enzyme. biosensors,. graphene-based. DNA.
sensors,.and.environmental.sensors.are.discussed.

CHAPTER 9: FIELD EMISSION AND GRAPHENE: 
AN OVERVIEW OF THE CURRENT STATUS

Indranil Lahiri and Wonbong Choi

This. chapter. focuses. on. application. of. graphene-based. field. emission. devices.. In.
recent.years,.graphene,. the. two-dimensional.allotrope.of.carbon,.has.shown.good.
promise.for.application.in.field.emission.devices..Field.emitters.are.widely.used.in.
high-powered. microwave. devices,. miniature. x-ray. sources,. displays,. sensors,. and.
the.electron.gun. in.electron.microscopes..Application.of.graphene. is.predicted. to.
open.a.new.door.to.flexible.and.transparent.field.emission.devices..The.basic.theory.
of.field.emission.phenomenon.and.other.materials.used.in.field.emission.devices.are.
mentioned.briefly.
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CHAPTER 10: GRAPHENE AND GRAPHENE-BASED 
MATERIALS IN SOLAR CELL APPLICATION

Indranil Lahiri and Wonbong Choi

This.chapter.focuses.on.the.application.of.graphene.and.other.graphene-based.mate-
rials.in.solar.cells..Before.summarizing.the.current.status.of.research.on.graphene-
based. solar. cells,. important. properties. of. graphene. that. are. relevant. to. solar. cell.
application.are.discussed.

CHAPTER 11: GRAPHENE: THERMAL 
AND THERMOELECTRIC PROPERTIES

Suchismita Ghosh and Alexander A. Balandin

This.chapter.summarizes.the.thermal.properties.of.graphene.and.graphene.multilay-
ers.with.an.emphasis.on.thermal.conduction.and.thermoelectric.power..The.experi-
mental.and.theoretical.investigation.of.heat.conduction.in.suspended.graphene.layers.
is.reviewed..The.superior.thermal.properties.of.graphene.are.beneficial.for.all.pro-
posed.electronic.device.applications.and.make.graphene.a.promising.material. for.
thermal.management.
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1 Tailoring	the	Physical	
Properties	of	Graphene

C. G. Rocha, M. H. Rümmeli, I. Ibrahim, 
H. Sevincli, F. Börrnert, J. Kunstmann, 
A. Bachmatiuk, M. Pötschke, W. Li, 
S. A. M. Makharza, S. Roche, B. Büchner, 
and G. Cuniberti

1.1  INTRODUCTION

For. many. years. graphene. was. deemed. an. “academic”. material. where. its. perfect.
honeycomb.monolayer.structure.of.carbon.atoms.was. treated.solely.as.a. theoreti-
cal.model.for.describing.the.properties.of.various.carbon-based.materials.such.as.
graphite,. fullerenes,. and. carbon. nanotubes.. Older. theoretical. predictions. [1,2,3],.
studying. pristine. two-dimensional. (2D). crystals,. presumed. graphene. would. be.
unstable. in. reality. due. to. thermal. fluctuations. that. prevent. long-range. crystalline.
order.at.finite. temperatures..This.presumption.was. strongly. supported.by.various.
experimental.investigations.with.thin.films.in.which.the.samples.became.unstable.
as.their.thickness.was.reduced..Now,.early.in.the.twenty-first.century,.graphene.has.
emerged.as.a.real.sample.[4,5]..The.initial.works.by.Geim.and.Novoselov.showed.
the.isolation.of.astonishingly.thin.carbon.films.and.eventually.monolayer.graphene.
by.simply.using.scotch.tape..Since.its.discovery,.the.variety.of.physical.phenomena.
explored.using.graphene.has.expanded.at.a.remarkably.fast.pace.inspiring.a.wide.vari-
ety.of.novel.technological.applications..Spurred.on.by.potential.future.applications.
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like. single-electron. transistors. [6],.flexible.displays. [7,8].. and. solar.cells. [9],. a. lot.
of.research.effort.is.being.devoted.to.understanding.the.main.physical.properties.of.
graphene..For.this.reason,.the.following.subsections.of.this.review.aim.to.introduce.
the.reader.to.the.basic.features.of.graphene,.in.particular,.its.unique.electronic.struc-
ture.and.related.electrical.transport.properties..Later,.the.state.of.the.art.regarding.
other.important.physical.aspects.of.graphene.beyond.its.electrical.properties.is.also.
reviewed.including.its.mechanical,.magnetic,.and.thermal.properties.

1.2  BASIC ELECTRONIC PROPERTIES OF 
GRAPHENE-BASED STRUCTURES

Graphene.is.defined.as.a.single.layer.of.carbon.atoms.arranged.in.a.hexagonal.lattice,.
as.illustrated.in.Figure 1.1a..Its.atomic.structure.can.also.be.used.as.a.basic.building.
block.to.construct.other.carbon-based.materials:.(1).it.can.be.folded.into.fullerenes,.
(2).rolled.up.into.nanotubes,.or.(3).stacked.into.graphite..The.primitive.cell.of.gra-
phene.is.composed.of.two.non-equivalent.atoms,.A.and.B,.and.these.two.sublattices.
are.translated.from.each.other.by.a.carbon–carbon.distance.ac–c.=.1.44.Å.

A.single.carbon.atom.has.four.valence.electrons.with.a.ground-state.electronic.
shell.configuration.of.[He].2s2.2p2..In.the.case.of.graphene,.the.carbon–carbon.chem-
ical.bonds.are.due.to.hybridized.orbitals.generated.by.the.superposition.of.2s.with.
2px.and.2py.orbitals..The.planar.orbitals.form.the.energetically.stable.and.localized.
σ-bonds.with.the.three.nearest-neighbor.carbon.atoms.in.the.honeycomb.lattice,.and.
they.are.responsible.for.most.of.the.binding.energy.and.for.the.elastic.properties.of.
the. graphene. sheet.. The. remaining. free. 2pz. orbitals. present. π. symmetry. orienta-
tion.and.the.overlap.of.these.orbital.states.between.neighboring.atoms.plays.a.major.
role. in. the. electronic.properties. of. graphene.. For. this. reason,. a. good. approxima-
tion. for.describing. the. electronic. structure.of. graphene. is. to. adopt. an.orthogonal.
.nearest-neighbor.tight-binding.approximation.assuming.that.its.electronic.states.can.

(a)

(c)

(b)
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FIGURE 1.1 (See color insert.) (a). Honeycomb. lattice. of. graphene.. The. shadowed. area.
delineates. the.unit.cell.of.graphene.with.its. two.nonequivalent.atoms.labeled.by.A.and.B..
(b).Band.energy.dispersion.obtained.via.tight.binding.approximation..The.inset.highlights.the.
conical-shape.dispersion.around.the.charge.neutrality.point..(c).First.Brillouin.zone.
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be.simply.represented.by.a.linear.combination.of.2pz.orbitals..Solving.the.Schrödinger.
equation,.which.reduces.into.a.matrix.secular.expression,.one.can.obtain.the.energy.
dispersion.relation.of.π.(bonding).and.π*.(antibonding).bands.[10,11,12].

. E k k
k a k a

x y
x y, cos cos( ) = ± + +γ 1 4

3
2 2

4 ccos
k ay
2

2

. (1.1)

where.kx.and.ky.are.the.components.of.the.k.vector.that.are.folded.onto.the.first.hex-
agonal.Brillouin.zone.(shown.in.Figure 1.1c).and.γ.=.2.75.eV.is.the.hopping.energy..
The.electronic.structure.of.graphene.can.also.be.represented.by.closed-form.expres-
sions.obtained.analytically.for.the.single-electron.propagators.written.on.a.real-space.
basis.[13]..In.Figure 1.1b,.one.can.see.the.band.structure.of.graphene.obtained.from.
such.a.simple.tight-binding.model,.which.yields.symmetric.conduction.and.valence.
bands.with.respect.to.the.Fermi.energy.(also.called.the.charge neutrality point.or.
Dirac point).set.at.0.eV..Graphene.valence.and.conduction.bands.are.degenerate.at.
6.points.located.on.the.corners.of.the.Brillouin.zone,.also.called.K.and.K′.valleys..
The.hexagonal.region.(Brillouin.zone).has.a.side.length.of.4π/3a.and.delineates.the.
Fermi.surface.of.the.graphene.as.shown.in.Figure 1.1c..Since.the.Fermi.surface.of.
graphene.is.compacted.to.a.zero.dimension.zone.composed.of.a.finite.set.of.6.points.
on.its.Brillouin.zone,.graphene.is.usually.termed.a.semimetal.material.with.no.over-
lap.or.zero-gap.semiconductor..It.is.easy.to.see.that.the.electronic.properties.of.gra-
phene.are.invariant.by.interchanging.the.K.and.K′.states,.which.means.that.the.two.
valleys.are.related.by.time-reversal.symmetry..Fascinating.physical.phenomena.can.
be.unveiled.while.attempting.to.break.this.effective.time-reversal.symmetry.

The.low-energy.dispersion.near.the.valleys.exhibits.a.circular.conical.shape,.as.
displayed.in.the.inset.of.Figure 1.1b,.unlike.the.quadratic.energy–momentum.relation.
obeyed.by.electrons.at.the.band.edges.in.conventional.semiconductors..Comparing.
this. linear.energy.relation.of.graphene.with. the.dispersion.of.massless. relativistic.
particles.obtained.from.the.Dirac.equation,.one.can.see.that.graphene.charge.car-
riers.can.behave.as.Dirac.fermions.with.an.effective.Fermi.velocity.that.is.around.
300.times.smaller.than.the.speed.of.light.[5]..This.makes.graphene.a.reliable.sys-
tem. to.study.quantum.electrodynamic.phenomena,.an.area.of. investigation.previ-
ously.limited.to.particle.physics.and.cosmology.investigations..In.this.sense,.several.
research.groups.have. already. addressed. a. variety.of. unusual. phenomena. that. are.
revealed.by.graphene.materials,.which.are.characteristic.of.Dirac. relativistic.par-
ticles,.for.instance,.the.absence.of.localization.effects.even.when.disorder.elements.
can.take.place.[14,15],.robust.metallic.conductivity.even.in.the.limit.of.nominally.
zero.carrier.concentration,.and.the.half-integer.quantum.Hall.effect.

Additional.band.features.can.be.learned.from.the.energy.spectrum.of.graphene.
when.the.adopted.model.goes.beyond.the.simple.orthogonal.tight-binding.approach.
or.Dirac.formalism..More.robust.techniques,.such.as.ab.initio.methods,.predict.that.
antibonding.bands.are.located.at.a.higher.energy.with.respect.to.the.bonding.states.
if.the.overlapping.integral.matrix.is.nonorthogonal.[16]..Sophisticated.implementa-
tions. for. single-π. band. tight. binding. schemes. considering. up. to. the. third-nearest.
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neighbor.interactions.and.overlap.elements.can.result.in.an.accurate.description.of.
the.electronic.properties.in.relation.to.first.principle.calculations.[17].

The.amazing.electronic.properties.of.graphene.have.greatly.motivated. the.sci-
entific.community.to.pursue.a.better.understanding.of.their.main.physical.features.
with.the.bonus.of.converting.them.into.real.technological.applications..However,.the.
absence. of. an. energy. band. gap. greatly. restricts. its. use. on. digital. devices.. Thus,.
alternative.strategies.capable.of.inducing.a.band.gap.in.graphene.are.being.sought..
Several.strategies.have.already.been.successfully.adopted.to.modify.the.electronic.
structure.of.graphene.and.include.chemical.doping,.interaction.with.substrates,.and.
the. application. of. mechanical. forces. or. external. electric/magnetic. fields.. Stacked.
graphene.layers.in.the.form.of.bilayers.or.graphite.structures.[18,19,20].also.offer.a.
promising.route.for.band.gap.manipulation..Advanced.lithographic.techniques.[21].
employed.to.tailor.wide.graphene.samples.into.nanoscale.structures.have.shown.that.
lateral.confinement.of.charge.carriers.can.work.as.an.efficient.energy.gap–tuning.
parameter..Such.narrow.graphene.structures.are.known.as.graphene nanoribbons.
(GNR).and.it.has.been.demonstrated.that.their.energy.gap.scales.inversely.with.the.
width..The.following.section.is.dedicated.to.a.review.of.the.main.physical.properties.
of.such.confined.graphene.systems.

1.2.1   Graphene nanoribbons

Besides.the.idealizations.of.graphenelike.2D.membranes,.atomistic.models.of.thin.
graphene. strips. were. also. addressed. primarily. to. investigate. the. nature. of. edge.
dislocations. and. the. appearance. of. defective. dangling. bonds. in. carbon. networks.
[22]..Such.narrow.graphene.strips,.known.as.graphene.nanoribbons,.were.also.not.
expected.to.exist.in.nature..The.discovery.that.graphene.materials.can.be.fabricated.
in.the.free.state.and.combined.with.modern.lithography.techniques.has.confirmed.
that.confined.graphene.structures.are.experimentally.feasible..Currently,.the.synthe-
sis.of.graphene.nanoribbon.samples.has.advanced.considerably.beyond.that.possible.
with.conventional.lithographic.methods..For.instance,.“ribbons”.with.widths.smaller.
than.10.nm.have.been.synthesized.via.crystallographic.etching.[23,24],.sonochemi-
cal.techniques.[25],.and.even.through.the.unzipping.of.carbon.nanotubes.[26–28]..
An.original.fabrication.process.for.graphene.nanoribbons.with.atomic-scale.preci-
sion.has.recently.been.realized.through.the.controlled.assembly.of.molecular.precur-
sors.consisting.of.polycyclic.aromatic.hydrocarbon.compounds.[29].

The.physical.properties.of.graphene.nanoribbons.are.highly.dependent.on.their.
width. and. the. topology. of. the. edge. structures.. There. are. two. canonical. types. of.
graphene.edges,.referred.to.as.armchair.(AGNR).and.zigzag.(ZGNR).ribbons,.and.
examples.of.their.atomic.structure.can.be.seen.in.Figure 1.2..The.atoms.located.on.
the.edges.are.highlighted.in.green.and.W.denotes.the.width.of.the.ribbon..The.width.
of.an.armchair.ribbon.can.be.defined.in.terms.of.the.number.of.dimer.lines:.Wa.=.
(Na.–.1)a/2.for.armchair.ribbons.and.Wz.=.(Nz.–.1).√3a/2.for.zigzag.ribbons;.Na.and.
Nz.are.their.respective.number.of.carbon.chains.

The.electronic.structure.of.graphene.nanoribbons.can.be.represented.in.a.simple.
manner.following.a.single-π.band.tight.binding.description.or.Dirac.approach.where.
“particle-in-a-box”.boundary.conditions.are.applied.to.the.ribbon’s.terminations..In.
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this. case,. the.wave.vector. components. lying. in. the.width.direction.will.be.quan-
tized,.whereas. those.parallel. to. the. axial.direction. remain. continuous. for. infinite.
systems..In.other.words,.limiting.the.width.of.a.bulk.graphene.sheet.means.“slicing”.
the. energy. band. structure. of. Figure  1.1b. in. well-defined. directions;. their. projec-
tions.can.be.seen.on.the.Fermi.surface.as.presented.on.the.top.panels.of.Figure 1.3..
The. quantization. lines. correspond. to. the. allowed. k. states. for. three. distinct. gra-
phene.nano.ribbons—AGNR(8),.AGNR(9),.and.ZGNR(8)—placed.over.graphene’s.
Brillouin.zone..Whenever.one.of.these.states.crosses.one.of.the.graphene’s.valleys,.
valence.and.conduction.bands. touch.each.other.at. the.Fermi. level.and. the. ribbon.
exhibits.metallic.behavior,.otherwise.it.is.semiconducting.[30]..

W

(a) (b)

FIGURE 1.2 (See color insert.) Atomic.structure.of.an.(a).armchair-.and.a.(b).zigzag-.edge.
graphene.nanoribbon..Green.color.atoms.delineate.the.respective.edge-shape.and.W.denotes.
the.width.of.the.ribbon.
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FIGURE 1.3 (See color insert.) (Top.panels).Zone-folding.diagram.for.three.different.gra-
phene. nanoribbons:. left,. AGNR(8);. middle,. AGNR(9);. and. right,. ZGNR(8).. The. parallel.
lines.in.the.Brillouin.zone.represent.the.allowed.quantized.states.of.the.ribbon.projected.in.
momentum.space..Their.respective.energy.band.structures.and.density.of.states.curves.are.
displayed.on.the.lower.panels..(Adapted.from.N..Nemec,.Quantum.transport.in.carbon-based.
nanostructures..Dr..rer..nat..(equiv..PhD).thesis,.University.of.Regensburg,.September.2007.)
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Their. respective. energy. dispersion. relation. and. density. of. states. curves. calcu-
lated.via.nearest-neighbor.tight-binding.approximation.are.also.shown.in.the.lower.
panels..According.to.this.simple.description,.one.can.predict.that.zigzag.ribbons.of.
any.width.show.a.singular.edge.state.that.decays.exponentially.into.the.center.of.the.
ribbon..Such.edge.states.are. twofold.degenerate.at. the.Fermi.energy.and.reveal.a.
nondispersive.feature.that.lasts.about.1/3.of.the.total.size.of.the.graphene.Brillouin.
zone..As.a.consequence,.the.density.of.states.of.zigzag.ribbons.is.characterized.by.
a.pronounced.peak. located.at. the.charge.neutrality.point..Although.there.are.still.
controversies. concerning. the. associated. energy. eigenvalue. of. the. edge. state,. the.
detection.of.such.a.peak.has.been.accomplished.through.scanning.tunneling.micros-
copy.measurements.performed.near.zigzag.edge.sections.of.graphite.[31]..In.stark.
contrast,.no.such.localized.state.appears. in.nanoribbons.having.an.armchair.edge.
configuration..Moreover,.this.simple.model.shows.that.armchair.ribbons.can.change.
their. electronic.character.depending.on. their.width..An.armchair.nano.ribbon.can.
behave.as.a.metal.when.the.number.of.atoms.along.its.width.is.equal.to.3j.+.2,.where.
j is. an. integer.. This. class. of. armchair. ribbons. exhibits. semiconducting. behavior.
when.more.sophisticated.electronic.structure.models.are.applied.or.the.edge.atoms.
are. parameterized. to. include. the. effects. of. hydrogen. passivation.. The. remaining.
armchair.ribbons.in.the.3j and.3j +.1.categories.are.all.semiconductors.independent.
of.the.adopted.model.[22].

The.challenge.of.inducing.a.band.gap.in.graphene.seems.to.be.solved.by.cutting.
it.into.ribbons..On.the.other.hand,.the.edges.bring.additional.problems..Graphene.
nanoribbons.indeed.possess.a.band.gap,.but.their.edges.have.inherent.edge.disorder.
[32]..It.turns.out.that.their.electronic.properties.are.strongly.reliant.on.the.topologi-
cal.details.of.the.atoms.located.on.their.extremities..Roughness,.or.even.chemical.
groups.bound.to.the.edges,.can.also.affect.the.electronic.features.of.the.ribbons..In.
this.sense,.studies.focusing.on.disorder.effects.in.graphene.structures.are.of.extreme.
relevance.for.envisioning.the.main.mechanisms.behind.their.electronic.response.

1.3  EDGE DISORDER IN GRAPHENE STRUCTURES

The.dominant.scattering.processes.and.resulting.transport.features.of.graphene.are.
very.dependent.on.the.range.of.the.disorder.potential.and.the.robustness.or.destruc-
tion. of. the. underlying. sublattice. symmetries.. A. variety. of. physical. behaviors. can.
be. unveiled. when. short-range. interactions. take. place. in. graphene. since. all. possi-
bilities.of.intravalley.and.intervalley.scattering.events.between.K.and.K′.points.are.
allowed.. Short-range. potentials. formed,. for. instance,. by. atomically. sharp. defects.
such.as.vacancies.[33,34];.Anderson.disorder.or.edge.deformations.induce.chirality.
breaking,.leading.to.strong.backscattering.events.and.localization.effects..In.particu-
lar,.graphene.nanoribbons.are.naturally.subjected.to.edge.disorder.due.to.the.high.
reactivity. of. edges. that. can. be. subjected. to. chemical. passivation,. roughness,. and.
structural.reconstruction.[35]..In.addition,.confinement.effects.are.expected.to.maxi-
mize.the.sensitivity.of.the.structures.regarding.the.presence.of.disorder..Joule.heating.
techniques.capable.of.vaporizing.carbon.atoms.from.the.edges.has.been.carefully.
employed.to.pattern.the.morphology.of.nanoribbon.extremities..The.successful.stabi-
lization.of.sharp.edge.reconstructions.mostly.formed.with.either.zigzag.or.armchair.
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configurations. has. been. observed. [36].. Nonetheless,. improving. the. quality. of. the.
edge-shapes.in.practice.remains.a.difficult.task..A.multitude.of.different.edge.topolo-
gies.have.been.characterized.and.so.researchers.must.cope.with.a.vast.physical.sce-
nario.involving.prominent.localization.effects.induced.by.edge.disorder.[25,37,38].

Depending.on.the.edge.shape.of.the.graphene.structure,.different.band.gaps.for.
similarly. sized. systems. can. be. generated. since. its. electronic. structure. is. greatly.
influenced.by.disorder..Transport.measurements.realized.in.etched.graphene.sam-
ples.have.demonstrated.that.sharp.resonances.can.appear.inside.the.transport.gap,.
providing. evidence. that. the. atomic. details. of. tailored. graphene. systems. play. an.
important.role. in. their.conducting.properties.[39]..Atomistic.models.for.edge.dis-
order.are.often.used.to.investigate.the.impact.of.topological.edge.roughness.on.the.
conducting. properties. of. the. ribbons.. The. boundaries. are. initially. assumed. to. be.
perfect..Subsequently,.the.erosion.of.the.edges.can.be.simulated.by.randomly.setting.
the.hopping.elements.of.neighboring.atoms.to.zero.or.setting.their.onsite.energies.
to.very.high.values..The.calculations.indicate.that.even.when.very.weak.edge.dis-
order.effects.are.simulated,.a.prominent.modification.in.the.conductance.profile.of.
the.nanoribbons. is.obtained.[40,41].. In.Figure 1.4,. the. impact.on.the.conductance.
of.a.zigzag-edge.ribbon.considering.different.complexities.for.the.edge.disorder.is.
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FIGURE 1.4 (Left. panels). Conductance. as. a. function. of. energy. obtained. from. a. disor-
dered.ZGNR(16).with.length.L.=.500.nm.and.imposing.a.probability.of.7.5%.for.removing.
carbon.atoms.from.the.edges.. (Right.panels).Schematic.pictures.representing. the.different.
types.of.defects:.(D1).is.an.example.of.the.Klein.defect.and.(D2).and.(D3).correspond.to.the.
defects.where.one.and.two.hexagons,.respectively,.are.missing..(Adapted.from.A..Cresti.and.
S..Roche..2009..Edge-disorder-dependent.transport.length.scales.in.graphene.nanoribbons:.
From.Klein.defects.to.the.superlattice.limit..Physical Review B.79:.233404-1-4.)
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shown.[35]..The.D1.defect.is.known.as.the.Klein.defect.and.is.composed.of.a.zig-
zag.edge.with.a.single.carbon.bound.on.the.edges.[42,43]..The.D2.and.D3.imper-
fections.consist.of.withdrawing.one.or. two.consecutive.hexagons. from. the.edges..
The.atoms.were.randomly.removed.with.an.equal.probability.of.7.5%.and.length.of.
the.scattering.region.is.L.=.500.nm..The.conductance.around.the.charge.neutrality.
point.is.highly.suppressed.especially.in.the.presence.of.Klein.and.D2.defects..A.few.
resonance.peaks.survive.within.the.energy.range.where.one.conductive.channel.was.
active.regardless.of.whether.the.defects.were.absent.or.not..A.robust.conducting.pro-
file.is.observed.when.D3.defects.exist,.suggesting.that.the.system.can.evolve.from.a.
quasiballistic.to.a.localized.regime.depending.on.the.details.of.the.defects.and.as.the.
length.of.the.scattering.region.increases.

Similar.studies.performed.in.disordered.armchair.ribbons.have.shown.that.these.
later.structures.are.relatively.more.sensitive.to.edge.disorder.in.comparison.to.zig-
zag.configurations.. In.other.words,.disordered.armchair. structures.have.a.greater.
propensity. to.manifest. localization.effects.. It.was.demonstrated. that.only.10%.of.
edge. defects. are. enough. to. wash. out. the. electronic. transmission. in. a. wide. range.
of.energies.of.metallic.armchair.structures.[44]..Specifically,.for.the.case.of.semi-
conducting. armchair. ribbons,. it. has. been. shown. that. edge. disorder. is. capable. of.
transforming. their. electronic. character. into. Anderson. insulators. as. long. as. their.
width.is.kept.relatively.wide.in.order.to.minimize.the.impact.of.disordered.edges..
Insulating.character.is.also.achieved.in.ribbons.with.lengths.large.enough.to.avoid.
the.direct.tunneling.of.electrons.along.the.channels.[45,46].

The.impact.of.the.edges.on.the.electronic.structure.of.nanoribbons.can.be.con-
trolled.by.chemical.passivation.[47].where.different.species.could,.in.principle,.react.
with. the.carbon.atoms.situated.on.the.extremities.rather. than.the.commonly.used.
hydrogen.saturation..In.reality,.not.only.the.edges.of.the.ribbons.can.be.thought.of.as.
the.most.energetic.location.for.dopants..The.specific.topology.of.nanoribbon.edges.
enters. as. an. additional. control. parameter. for. the. segregation.of. impurities. across.
their.width.and.their.distribution.can.be.tuned.by.gate.potentials.[48]..Such.studies.
involving.doping.processes.in.graphene.nanoribbons.open.a.wide.field.of.applica-
tions.in.the.industry.of.chemical.and.biosensor.devices.

In.addition. to.such.amazing.electronic.properties,.graphene.structures.are.also.
exceptional.materials.for.transferring.heat.[49,50]..The.investigation.involving.heat.
conductivity.can.favor.the.elaboration.of.effective.heat-dissipating.devices.in.order.
to.cool.down.electronic.components..In.addition,.the.variety.of.phenomena.explored.
using.graphene.increased.after.its.confirmation.as.the.strongest.and.lightest.material.
ever.to.be.measured..The.next.sections.are.devoted.to.discussing.the.main.achieve-
ments.in.the.field.of.heat.conductivity,.thermal.vibrations,.and.mechanical.properties.
in.graphene.structures.

1.4  VIBRATIONAL PROPERTIES AND THERMAL PROPERTIES

At.room.temperature.(RT),.the.thermal.conductivity.(κ).of.single-layer.graphene.is.
mostly.due.to.acoustic.phonons.[51]..The.high.value.of.κ.is.attributed.to.the.absence.
of.crystal.defects,.and.suppression.of.Umklapp.processes.as.the.number.of.layers.is.
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reduced.[52],.that.is,.long.mean-free.paths.of.phonons..Such.high.values.suggest.that.
graphene.can.play.a.key.role.in.future.nanoelectronic.devices.[53].

The.phonon.branches.of.graphene.can.be.grouped.as.in-plane.(LA,.TA,.LO,.and.
TO). and. out-of-plane. (flexural). modes. (ZA. and. ZO).. The. acoustic. flexural. mode.
(ZA).in. two-dimensional.crystals.has.a.quadratic.dispersion.in. the.vicinity.of. the.
Γ·.point.of. the.Brillouin.zone,.and.exhibits.a.singularity. in. the.density.of.states.at.
zero.energy..At.finite.temperatures,.thermal.fluctuations.are.expected.to.give.rise.to.
atomic.displacements.as.large.as.the.interatomic.distance;.therefore.low-dimensional.
crystals. should.be.unstable. [1,2]..However,.macroscopic. samples.of. graphene. are.
shown.to.be.stable.and.preserve.their.crystal.quality,.which.is.believed.to.be.due.to.
the.existence.of.microscopic.crumpling.in.the.third.dimension.[54].

The.ballistic.thermal.conductivity.of.graphene.is.isotropic.[51]..In.the.temperature.
range.below.20.K,.the.ZA.mode.is.detrimental.to.conduction..Above.20.K,.the.LA.
and.TA.modes.also.contribute,.however.the.ZA.mode.dominates.the.thermal.conduc-
tion..The.exact.solution.of.the.phonon.Boltzmann.equation.shows.that.the.ZA.mode.
is.the.dominant.heat.carrier.at.higher.temperatures.as.well.[55]..It.is.also.shown.that.
anharmonic.scattering.is.significantly.restricted.for.the.flexural.modes.due.to.selec-
tion.rules,.and.this.behavior.is.robust.to.inclusion.of.ripples.and.isotopic.impurities..
There. is. a. variety.of. values. reported. for.κ. of. single-layer. suspended.graphene. at.
room.temperature.ranging.from.600.to.5000.Wm−1K−1.[49,56,57]..The.disagreement.
needs.to.be.clarified.

On.the.other.hand,.when.graphene.lies.on.a.supporting.substrate,.phonons.leak.
across.the.interface.and.the.flexural.modes.are.scattered.strongly..Nonetheless,.κ.
of.graphene.on.SiO2.substrate.has.been.measured.as.600.Wm−1K−1.at.RT,.consid-
erably.higher.than.that.of.copper.[50,58]..The.reduction.of.κ.due.to.a.supporting.
substrate.also.points.to.the.interplay.between.the.phonon.scattering.mechanisms.
and. the.number.of. graphene. layers..Measurements. on. few-layer. graphene,.with.
the.number.of.layers.ranging.between.2.and.10,.shows.the.dimensional.crossover.
from. two.dimensions. to.bulklike.behavior,. and. the.crossover. is. assigned. to. the.
intralayer. coupling. of. low-energy. phonons. and. enhanced. Umklapp. scatterings.
[52]..As.a.result,.κ.drops.from.2800.to.1300.Wm−1K−1.when.the.number.of.layers.
is. increased.from.2. to.4.. In.most.device.applications,.graphene.will.be.encased.
within.dielectric.materials,.which.will.alter. the.thermal.properties.significantly..
Measurements.on.single-layer.graphene.encased.within.SiO2.show.that.the.ther-
mal.conductivity.is.suppressed.down.to.160.Wm−1K−1,.and.for.few-layer.graphene.
it.increases.with.the.number.of.layers.approaching.the.limit.of.in-plane.κ.for.bulk.
graphite.[59].

Similar.to.the.electronic.states.in.GNRs,.only.standing.wave.solutions.are.allowed.
perpendicular.to.the.ribbon.axis.[60]..Therefore.the.wave.vector.is.discrete.in.this.
direction,.q⊥,n.=.nπ/W,.where.W.is.the.ribbon.width,.and.n.=.0,.…,.N.−.1..The.pho-
non.branches.of.GNRs.can.be.interpreted.to.consist.of.six.fundamental.modes.that.
correspond.to.the.modes.of.graphene,.and.their.6(N.–.1).overtones.[61],.except.for.
the.fact.that.there.exist.4.acoustic.modes.in.quasi-one-dimensional.crystals..In.the.
ballistic.regime,.the.thermal.conductance.of.pristine.GNRs.is.predicted.to.display.
a. power. law. T at. low. temperatures,. ranging. from. 1. to. 1.5,. from. narrow. to. wide.
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ribbons.[51,62]..Since.one.has.edges,.it.is.unavoidable.to.have.some.irregularities.in.
the.edge.shape.and.width.of.the.GNRs..The.effect.of.disorder.in.the.edge.shape.of.
GNRs.increases.with.decreasing.ribbon.width.and.suppresses.thermal.conductivity.
strongly.for.GNRs.having.widths.of.20.nm.and.below.[63,64]..The.thermal.conduc-
tivity.of.GNRs.with.sub-20-nm.widths.was.measured.as.~1000.Wm−1K−1.in.agree-
ment.with.theoretical.calculations.[65,66].

1.5  MECHANICAL PROPERTIES OF GRAPHENE

Graphene.received.the.title.of.“strongest.material.ever”.after.the.confirmation.of.
its. sustaining. breaking. strengths. of. 42. N/m. with. an. intrinsic. mechanical. strain.
of. ~. 25%. and. Young’s. modulus. of. Y. ~. 1.0. TPa. [67].. Its. mechanical. thickness.
can.also.be.controlled.as.demonstrated.through.mechanical.stress.measurements.
performed. on. graphene. sheets. subjected. to. deformations. induced. by. depositing.
different. insulating.capping.layers.[68]..The.experimental.findings.regarding.the.
main.mechanical.features.of.graphene.have.been.confirmed.by.several.theoretical.
works.using.different.techniques..Among.them,.ab.initio.[69],.tight.binding.[70],.
molecular. dynamics. simulations. [71,72],. and. semiempirical. models. [73,74]. have.
successfully.estimated.the.Young’s.modulus.and.other.intrinsic.mechanical.quanti-
ties.of.graphene.

The.outstanding.mechanical.properties.of.graphene.have.also.attracted.interest.
from.electronic.applications.due.to.the.potential.use.that.these.light,.stiff,.and.flex-
ible. materials. can. offer. for. designing. building-block. components. in. nanoelectro-
mechanical. systems. (NEMS).. In. particular,. the. fabrication. of. low-cost. NEMS.
devices. requires. a. complete. correspondence. between. mechanical. and. electrical.
responses.of.the.conductive.channel..In.this.sense,.the.operation.mechanism.of.an.
efficient.NEMS.based.on.graphene. relies. strictly.on. the. feasibility.of.performing.
band.gap.engineering.with.the.aid.of.external.mechanical.forces..Detailed.analysis.
of. the.physical.properties.of.uniaxially.strained.“graphene-bulk”.has.been.widely.
studied. by. Raman. spectroscopy. [68,75,76]. and. suggests. that. manipulation. of. the.
band.gap. is.possible..Nevertheless,.most.of. these.experiments.were.conducted.on.
samples.placed.on.top.of.flexible.substrates,.which.can.gradually.stretch.or.bend.the.
sheets..The.pure.electromechanical.response.of.suspended.2D.graphene.is.still.under.
debate..According.to.several.theoretical.works,.the.electronic.structure.of.suspended.
graphene. is. extremely. resistant. against. mechanical. forces,. being. able. to. support.
reversible.elastic.deformations.above.20%.[69,70].

Band.gap.engineering.of.strained.graphene.materials. is.possible.when.tailored.
structures,. such. as. nanoribbons,. are. mechanically. perturbed.. It. has. already. been.
shown. that. the. transport. and. electronic. features. of. graphene. nanoribbons. can. be.
efficiently.tuned.as.a.function.of.strain.[77–81]..These.studies.highlight.important.
aspects. of. the. synthesis. of. graphene-based. molecular. electromechanical. devices.
[82]..The.conductance.of.uniaxially.stretched.graphene.nanoribbons.is.shown.to.be.
strongly.dependent.on.their.edge.shape,.as.can.be.seen.in.Figure 1.5..Ribbons.with.
armchair.edge.symmetry.can.undergo.a.metal–semiconductor.transition.as.mechani-
cal.strain.increases,.whereas.zigzag.ribbons.exhibit.a.more.robust.transport.behavior.
against.stretching..Very.small.strain.values.are.sufficient.to.open.an.energy.gap.in.
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AGNRs,.confirming.that.their.electronic.character.is.sensitive.to.mechanical.stress..
In.this.sense,.armchair.edge.ribbons.are.more.suitable.for.engineering.electrome-
chanical.devices.in.comparison.to.zigzag.geometries.

1.6  GRAPHENE’S TRANSPORT PROPERTIES 
UNDER EXTERNAL FIELDS

The.successful.realization.of.graphene-based.nanodevices.depends.mostly.on.pat-
terning. effective. circuit. architectures. in. which. their. electronic. properties. can. be.
modified.in.a.predetermined.and.reversible.way..In.fact,.interesting.quantum.phe-
nomena.can.be.observed.when.the.physical.properties.of.low-dimensional.systems.
are. tuned. by. external. fields. such. as. electric. or. magnetic. fields. and. gate. voltages.
under. dc. conditions.. Studies. considering. external. fields. in. the. stationary. regime.
have.been.widely.investigated.both.theoretically.and.experimentally..For.instance,.
a.graphene.sheet.experiencing.the.presence.of.a.modulated.electrical.potential.sus-
tains. strong. modifications. in. its. low-energy. properties.. The. robust. degeneracy. at.
the.Dirac.point. is. split. and. the. isotropic.conelike. structure.of. the.energy. relation.
is.now.composed.of. two.distinct.valley.structures.with.highly.anisotropic.disper-
sions. [83]..Theoretical. investigations. of. graphene. ribbons.working. as. a. transmis-
sion.channel.under.transversal.electric.fields.have.demonstrated.that.the.number.of.
transmission.modes.can.be.controlled.with.the.aid.of.an.external.voltage.[84–86]..
More. importantly,. the.conductance.of. the.system.varies.sharply.by. integer.multi-
ples.of. the.quantum.conductance.with.respect. to. the.strength.of. the.electric.field..
Additional.transport.features.can.be.visualized.when.a.rotating.gate.plate.acts.on.the.
graphene.ribbons..The.transmission.is.shown.to.be.dependent.on.the.gate.orienta-
tion.and.on.the.width.of.the.ribbons.[87]..External.electric.fields.can.also.be.used.
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FIGURE 1.5 (See color insert.) Contour.plots.of.conductance.as.a.function.of.Fermi.energy.
and.mechanical.strain.for.(top.panel).an.AGNR(11).and.(lower.panel).a.ZGNR(10)..(Adapted.
from.M..Poetschke,.C.G..Rocha,.L.E.F..Foa.Torres,.S..Roche,.and.G..Cuniberti..Modeling.
graphene-based.nanoelectromechanical.devices..Physical Review B.81.(2010):.193404-1-4.)
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to.effectively.tune.important.physical.quantities.of.graphene.such.as.work.function.
[88].and.electron–phonon.coupling.[89]..An.efficient.alignment.tool.was.idealized.
by.the.application.of.external.electric.fields.where.the.graphene.membranes.can.be,.
in.principle,.oriented.in.particular.directions.in.space.via.electric.polarization.effects.
[90]..Moreover,.the.electronic.properties.of.graphene.were.finely.tuned.through.the.
adsorption.of.molecules.with.strong.electric.dipole.moments,.capable.of.inducing.a.
local.electric.field.on.the.structures..Band.gap.engineering.in.graphene.hosts.was.
theoretically.addressed.by.considering.that.the.intensity.of.the.external.electric.field.
can.be.controlled.by.means.of.the.density.of.ad.molecules.[91]..An.even.wider.set.
of.electronic.responses.can.be.obtained.from.graphene.nanostructures.when.a.com-
bination.of.both.electric.and.magnetic.fields.is.applied..Energy-gap.modulation.can.
be.achieved.in.graphene.nanoribbon.channels.exposed.to.fields.oriented.in.a.type.
of.Hall.configuration. [92].as.shown. in.Figure 1.6..The. lowest.and.highest.energy.
states.of.an.initially.semiconducting.AGNR.are.shown.to.collapse.at.the.Dirac.point.
at.a.critical.electric.field,.guiding. the.system.toward.a.semimetallic.arrangement..
The. competition.between. localization. and.delocalization. effects.generated.by. the.
respective.magnetic.and.electric.fields.gives.rise.to.a.rich.set.of.electronic.responses.
that. can. certainly. be. implemented. into. promising. electronic. devices.. Essentially,.
the.fields.induce.a.broad.set.of.refinements.in.graphene’s.energy.spectrum.such.as.
k.↔ −k.symmetry.breaking,.drastic.modification.of. low-energy.dispersions,. sub-
band.spacings,.and.edge.states.[93,94]..Furthermore,.at.a.critical.electric.and.mag-
netic.field. ratio,. it. has.demonstrated. that. the.Landau. spectrum.contracts,. viz.. the.
Landau.energy. level.spacing,.gradually.decreases.[95]..At. the.same.time,.electric.
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FIGURE 1.6 (See color insert.) Local.density.of.states.contour.plot.for.a.24-AGNR.as.a.
function.of.the.electric.field.intensity.for.a.fixed.magnetic.flux.of.ϕ/ϕ0.=.9/1000..Black.cor-
responds.to.null.density.of.states.while.the.highest.LDOS.value.is.highlighted.by.red.color..
(Adapted. from.C..Ritter,.S.S..Makler,.and.A..Latgé..Energy-gap.modulations.of.graphene.
nanoribbons.under.external.fields:.A.theoretical.study..Physical Review B.77:.195443-1-5.;.
Physical Review B 82.(2008):.089903-1-2..With.permission.)
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excitations. are. found. to. disturb. the. magnetic. susceptibility. and. the. characteristic.
Haas-van.Alphen.oscillations.observed.in. the.magnetization.curves.calculated.for.
graphene.systems.under.magnetic.fields.[96]..Such.anomalous.phenomena.are.con-
cluded.to.be.associated.with.the.relativistic.flavor.of.the.low-energy.charge.carriers.
in.graphene.

Another.possibility.to.control.the.electronic.transmission.of.carbon-based.nano-
materials. is. through. the. use. of. time-dependent. excitations. [97].. Recent. studies.
targeting.the.use.of.ac.fields.in.graphene.materials.[98–100].shed.light.on.this.grow-
ing.research.area,.often.overshadowed.by.studies.considering.external.fields.in.the.
stationary.regime..Under.ac.signals,.several.theoretical.works.have.highlighted.gra-
phene’s.potential.as.a.spectrometer.device.operating.even.at.high-frequency.noise..
In.particular,.for.the.case.in.which.a.homogeneous.ac.gate.can.act.on.graphene.chan-
nels,.it.has.been.shown.that.it.is.possible.to.achieve.full.control.of.the.conductance.
patterns.which,.remarkably,.resemble.Fabry-Pérot.interference.patterns.of.light-wave.
cavities.[98,101]..The.results.presented.in.Figure 1.7,.obtained.for.an.AGNR.resona-
tor,.suggest.several.possibilities.to.tune.the.conductance.profiles.ranging.from.the.
standard.dc.regime.(panel.[a]),.to.suppression.(panel.[b]),.phase.change.(panel.[c]).
of. the.oscillations,. and. robust.behaviors. (panel. [d]). interpreted.as.a.wagon-wheel.
effect.held.in.the.quantum.domain..There.is.also.an.increasing.interest.in.graphene’s.
photovoltaic.Hall.effect.since.it.was.confirmed.that.photo-induced.dc.currents.can.
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be.induced.under.intense.light.[102]..Such.investigations.underscore.the.potential.for.
synthesizing.organic.solar.cells.based.on.graphene.

1.7  MAGNETIC PROPERTIES OF GRAPHENE

As. discussed. in. Section. 1.2.1,. zigzag. graphene. nanoribbons. have. so-called. edge.
states..According.to.numerous.theoretical.studies.based.on.density.functional.the-
ory.or.on.the.mean-field.Hubbard.model,.it.is.believed.that.the.associated.peak.in.
the.density.of. states.at. the.Fermi.energy. (EF).gives. rise. to.a.magnetic. instability,.
where.the.edge.states.become.spin-polarized.[22,103,104]..In.the.magnetic.ground.
state,.a.band.gap.at.EF.is.opened,.and.the.atoms.are.ferromagnetically.ordered.along.
one.edge,.and.antiferromagnetically.ordered.between.opposite.edges..This.antifer-
romagnetic.ground.state.is.consistent.with.the.Lieb.theorem.for.a.biparticle.lattice.
within.a.Hubbard.model.description.[105]..The.phenomenon.of.edge.magnetism.is.
not.restricted.to.ideal.ZGNRs.but.is.believed.to.occur.in.any.graphene.system.that.
has.zigzag.edge.segments.

One.of. the.first. suggestions. to.use. the.magnetic. edges. for. spintronics. applica-
tions.came.from.Son.et.al..[106]..They.showed.that.the.application.of.a.transverse.
electric.field.causes.the.antiferromagnetic.ZGNRs.to.become.half-metallic..Without.
an.electric.field,.the.system.is.in.the.antiferromagnetic.ground.state.with.a.band.gap.
at.EF..The.external.electric.field.shifts.the.electronic.states.so.that.the.band.gap.of.
one.spin.component.is.increased.while.the.band.gap.of.the.other.spin.component.is.
closed,.such.that.the.system.becomes.a.metal.with.spin-polarized.electrons,.i.e.,.a.
spin.valve..In.essence,.the.effect.of.the.transverse.electric.field.is.to.break.the.sym-
metry.between.the.left.and.the.right.edge..This.symmetry.breaking.can.be.achieved.
without.an.electric.field.in.different.ways,.for.example,.by.saturating.the.left.and.the.
right.edge.of.the.ZGNR.with.different.functional.groups.[107,108].or.by.edge.selec-
tive.defects. [109,110]..Other.graphene-based.spin-valve.devices.were. theoretically.
proposed.using.gate-driven.spin.currents.originating. from.graphene.arrays.doped.
with.magnetic.impurities.[111,112]..An.additional.line.of.potential.application.tar-
gets.using.the.phenomenon.of.edge.magnetism.in.order.to.build.a.magnetoresistor.
[113,114]..But.up.to.now,.there.is.little.experimental.evidence.for.graphene.edge.mag-
netism.[115,116]..Magnetic.edges.have.never.been.observed.in.local.probe.micros-
copy;.only.an.indirect.observation.has.been.reported.recently.[117].

The.inability.to.observe.magnetic.edge.states.is.supported.by.recent.theoretical.
works.that.show.that.the.ideal.zigzag.edge.morphology.is.not.very.likely.to.exist..
In.fact,.other.nonmagnetic.edge.morphologies.are.thermodynamically.much.more.
favorable. [118–120].. Furthermore,. it. was. shown. that. even. in. perfect. ZGNRs,. the.
antiferromagnetic.ground.state.is.stable.only.at.very.low.temperatures.[120]..So.cur-
rently,.there.is.some.evidence.accumulating.that.the.phenomenon.of.edge.magnetism.
is.not.applicable.at.room.temperature.

A.different.type.of.intrinsic.magnetism.can.be.induced.by.certain.types.of.point.
defects. in. bulk. graphene.. Point. defects. are,. for. example,. lattice. vacancies. (miss-
ing.carbon.atoms).[121].and.chemisorbed.atoms.[104,122]..Similar.to.edges,.a.point.
defect.interrupts.the.ideal.sp².lattice.structure.and.induces.electronic.states.that.can.
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be.magnetic..Room.temperature.ferromagnetism.was.observed.in.proton-irradiated.
highly.oriented.pyrolytic.graphite.[123]..This.observation.was.theoretically.explained.
to.come.from.magnetic.point.defects.that.are.created.by.proton.radiation.[124].

Furthermore,.magnetic.properties.can.be.induced.by.foreign.magnetic.atoms.that.
are.either.adsorbed.to.graphene.(adatoms).or.replace.carbon.atoms.in.the.honeycomb.
lattice.(substitutional.dopants).[124].

1.8  SYNTHESIS OF GRAPHENE

As.discussed.previously,.the.potential.for.graphene.in.materials.and.devices.is.mas-
sive..There.are.great.expectations.that.this.material.will.provide.numerous.socioeco-
nomic.benefits..However,.it.is.important.to.be.aware.that.many.of.the.claims.being.
made.have.been.made.for.other.well-known.carbon.nanostructures,.namely,.carbon.
nanotubes.and.fullerenes..Much.of.the.promise.for.these.nanostructures.has.yet.to.
emerge.in.real.applications..One.of.the.biggest.bottlenecks.is.what.on.the.surface.
seems.a.simple.technical.issue—their.synthesis.and.formation.into.atomically.pre-
cise.structures.with.high.degrees.of.reproducibility..This.is.particularly.important.for.
molecular.electronics.applications..This.same.difficulty.also.applies.to.graphene,.and.
hence.one.of.the.most.important.areas,.if.not.the.most.important.area.to.address.is.its.
synthesis.and.manipulation..The.required.knowledge.and.understanding.to.provide.
atomically.precise.fabrication.of.this.material,.in.a.reproducible.manner,.that.is.com-
patible. with. current. semiconductor. technology. is. still. lacking.. Nonetheless,. great.
strides.have.been.made. in. synthesizing.graphene. and. this. is. discussed. in.greater.
detail.in.Chapter.2..Here.we.simply.mention.the.techniques.used.to.synthesize.and.
functionalize.graphene.

By.far.the.most.common.route.to.synthesize.graphene.is.chemical.vapor.deposi-
tion.(CVD)..There.are.many.CVD.variations..Thermal.CVD.is.commonly.applied.
to. graphene. formation. over. transition. metals,. including. copper. [126–129],. nickel.
[130–136],.iridium.[137–139],.and.ruthenium.[140–144].

Thermal. CVD. techniques. can. also. be. used. for. graphene. synthesis. over. dielec-
trics,.namely,.sapphire.[145].and.various.other.oxides.[146,147]..Free-standing.carbon.
nanosheets.and.planar.graphite.films.with.a.few.graphene.layers.have.been.success-
fully.synthesized.by.plasma.enhanced.CVD.(PECVD).[130,148,149].

A.widely.used. technique. to. synthesize.graphene. is. the. thermal.decomposition.
of.hexagonal.α-SiC.(6H-SiC.and.4H-SiC)..It.has.the.advantage.that.it.is.very.clean.
because.the.epitaxially.matching.support.crystal.provides.the.carbon.itself.and.no.
metal.is.involved..The.technique.dates.back.to.the.early.1960s.when.Badami.found.
graphite.on.SiC.by.x-ray.scattering.after.heating.SiC.to.2150°C.in.an.ultrahigh.vac-
uum.(UHV).[150]..The.parallel.publication.of.the.electrical.response.of.graphene.in.
2004.by.Novoselov.et.al..and.Berger.et.al..(who.used.graphene.grown.from.SiC).pro-
vided.a.new.impetus.to.optimize.the.growth.conditions.of.graphene.on.SiC.[4,151].

An. easy. production. and. low-cost. technique. is. the. exfoliation. of. graphite.. The.
more. common. exfoliation. routes. include. mechanical. exfoliation. [4],. ultrasound.
treatment.in.solution.[152],.and.intercalation.steps.[153].
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There.is.also.an.interest.in.producing.functionalized.graphene.as.this.can.open.a.
band.gap..Hydrogenation.of.graphene.is.one.route..The.hydrogenation.changes.the.
sp2.structure.of.graphene.to.sp3.hybridization..Graphene.can.be.synthesized.using.
a. stream. of. hydrogen. atoms. [154],. reactive. ball. milling. between. anthracite. coal.
and.cyclohexane.[155],.exchanging.the.fluorine.in.fluorinated.graphite.by.hydrogen.
[156].or.by.dissolved.metal.reduction.in.liquid.ammonia.[157]..Fluorinated.graphene.
(FG).is.another.proven.functionalization.route..There.are.different.methods.to.pro-
duce.FG,.namely.the.extraction.of.single.layers.of.FG.from.commercially.available.
fluorinated.graphite.[5],.the.exposure.of.graphene.to.fluorine.gas.at.~500°C.[158],.plac-
ing.graphene.in.a.fluorine-based.plasma.[159],.or.exposure.to.xenon.difluoride.[160].

1.9  GRAPHENE AND SOME OF ITS APPLICATIONS

In.this.review,.we.surveyed.a.vast.literature.about.graphene’s.unique.physical.proper-
ties.and.the.main.experimental.techniques.used.to.synthesize.them..The.multitude.
of.topics.addressed.in.this.review.attests.to.the.prominent.potential.that.this.material.
has.to.transform.the.actual.nanotechnology.landscape.with.promising.applications.
[161]..The. interest. in.graphene.has.mobilized.both.academic.and. industry. realms.
making.it.an.ideal.candidate.for.the.design.of.modern.nanoscale.transistors,.chemi-
cal. and. biosensors,. flexible. and. organic. light-emitting. diodes. (OLEDs). displays,.
solar.and.fuel.cells,.and.other.innovations..The.restricted.graphene.mass-production.
and.limited.reproducibility.in.device.performances.are.still.important.matters.that.
researchers.should.consider.in.order.to.push.graphene-based.technology.into.a.com-
mercial.status..However,.the.fast.development.of.graphene.research.leaves.no.doubt.
that.this.material.will.revolutionize.several.markets.such.as.electronics,.medicine,.
and.energy.storing.in.the.near.future.

Medicine.studies.can.also.benefit.from.graphene’s.amazing.properties..In.particu-
lar,.graphene.possesses.great.sensorial.response.to.external.analytes,.enabling.the.
design.of.nanosensors.to.diagnose.diseases.[162]..Accurate.biosensors.can.be.created.
from.DNA-functionalized.graphene.samples,.which.are.capable.of.detecting.exter-
nal.DNA.genes.associated.with.diseases.[163]..Graphene.can.also.have.a.huge.impact.
in.environmental.monitoring.applications.bolstered.by.the.design.of.graphene-based.
nanoscale.gas.sensors.[164–166].

Another.attractive.innovation.based.on.graphene.materials.reaches.the.electronics.
scope.where.researchers.have.been.able.to.develop.bendable.transparent.and.con-
ductive.membranes.composed.of.graphene. for.engineering.flexible-panel.displays.
[167]..Recent.studies.have. revealed. that.graphene-based.OLEDs.can.even. top. the.
performance.of.indium.tin.oxide.(ITO).compounds,.commonly.used.in.transparent.
conductive.electrodes.[129]..Graphene. is.also.considered. to.be. the.basis.of. future.
computing.chips.after.the.successful.realization.of.high-speed.graphene-based.tran-
sistors.operating.at.outstanding.cutoff.frequencies.of.700–1400.GHz.[168].

All. these. important. innovations,. which. were. generated. after. the. first. isolation.
of. graphene. layers,. indicate. that. the. use. of. these. materials. is. not. limited. to. pro-
viding.simply.a.theoretical.model.that.can.describe.the.physical.properties.of.sev-
eral.organic.nanostructures..Graphene.is.occupying.a.centerpiece.position.in.many.
scientific.advances. that. can.change.our.way.of.making.and.using. technology..As.
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mentioned.by.A.K..Geim,.we.are.witnessing.a.scientific.excitement.similar.to.the.one.
experienced.around.100.years.ago.with.the.discovery.of.polymers.that.recently.sup-
plied.our.lives.with.plastics..We.expect.that.the.innovations.resulting.from.graphene.
will.prove.even.more.exciting.
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2 Graphene	Synthesis

Santanu Das and Wonbong Choi

2.1  INTRODUCTION

Since. its. invention,. graphene,. which. consists. of. one. to. few. graphitic. layered. sp2.
bonded.2D.carbon.allotropes,.has.become.a.unique.material.due. to. its. extraordi-
nary.properties.like.electrical.and.thermal.conductivity,.high.charge.carrier.density,.
carrier.mobility,.optical. conductivity. (Nair. et. al.. 2008),. and.mechanical.property.
(Geim.and.Kim.2008;.Geim.and.Novoselov.2007;.Choi.et.al..2010;.Lee.et.al..2008)..
Hence.it.created.unprecedented.interest.in.research.and.industry.to.be.used.as.next-.
generation.electronic.and.photonic.materials..The.basic.building.blocks.of.all. the.
carbon.nanostructures.are.a.single.graphitic.layer.that.is.covalently.functionalized.
sp2.bonded.carbon.atoms.in.a.hexagonal.honeycomb.lattice.(as.shown.in.Chapter.8,.
Figure.8.1),.which.forms.3D.bulk.graphite,.when.the.layers.of.single.honeycomb.gra-
phitic.lattices.are.stacked.and.bound.by.a.weak.van.der.Waals.force..When.the.single.
graphite.layer.forms.a.sphere,.it.is.well.known.as.0-dimensional.fullerene;.when.it.
is.rolled.up.with.respect.to.its.axis,.it.forms.a.one-dimensional.cylindrical.structure.
called.a.carbon nanotube;.and.when.it.exhibits.the.planar.2D.structure.from.one.to.a.
few.layers.stacked,.it.is.called.graphene..One.graphitic.layer.is.well.known.as.mono-
atomic.or. single-layer. graphene. and. two. and. three.graphitic. layers. are. known.as.
bilayer.and.trilayer.graphene,.respectively..More.than.5-layer.up.to.10-layer.graphene.

CONTENTS

2.1. Introduction.....................................................................................................27
2.2. Overview.of.Graphene.Synthesis.Methods.....................................................29

2.2.1. Mechanical.Exfoliation........................................................................30
2.2.2. Chemical.Exfoliation........................................................................... 32
2.2.3. Some.Other.Novel.Routes.of.Graphene.Synthesis.............................. 35
2.2.4. Chemical.Synthesis:.Graphene.from.Reduced.Graphene.Oxide......... 35
2.2.5. Direct.Chemical.Synthesis:.Pyrolysis.of.Sodium.Ethoxide................40
2.2.6. Unzipping.of.Nanotubes...................................................................... 41
2.2.7. Thermal.Chemical.Vapor.Deposition.Process.................................... 43

2.2.7.1. Thermal.Chemical.Vapor.Deposition................................... 43
2.2.7.2. Plasma-Enhanced.Chemical.Vapor.Deposition.................... 49

2.2.8. Epitaxial.Growth.of.Graphene.on.SiC.Surface...................................50
2.3. Graphene.Growth.Mechanism......................................................................... 52
2.4. Summary......................................................................................................... 57
2.5. Future.Perspectives.......................................................................................... 58
References................................................................................................................. 58



28	 Graphene:	Synthesis	and	Applications

is.generally.called.few-layer graphene,.and.~20-.to.30-layer.graphene.is.referred.to.
as.multilayer graphene,.thick graphene,.or.nanocrystalline thin graphite.

High-crystalline,.pristine,.mono-atomic.graphene.exhibits.the.unusual.electronic.
property.of.semimetallic.behavior.due.to.the.touching.of.π.and.π*.bands.in.a.single.
point.at.the.Fermi.level.(Ef).at.the.corners.of.the.Brillouin.zone.(Novoselov,.Geim,.
et.al..2005)..Further,.graphene.became.attractive.to.physicists.for.research.because.of.
its.resemblance.to.the.Dirac.spectrum.of.massless.fermions.(Novoselov,.Geim,.et.al..
2005).and.its.Landau-level.quantization.under.a.vertical.magnetic.field.applied.to.the.
graphene.basal.plane.(Castro.Neto.et.al..2009).

More.interestingly,.bilayer.graphene.exhibits.a.gapless.state.that.occurs.due.to.the.
parabolic.bands.touching.at.the.K.and.K′.points.at.each.point.of.the.Brillouin.zone,.
and.at. a.particular. approximation,. a.negligible.band.overlap. (about.0.0016.eV).at.
higher.energies.makes.bilayer.graphene.a.gapless.semiconductor.(Castro.Neto.et.al..
2009)..Further,.the.physical.properties.of.graphene.strictly.depend.upon.the.number.
of.stacked.layers..For.example,.monolayer.graphene.exhibits.~97%.optical.transmit-
tance.(Li,.Zhu,.et.al..2009).with.~2.2.KΩ/sq.sheet.resistance..In.turn,.transmittance.
and.sheet.resistance.decreases.with.increasing.numbers.of.layers..More.specifically,.
bilayer,.trilayer,.and.4-layer.graphene.possess.~95%,.~92%,.and.~89%.transmittance.
with.corresponding.sheet.resistance.of.1.KΩ/sq,.~700.Ω/sq,.and.~400.Ω/sq,.respec-
tively.(Li,.Zhu,.et.al..2009)..On.the.other.hand,.graphene.carrier.density.was.found.
to.be. in. the.order.of.1013. (Geim.and.Novoselov.2007).with.charge.carrier.mobil-
ity.~15,000.cm2/V·s.(Geim.and.Novoselov.2007).and.resistivity.of.~10−6.ohm–cm,.
which.are.ideally.fitted.for.field-effect.transistors.(FETs).

The.exceptional.electrical.properties.of.graphene.are.attractive.for.applications.
in.future.electronics.such.as.ballistic.transistors,.field.emitters,.components.of.inte-
grated.circuits,.transparent.conducting.electrodes,.and.sensors..Graphene.has.a.high.
electron.(or.hole).mobility.as.well.as.low.Johnson.noise,*.allowing.it.to.be.utilized.
as.the.channel.in.an.FET..The.high.electrical.conductivity.and.high.optical.trans-
parency. promote. graphene. as. a. candidate. for. transparent. conducting. electrodes,.
which.are.required.for.applications.in.touch.screens,.liquid.crystal.displays,.organic.
photovoltaic. cells,. and. organic. light-emitting. diodes. (OLEDs). (Choi. et. al.. 2010;.
Geim.and.Novoselov.2007)..Most.of.these.interesting.applications.require.growth.
of.single-layer.graphene.on.a.suitable.substrate.and.create.controlled.and.practical.
bandgap,.which.are.very.difficult.to.control.and.achieve..Many.reports.are.available.
on.graphene.synthesis.and.most.of.these.are.based.on.mechanical.exfoliation.from.
graphite,.thermal.graphitization.of.a.SiC.surface.(Geim.and.Novoselov.2007;.Berger.
et.al..2004),.reduced.graphite.oxide.(Park.and.Ruoff.2009),.and.recently,.by.chemical.
vapor.deposition.(Reina,.Jia,.et.al..2009;.Li,.Cai,.An.et.al..2009).

This. chapter. reviews. graphene. synthesis. technologies,. including. exfoliation,.
chemical. synthesis,. unzipping. nanotubes,. thermal. chemical. vapor. deposition,.
plasma.enhanced.chemical.vapor.deposition,.and.epitaxial.growth.on.a.SiC.surface.
together.with.a.discussion.of.their.growth.mechanism.and.feasibility.

*. Electronic.noise.generated.by.the.thermal.agitation.of.the.charge.carriers.inside.an.electrical.conductor.
at.equilibrium,.which.happens.regardless.of.any.applied.voltage.
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2.2  OVERVIEW OF GRAPHENE SYNTHESIS METHODS

To.date,.several.techniques.have.been.established.for.graphene.synthesis..However,.
mechanical. cleaving. (exfoliation). (Novoselov. et. al.. 2004),. chemical. exfoliation.
(Allen,.Tung,.and.Kaner.2010;.Viculis,.Mack,.and.Kaner.2003),.chemical.synthesis.
(Park.and.Ruoff.2009),.and.thermal.chemical.vapor.deposition.(CVD).(Reina,.Jia.
et.al..2009).synthesis.are.the.most.commonly.used.methods.today..Some.other.tech-
niques.are.also.reported.such.as.unzipping.nanotube.(Jiao.et.al..2010;.Kosynkin.et.al..
2009;.Jiao.et.al..2009).and.microwave.synthesis.(Xin.et.al..2010);.however,. those.
techniques.need.to.be.explored.more.extensively..An.overview.of.graphene.synthesis.
techniques.is.shown.in.the.flow.chart.in.Figure 2.1..In.1975,.few-layer.graphite.was.
synthesized.on.a.single.crystal.platinum.surface.via.chemical.decomposition.meth-
ods,.but.was.not.designated.as.graphene.due.to.a.lack.of.characterization.techniques.
or.perhaps.due.to.its.limited.possible.applications.(Lang.1975).

In. 1999,. mechanical. cleaving. of. highly. ordered. pyrolytic. graphite. (HOPG).
by. atomic. force. microscopy. (AFM). tips. was.first. developed. in. order. to. fabricate.
graphene. from.a. few. layers.down. to.a.mono-atomic.single. layer. (Lu.et.al..1999)..
Nevertheless,.mono-layer.graphene.was.first.produced.and.reported.in.the.year.2004,.
where.adhesive.tape.was.used.to.repeatedly.slice.down.the.graphene.layers.on.a.sub-
strate.(Novoselov.et.al..2004)..This.technique.was.found.to.be.capable.of.producing.
different.layers.of.graphene.and.is.relatively.easy.to.fabricate..Mechanical.exfoliation.
using.AFM.cantilever.was.found.equally.capable.of.fabricating.few-layer.graphene,.
but.the.process.was.limited.to.producing.graphene.of.a.thickness.~10.nm,.which.is.
comparable.to.30-layer.graphene..Chemical.exfoliation.is.a.method.where.solution-
dispersed.graphite. is. exfoliated.by. inserting. large. alkali. ions.between. the.graph-
ite.layers..Similarly,.chemical.synthesis.process.consists.of.the.synthesis.of.graphite.
oxide,.dispersion.in.a.solution,.followed.by.reduction.with.hydrazine..Like.carbon.
nanotube.synthesis,.catalytic.thermal.CVD.has.proved.to.be.one.of.the.best.processes.
for.large-scale.graphene.fabrication..Here,.thermally.dissociated.carbon.is.deposited.

Graphene synthesis methods

Top down Bottom up

Mechanical
exfoliation

Chemical
synthesis Pyrolysis Epitaxial Growth CVD Other

methods

�ermal

Plasma

Adhesive tape Sonication

AFM tips
Reduced
graphene

oxide

Chemical
exfoliation

FIGURE 2.1 The.schematic.represents.the.different.graphene.synthesis.methods.
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onto.a.catalytically.active.transition.metal.surface.and.forms.a.honeycomb.graphite.
lattice.at.elevated.temperature.under.atmospheric.or.low.pressures..When.the.ther-
mal.CVD.process.is.carried.out.in.a.resistive.heating.furnace,.it.is.known.as.thermal 
CVD,.and.when.the.process.consists.of.plasma-assisted.growth,.it.is.called.plasma-
enhanced CVD.or.PECVD..As.a.whole,.all.the.above.techniques.are.standard.in.their.
respective.fields..However,.all.synthesis.methods.have.their.own.advantages.as.well.
as.disadvantages.depending.upon.the.final.application.of.graphene..For.example,.the.
mechanical.exfoliation.method.is.capable.of.fabricating.different.layers.of.graphene.
(from. monolayer. to. few-layer),. but. the. reliability. of. obtaining. a. similar. structure.
using.this. technique.is.quite. low..Moreover,. large-area.graphene.fabrication.using.
mechanical.cleaving.is.a.serious.challenge.at.this.moment..From.monolayer.to.few-
layer.graphene.can.easily.be.obtained.by.the.adhesive.tape.exfoliation.method,.but.
extensive.research.is.a.prerequisite.for.further.device.fabrication,.which.limits.the.
feasibility.of.this.process.for.industrialization..Furthermore,.chemical.synthesis.pro-
cesses.(that.involve.the.synthesis.of.graphite.oxide.and.reducing.it.back.to.graphene.
in.a.solution.dispersal.condition).are.low.temperature.processes.that.make.it.easier.
to.fabricate.graphene.on.various.types.of.substrates.at.ambient.temperature,.particu-
larly.on.polymeric.substrates.(those.exhibit.a.low.melting.point)..However,.homo-
geneity. and. uniformity. of. large-area. graphene. synthesized. by. this. method. is. not.
satisfactory..On.the.other.hand,.graphene.synthesized.from.reduced.graphene.oxides.
(RGOs).often.causes.incomplete.reduction.of.graphite.oxide.(which.exhibits.insula-
tor.characteristics).and.results.in.the.successive.degradation.of.electrical.properties.
depending.on.its.degree.of.reduction..In.contrast,.thermal.CVD.methods.are.more.
advantageous.for.large-area.device.fabrication.and.favorable.for.future.complemen-
tary.metal-oxide.semiconductor.(CMOS).technology.by.replacing.Si.(Sutter.2009)..
Epitaxial.graphene,.thermal.graphitization.of.a.SiC.surface,.is.another.method,.but.
the.high.process.temperature.and.inability.to.transfer.on.any.other.substrates.limit.
this.method’s.versatility..In.this.context,.the.thermal.CVD.method.is.unique.because.
a.uniform.layer.of.thermally.chemically.catalyzed.carbon.atoms.can.be.deposited.
onto.metal.surfaces.and.can.be.transferred.over.a.wide.range.of.substrates..However,.
graphene. layer. controllability. and. low-temperature. graphene. synthesis. are. chal-
lenges.for.this.technique..In.the.upcoming.sections,.a.few.of.the.graphene.synthesis.
methods.and.their.scientific.and.technological.importance.are.described.in.detail.

2.2.1   Mechanical exfoliation

Mechanical.exfoliation.is.the.first.recognized.method.of.graphene.synthesis..This.is.
a.top-down.technique.in.nanotechnology,.by.which.a.longitudinal.or.transverse.stress.
is.generated.on. the.surface.of. the. layered.structure.materials.using.simple.scotch.
tape.or.AFM.tip.to.slice.a.single.layer.or.a.few.layers.from.the.material.onto.a.sub-
strate..Graphite.is.formed.when.mono-atomic.graphene.layers.are.stacked.together.
by.weak.van.der.Waals.forces..The.interlayer.distance.and.interlayer.bond.energy.is.
3.34.Å.and.2.eV/nm2,.respectively..For.mechanical.cleaving,.~300.nN/μm2.external.
force. is. required. to. separate. one. mono-atomic. layer. from. graphite. (Zhang. et. al..
2005)..In.the.year.1999,.Ruoff.et.al..(Lu.et.al..1999).first.proposed.the.mechanical.
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exfoliation.technique.of.plasma-etched.pillared.HOPG.using.an.AFM.tip.to.fabricate.
graphene..As.seen.in.Figures 2.2(a).and.2.2(b),.the.thin.multilayered.graphite.was.
fabricated.with.the.lowest.thickness.of.~200.nm,.which.consists.of.500–600.layers.
of.monolayer.graphene..Later,.the.scientific.field.was.significantly.impacted.by.the.
creation.of.carbon-based.nanomaterials.when.Novoselov.and.Geim.first.reported.the.
isolation.of.single-layer.up.to.few-layer.graphene.on.a.SiO2/Si.substrate.and.its.elec-
tronics.properties..They.were.awarded.the.Nobel.Prize.in.Physics.in.2010.for.their.
novel.synthesis.approach.and.discovery.of.the.extraordinary.properties.of.thin.flakes.
of.simple.graphite.(see.“The.Rise.and.Rise.of.Graphene,”.2010).

Novoselov.et.al..(2004).used.adhesive.tape.to.produce.a.single.graphene.layer.by.
a.mechanical.cleaving.technique.from.1-mm-thick.HOPG. First, they used dry.etch-
ing by.oxygen.plasma.to.prepare.graphite.mesas.of.few.millimeters.thick.graphite.
mesas.on.the.top.of.the.graphite platelets..The.resulting.graphite.mesa.surface.was.
then.compressed.against.a.1-mm-thick.layer.of.wet.photoresist.over.a.glass.substrate,.
followed.by.baking.in.order.to.firmly.attach.the.HOPG mesas.to.the.photoresist.layer..
Then,.using.scotch.tape,.they.gradually peeled.off.the.graphite.flakes.and.released.
the.flakes.in.acetone. Using.a Si (n-doped.Si.with.a.SiO2.top.layer).wafer,.the.gra-
phene.(both.single-layer.and.few-layer.graphene) was transferred.from.the.acetone.
solution.to.the.Si.substrate,.followed.by cleaning with water.and.propanol.

Finally, thin.flakes.of graphene (thickness less.than.10.nm) were found.to.adhere.
on.the.surface of the wafer,.and the.adherence.force.between.graphene.and.the.sub-
strate  was  claimed. to. be. van. der. Waals. and/or. capillary. forces.. Figure  2.3. illus-
trates.the.optical.micrograph.of.graphene.flakes.sliced.down.on.a.SiO2/Si.substrate.
using.the.scotch.tape.method..As.shown.in.Figure 2.3(b),.multiple.graphene.flakes.
with.different.layers.can.be.produced.simultaneously.using.mechanical.exfoliation..
Zhang.et.al..(2005).further.tried.to.improve.the.graphene.production.method.in.large.
scale.by.cleaving.the.HOPG.using.a.tipless.AFM.cantilever..The.controlled.exfo-
liation.technique.consisted.of.a.cantilever.with.predetermined.spring.constant.that.

(a) (b)
g026 s i 15.0 kV x10.0 k 3.00 µm g026 s i 15.0 kV x4.00 k 7.50 µm

FIGURE 2.2 (a).and.(b):.Scanning.electron.micrographs.of.mechanically.exfoliated. thin.
graphite.layers.from.highly.oriented.pyrolytic.graphite.(HOPG).by.AFM.tip..(From.X..Lu,.
K.,.M..F..Yu,.H..Huang,.and.R..S..Ruoff..Tailoring.graphite.with.the.goal.of.achieving.single.
sheets..Nanotechnology.10,.no..3.(1999):269–272..With.permission.)
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propagates.the.required.shear.stresses.to.peel.off.the.graphite.flakes..The.thinnest.
flake. produced. by. this. technique. was. ~10. nm. thick;. however,. the. technique. was.
unable.to.yield.single-.or.bilayer.graphene.

The. graphene. produced. by. these. mechanical. exfoliation. techniques. was. used.
for.fabrication.of.FET.devices,.which.brought.a.research.boom.in.the.field.of.car-
bon. nanoelectronics.. Today,. the. number. of. publications. concerning. graphene. has.
increased. exponentially. due. to. its. scientific. and. technological. consequences. for.
future.electronics.applications..For. that. reason,. the.process.was.also.extended.for.
fabricating.some.of.the.other.2-D.planar.materials.like.boron.nitride.(BN),.molyb-
denum.disilicide.(MoS2),.NbSe2,.and.Bi2Sr2CaCu2O.(Novoselov,.Jiang,.et.al..2005).

However,. the.mechanical. exfoliation.process.needs. to.be. improved. further. for.
large-scale,.defect-free,.high-purity.graphene.so.that.it.can.be.used.in.feasible.appli-
cations.in.nanoelectronics..In.this.regard,.Liang.et.al..(Liang,.Fu,.and.Chou.2007).
proposed.an.interesting.method.for.wafer-scale.graphene.fabrication.by.a.cut-and-
choose.transfer.printing.method.for.integrated.circuits,.but.uniform.large-scale.gra-
phene.fabrication.with.controlled.layers.is.still.a.challenge.

2.2.2   cheMical exfoliation

Like.mechanical.exfoliation,.chemical.exfoliation.is.one.of.the.established.methods.
for.fabricating.graphene..Chemical.exfoliation.is.a.process.by.which.alkali.metals.
are.intercalated.with.the.graphite.structure.to.isolate.few-layer.graphene.dispersed.
in.solution..Alkali.metals.are.the.materials.in.the.periodic.table.that.can.easily.form.
graphite-intercalated. structures. with. various. stoichiometric. ratios. of. graphite. to.
alkali.metals..One.of.the.major.advantages.of.alkali.metals.is.their.ionic.radii,.which.
are.smaller.than.the.graphite.interlayer.spacing;.hence.they.fit.easily.in.the.interlayer.
spacing.as.shown.in.the.schematic.in.Figure 2.4(a).

(a)

20 µm

2 nm
63 nm

12 nm

4 nm

72 nm

II nm

50 µm

(b)

FIGURE 2.3 (a).Optical. micrograph. (under. normal. white. light). of. a. few-layer. graphene.
flake.produced.by.the.scotch.tape.method.on.a.SiO2/Si.substrate.(thickness.~3.nm);.(b).gra-
phitic.films.of.various.thicknesses.measured.by.AFM..(From.K.S..Novoselov,.A..K..Geim,.S..
V..Morozov,.et.al..Electric.field.effect.in.atomically.thin.carbon.films..Science.306,.no..5696.
(2004):666–669..With.permission.)
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Kaner.et.al..first.reported.(Viculis,.Mack,.and.Kaner.2003).chemically.exfoliated.
few-layer.graphite.(later.called.“graphene”).using.potassium.(K).as. the.intercalat-
ing.compound.forming.alkali.metal..Potassium.(K).forms.a.KC8.intercalated.com-
pound.when.reacting.with.graphite.at.200°C.under.an.inert.helium.atmosphere.(less.
than.1.ppm.H2O.and.O2)..The.intercalated.compound.KC8.undergoes.an.exothermic.
reaction.when. it. reacts.with. the. aqueous. solution.of. ethanol. (CH3CH2OH).as.per.
Equation.(2.1).

. KC8.+.CH3CH2OH.8C.+.KOCH2CH3.+.1/2H2. (2.1)

Hence,. potassium. ions. dissolve. into. the. solution. forming. potassium. ethoxide,.
which.is.basic.in.nature,.and.the.reaction.leads.to.hydrogen.generation,.which.helps.
to.separate.the.graphite.layers..Precaution.must.be.taken.with.this.type.of.reaction.
because.alkali.metals.react.vigorously.with.water.and.alcohol..For.scalable.produc-
tion,.the.reaction.chamber.needs.to.be.kept.in.an.ice.bath.to.dissipate.the.generated.
heat..Finally,.the.resultant.few-layer.exfoliated.graphene.was.collected.by.a.filtration.
process.and.purified.by.washing.to.bring.it.to.pH.7..The.formation.of.a.few.graphitic.
layers.or.few-layer.graphene.(FLG).is.shown.in.Figure 2.4(b)..Transmission.electron.
microscopy.(TEM).study.showed.that.few-layer.graphene.produced.by.this.method.
consisted. of. 40±15. layers. of. mono-atomic. graphene.. Later,. the. same. researchers.

(b)

(c)(a)

EtOH

Exfoliation

200 nm

273 nm
GNP

K

KOEt

FIGURE 2.4 (a).Schematic.illustrating.the.chemical.exfoliation.process,.(b).transmission.
electron.micrograph.(TEM).of.chemically.exfoliated.graphitic.nanosheet,. (c).SEM.picture.
of. thin.graphite.nanosheets. after. the. exfoliation.process,. showing.approximately. a.10-nm.
thickness.of.~30. layers.of. single.graphite.sheet.. (From.(a).Lisa.M..Viculis,. Julia. J..Mack,.
Oren.M..Mayer,.H..Thomas.Hahn,.and.Richard.B..Kaner..Intercalation.and.exfoliation.routes.
to.graphite.nanoplatelets..Journal of Materials Chemistry.15,.no..9.(2005):974–978;.(b).Lisa.
M..Viculis,.Julia.J..Mack,.and.Richard.B..Kaner..A.chemical.route. to.carbon.nanoscrolls..
Science.299,.no..5611.(2003):1361–1361;.(c).Lisa.M..Viculis,.Julia.J..Mack,.Oren.M..Mayer,.
H.. Thomas. Hahn,. and. Richard. B.. Kaner.. Intercalation. and. exfoliation. routes. to. graphite.
nanoplatelets..Journal of Materials Chemistry.15,.no..9.(2005):974–978..With.permission.)
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explored. the.exfoliation.process.using.other.alkali.metals. like.Cs.and.NaK2.alloy.
following.the.same.process.as.reported.by.Viculis.et.al..(2005)..Unlike.Li.and.Na,.
the.K.ionization.potential.(4.34.eV).is.less.than.graphite’s.electron.affinity.(4.6.eV);.
thus,. K. reacts. directly. with. graphite. to. form. intercalated. compounds.. Cs. (3.894.
eV). possesses. a. lower. ionization. potential. than. K. (4.34. eV),. and. therefore. reacts.
with. graphite. more. violently. than. K,. which. creates. a. significant. improvement. in.
intercalation. of. graphite. at. a. significantly. low. temperature. and. ambient. pressure..
Sodium-potassium.alloy.(Na-K2).experiences.eutectic.melting.at.−12.62°C,.and.thus.
an.exfoliation.reaction.is.expected.to.occur.at.room.temperature.and.ambient.pres-
sure..In.particular,.the.graphene.produced.at.room.temperature.using.the.Na-K2.alloy.
graphite. intercalated.compounds.exhibits. a.wide. range.of. thicknesses. from.2.nm.
to.150.nm..This.process.could.produce.large-scale.exfoliation.in.a.solution.process.
at. low.ambient. temperature.conditions,.which.makes. it.distinct. among.other.gra-
phene. fabrication.processes..However,. single-layer.and.bilayer.graphene.synthesis.
by.the.graphene.intercalated.route.is.yet.to.be.explored.and.chemical.contamination.
is.one.of.the.serious.drawbacks.of.the.process..A.novel.approach.was.proposed.sepa-
rately.regarding.the.dispersion.and.exfoliation.of.pure.graphite.in.organic.solvents.
such.as.N-methyl-pyrrolidone..Hernandez.et.al.. (2008).reported. the.exfoliation.of.
pure.graphite. in.N-methyl-pyrrolidone.by.a.simple.sonication.process..The.report.
showed. high-quality,. unoxidized. monolayer. graphene. synthesis. at. yields. of. ~1%..
Further.improvement.of.the.process.could.potentially.improve.yields.by.7–12%.of.
the. starting.graphite.mass.with. sediment. recycling. (the.details.of. the.process.are.
given.in.Hernandez.et.al..2008)..The.morphology.of.graphite.and.graphene.by.the.
sonication.process.is.shown.in.Figures 2.5(a).and.2.5(b),.respectively..The.proposed.
mechanism.states.that.the.exfoliation.of.a.layered.structure.is.possible.upon.the.addi-
tion.of.mechanical.energy,.if.the.solute.and.solvent.surface.energy.are.the.same..In.
this.context,.the.energy.required.to.exfoliate.graphene.should.be.equivalent.to.the.

(a) (b)

FIGURE 2.5 (a). SEM. image. of. pristine. graphite. before. sonication. and. (b). transmission.
electron.microscopy.of.graphene.flake.prepared.in.N-methyl-pyrrolidone.after.the.sonication.
process.. (From. Y..Hernandez,. V..Nicolosi,.M..Lotya,. et. al..High-yield.production. of. gra-
phene.by.liquid-phase.exfoliation.of.graphite..Nature Nanotechnology.3,.no..(2008):563–568..
With.permission.)
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.solvent–graphene.interaction.for.the.solvents.whose.surface.energies.are.analogous.
to.that.of.the.suspended.graphene..The.process.is.versatile.because.it.is.a.low-cost.
solution-phase.method,.is.scalable,.and.would.be.capable.of.depositing.graphene.on.
a.wide.variety.of.substrates,.which.is.not.possible.using.other.processes.like.cleavage.
or. thermal.deposition..Furthermore,. the.method.can.be. extended. to.produce.gra-
phene-based.composites.and.films,.which.are.the.key.requirements.for.special.appli-
cations,.such.as.thin-film.transistors,.transparent.conductive.electrodes,.and.so.on.

2.2.3   soMe other novel routes of Graphene synthesis

In.addition.to.the.synthesis.methods.discussed.previously,.a.few.reports.exist.regard-
ing.some.novel.techniques.for.graphene.fabrication..For.example,.mechanical.exfoli-
ation.of.graphene.produced.by.high-velocity.clusters.impacting.on.a.graphite.surface.
(Sidorov.et.al..2010)..The.graphene.nanoribbon.produced.by.this.method.was.~30.
nm. thick.. In.another. report,.Xin.et. al.. (2010). indicated.graphene.exfoliated. from.
microwave.irradiation.of.graphite-intercalated.compounds.in.a.solution.process.fol-
lowed.by.combining. those.exfoliated.sheets.with.carbon.nanotubes. (CNTs)..They.
claimed. that. the. graphene. CNT. combined. sheet. resistance. was. 181. ohm/sq. with.
82.2%.transmittance,.which.is.equivalent.to.the.commercially.available.indium.tin.
oxide.(ITO)..Similarly,.a.green.methodology.was.demonstrated.using.microwaves.for.
graphene.synthesis.(Sridhar,.Jeon,.and.Oh.2010)..Plasma-assisted.etching.of.graphite.
to.form.multilayered.graphene.and.monolayer.graphene.was.also.demonstrated. in.
another.report.(Hazra.et.al..2011)..This.is.another.top-down.approach.that.involves.
the.gradual.thinning.process.of.graphite.to.graphene.using.plasma.in.an.H2.and.N2.
atmosphere..In.a.different.approach,.de.Parga.et.al..reported.the.epitaxial.graphene.
formation.on.Ru(0001).under.ultrahigh.vacuum.(UHV).conditions.(~10–11.Torr).(de.
Parga.et.al..2008)..Furthermore,.Zheng.et.al..(2010).reported.the.metal.catalyzed.for-
mation.of.graphene.using.amorphous.carbon.at.high.temperature..However,.all.the.
processes.discussed.here.are.in.rudimentary.stages.and.need.to.be.developed.further.
to.obtain.low-cost,.high-purity,.reliable,.and.scalable.graphene.

2.2.4   cheMical synthesis: Graphene froM reduced Graphene oxide

Chemical.synthesis.is.a.top-down.indirect.graphene.synthesis.method,.and.is.the.first.
method.that.demonstrated.graphene.synthesis.by.a.chemical.route..In.the.year.1962,.
Boehm.et.al..first.demonstrated.monolayer.flakes.of.reduced.graphene.oxide,.which.
was. recently. acknowledged. by. the. graphene. inventor. Andre. Geim.. The. method.
involves.the.synthesis.of.a.graphite.oxide.(GO).by.oxidation.of.graphite,.dispersing.
the.flakes.by.sonication,.and.reducing.it.back.to.graphene..There.are.three.popular.
methods.available.for.GO.synthesis:.the.Brodie.method.(Brodie.1860),.Staudenmaier.
method.(Staudenmaier.1898),.and.Hummers.and.Offeman.method.(Hummers.and.
Offeman.1958)..All.three.methods.involve.oxidation.of.graphite.using.strong.acids.
and.oxidants..The.degree.of.oxidation.can.be.varied.by.the.reaction.conditions.(e.g.,.
temperature,.pressure,.etc.),.stoichiometry,.and.the.type.of.precursor.graphite.used.
as.a.starting.material..Despite.the.wide.range.of.research.that.has.been.carried.out.
already.to.describe.the.chemical.structure.of.GO,.several.models.are.suggested.to.
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explain. this.chemical. structure..GO.was.first.prepared.by.Brodie. (1860),.by.mix-
ing.graphite.with.potassium.chlorate.and.nitric.acid..However,.the.process.contains.
several.steps.that.are.time.consuming,.unsafe,.and.hazardous..In.order.to.overcome.
those.problems,.Hummers.(Hummers.and.Offeman.1958).developed.a.method.for.
fabricating.graphite.oxide.by.mixing.graphite.with.sodium.nitrite,.sulfuric.acid,.and.
potassium.permanganate,.well.known.as.Hummers.method.

When.graphite.turns.into.graphite.oxide,.the.interlayer.spacing.is.increased.two.or.
three.times.larger.than.in.pristine.graphite..For.pristine.graphite,.the.interlayer.dis-
tance.is.3.34.Å,.which.expanded.up.to.5.62.Å.after.1.hour.of.oxidative.reaction,.and.
further.interlayer.expansion.occurred.to.7.0.±0.35.Å.upon.prolonged.oxidation.for.
24.hours..As.reported.by.Boehm.et.al..(1962),.the.interlayer.distances.can.be.further.
increased.by.inserting.polar.liquids.such.as.sodium.hydroxide..As.a.result,.interlayer.
distance.is.further.expanded,.which.in.fact.separates.a.single.layer.from.the.GO.bulk.
materials..Upon. treatment.with.hydrazine.hydrate,.GO.reduces.back. to.graphene..
The.chemical.reduction.process.is.carried.out.using.dimethylhydrazine.or.hydrazine.
in.the.presence.of.a.polymer.or.surfactant.to.produce.homogeneous.colloidal.suspen-
sions.of.graphene..The.process.flow.chart.of.the.chemical.synthesis.of.graphene.is.
shown.in.a.schematic.in.Figure 2.6.

The. chemical. synthesis. method. was. brought. into. focus. again. in. 2006. when.
Ruoff. and.his. coworkers.produced.mono-atomic.graphene.by. a. chemical. synthe-
sis.process. (Stankovich,.Dikin,. et. al.. 2006;.Stankovich,.Piner,. et. al.. 2006)..They.
prepared.GO.by.the.Hummers.method.and.chemically.modified.GO.to.produce.a.
water-dispersible.GO..GO.is.a.stacked.layer.of.squeezed.sheets.with.AB.stacking,.
which.exhibits.an.oxygen.containing.functional.group.like.hydroxyl.and.epixoide.in.
their.basal.plane.when.it.is.highly.oxidized.(Jeong.et.al..2008)..The.attached.func-
tional. groups. (carbonyl. and. carboxyl). are. hydrophilic. in. nature,. which. facilitates.
the.exfoliation.of.GO.upon.ultrasonication.in.an.aqueous.medium..Thus,.the.hydro-
philic.functional.groups.accelerate.the.intercalation.of.water.molecules.between.the.
GO.layers.. In. this.process,. functionalized.GO.is.used.as.a.precursor.material. for.
graphene. production,. which. forms. graphene. upon. reduction. with. dimethylhydra-
zine.at.80°C.for.24.h..Stankovich.et.al..(Stankovich,.Piner,.et.al..2006).showed.that.
chemical.functionalization.of.GO.flakes.by.organic.molecules. leads. to. the.homo-
geneous.suspension.of.GO.flakes. in.organic.solvents..They.reported. that. reaction.
of. graphite. oxide. with. isocyanate. results. in. isocyanate-modified. graphene. oxide,.
which.can.be.dispersed.uniformly.in.polar.aprotic.solvents.like.dimethylformamide.
(DMF),.N-methylpyrrolidone.(NMP),.dimethyl.sulfoxide.(DMSO),.and.hexameth-
ylphosphoramide. (HMPA).. The. proposed. mechanism. states. that. the. reaction. of.
isocyanate.with.hydroxyl.and.carboxyl.groups.generates.the.carbamate.and.amide.
functional.groups,.which.become.attached.to.the.GO.flakes.(as.shown.in.Figure 2.7).

Graphite Hummers
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Sonication Dispersed
graphite

oxide

Reduction with
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Suspended
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FIGURE 2.6 The.process.flow.chart.of.graphene.synthesis.derived.from.graphite.oxide.
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Xu.et.al..(2008).further.reported.the.colloidal.suspensions.of.chemically.modified.
graphene. (CMG). decorated. with. small. organic. molecules. or. nanoparticles.. They.
demonstrated.graphene.oxide.sheets.noncovalently.functionalized.with.1-pyrenebu-
tyrate.(PB−)..1-pyrenebutyrate.(PB−),.is.an.organic.molecule.with.a.strong.adsorption.
affinity.for.the.graphite.basal.plane.via.π.stacking..PB−-functionalized.graphene.was.
prepared.by.dispersing.GO.in.pyrenebutyric.acid.followed.by.reducing.it.with.hydra-
zine.monohydrate.at.80°C.for.24.h..The.resultant.product.was.a.homogeneous.black.
colloidal. suspension,. which. is. a. PB−-functionalized. graphene. dispersed. in. water..
However,.dispersion.of.graphene.needs. stabilizers.or. surfactants. that. induce.con-
tamination.during.device.fabrication..Moreover,.removal.of.stabilizers.or.surfactants.
readily.agglomerates.the.dispersed.graphene;.hence,.obtaining.a.monolayer.was.dif-
ficult..Therefore,.fabrication.of.stabilizer-.or.surfactant-free.dispersed.graphene.via.
chemical.synthesis.was.becoming.important..Few.reports.have.been.found.related.
to. synthesis.methods. involving. stabilizer-. or. surfactant-free. colloidal. suspensions.
of.unagglomerated.graphene.sheets..Li.et.al..demonstrated.the.surfactant-.and.sta-
bilizer-free.aqueous.suspension.(0.5.mg.ml−1).of.RGO.sheets.under.basic.conditions.
(pH.10).(Li,.Muller,.et.al..2008)..They.found.that.electrostatically.stabilized.disper-
sion.is.strongly.dependent.on.pH..The.highly.negative.surface.charge.(zeta.potential).
of.as-prepared.GO.sheets.that.contain.carboxylic.acid.and.phenolic.hydroxyl.groups.
form.a.stable.suspension.when.reduced.by.hydrazine.in. the.presence.of.ammonia.
(pH. ~10).. As. illustrated. in. Figure  2.8(a),. at. pH. 10,. the. neutral. carboxylic. group.
converts. into.negatively.charged.carboxylate.during. the. reduction. reaction,.which.
results.in.the.retardation.of.further.agglomeration.of.the.suspended.graphene..The.
report.claimed.that.the.reduced.graphene.exhibited.a.substantial.amount.of.surface.
negative.charge,.which.was.confirmed.by.zeta.potential.measurement.(as.shown.in.
Figure 2.8(b))..The.thickness.of.the.dispersed.chemically.converted.graphene.(CCG).
on.a.SiO2/Si.wafer.was.reported.as.~1.nm.using.tapping.mode.AFM.as.shown.in.
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FIGURE 2.7 Mechanism. proposed. by. Stankovich. et. al.. on. isocyanate-treated. GO.
where. organic. isocyanates. react. with. the. hydroxyl. (left. oval). and. carboxyl. groups. (right.
oval). of. graphene.oxide. sheets. to. form.carbamate. and. amide. functionalities,. respectively..
(b).Representative.FT-IR. spectra. of.GO.and.phenyl. isocyanate-functionalized. GO.. (From.
Stankovich,. S.,. R.. D.. Piner,. S.. T.. Nguyen,. and. R.. S.. Ruoff.. Synthesis. and. exfoliation. of.
isocyanate-treated. graphene. oxide. nanoplatelets.. Carbon. 44,. no.. 15. (2006):3342–3347..
With.permission.)
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Figure 2.8(c)..They.concluded.that.the.transformation.of.negatively.charged.stable.
GO.colloids.was.due.to.the.electrostatic.repulsion,.not.due.to.just.the.hydrophilicity.
of.GO.as.per.the.earlier.report.of.Stankovich.et.al..(2007)..Later,.Tung.et.al..(2009).
reported.synthesis.of.large-scale.(~20-mm.×.40-mm).single.sheets.of.graphene.using.
graphite.oxide.paper,.where.they.tried.to.remove.oxygen.functionalities.from.GO.to.
restore.the.planar.geometry.of.the.single.sheets.of.CCG..In.this.approach,.reduction.
as.well.as.dispersion.of.the.GO.film.was.done.directly.in.hydrazine,.which.creates.
hydrazinium.graphene.(HG).through.the.formation.of.counter.ions..HG.composed.
of.a.negatively.charged,.reduced.graphene.sheet.surrounded.by.N2H4

+.counter.ions.is.
shown.in.Figure 2.9..Finally,.a.single-layer.stable.graphene.sheet.of.~0.6.nm.thick-
ness.was.obtained.by.this.process.

A.few.reports.revealed.that.the.reduction.of.GO.occurs.at.significantly.high.tem-
perature.with.faster.heating.rate.during.the.chemical.process.(Schniepp.et.al..2006;.
McAllister.et.al..2007)..One.interesting.chemical.technique,.the.Langmuir-Blodgett.
assembly.of.GO.single.layers.(GOSL),.was.successfully.demonstrated.by.Cote.et.al..
(Cote,.Kim,.and.Huang.2008)..The.results.are.summarized.as.follows:.(1).water.sup-
ported.mono.layers.of.GOSL.were.suspended.without.any.surfactant.or.stabilizing.
agent,.(2).the.single.layers.formed.stable.dispersion.when.bound.at.the.2-D.air–water.
interface,. (3). GOSL. monolayers. can. be. readily. transferred. to. any. substrate. with.
tunable.density.from.dilute,.closepacked.to.overpacked.monolayers.of.interlocking.

(a)
(b)

10
0

–10
–20
–30
–40

1 2

–50Ze
ta

 p
ot

en
tia

l (
m

V
) (c)

3 4 5 6 7
pH

8 9 10 11 12

1 nm

200 nm

(1) (2) (3)

GO
CCG

FIGURE 2.8 (a).Schematic. showing. the. aqueous. suspension.of. the.graphene. fabrication.
mechanism.via.chemical.technique..The.process.steps.consist.of.(1).graphite.oxide.production.
with.greater.interlayer.distance,.(2).sonication.of.GO.in.order.to.prepare.a.mechanically.exfo-
liated.colloidal.suspension.of.GO.in.water,.(3).conversion.of.GO.to.graphene.using.hydrazine.
reduction..(b).Representative.data.of.the.Zeta.potential.of.GO.and.chemically.converted.gra-
phene.(CCG).as.a.function.of.pH..(c).Tapping.mode.atomic.force.micrograph.of.drop-casted.
CCG.flakes.on.a.silicon.wafer..(From.D..Li,.M..B..Muller,.S..Gilje,.R..B..Kaner,.and.G..G..
Wallace..Processable.aqueous.dispersions.of.graphene.nanosheets..Nature Nanotechnology.
3,.no..2.(2008):101–105..With.permission.)
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sheets,.and.(4).the.process.is.novel.because.one.could.obtain.a.GO.sheet.on.solid.
substrates.of.~1.nm.thickness.

All.of. the.previously.mentioned.processes.comprise. the.chemical.approach.for.
synthesizing. graphene.. Direct. graphene. synthesis. using. electrochemical. methods.
was.reported.by.Liu.et.al..(Liu.et.al..2008)..The.method.is.environment.friendly.and.
leads.to.the.production.of.a.colloidal.suspension.of.imidazolium.ion–functionalized.
graphene. sheets. by. direct. electrochemical. treatment. of. graphite.. The. mechanism.
stated.that.the.imidazolium.ion.covalently.attached.to.the.graphene.nanosheets.elec-
trochemically.through.the.breaking.of.the.C–C.π.bond..As.shown.in.Figure 2.10,.
10–20.V.potential.was.applied.to.originate.graphene.nanosheets.from.the.graphite.
anode..Further,.dispersion.of. the.modified.graphene.nanosheet.was.done. in.N,N-
dimethylformamide.(DMF).and.the.measured.thickness.of.the.graphene.nanosheets.
(GNSs).was.found.to.be.~1.1.nm.

Several. other. reports. are. also. found.based.on.graphene. functionalization. with.
poly.(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene).(PmPV).(Li,.
Wang,. et. al.. 2008),. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N[methoxy.

N2H4

FIGURE 2.9 Schematic.showing.that.the.3-D.GO.(carbon.in.grey,.oxygen.in.dark.grey,.and.
hydrogen.in.white).restores.its.planar.structure.when.reduced.and.dispersed.with.hydrazine..
(From.V..C..Tung,.M..J..Allen,.Y..Yang,.and.R..B..Kaner..High-throughput.solution.process-
ing.of.large-scale.graphene..Nature Nanotechnology.4,.no..1.(2009):25–29..With.permission.)
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FIGURE 2.10 Schematic.diagram.of.the.electrochemical.graphene.synthesis.process..(From.
N..Liu,.F..Luo,.H..X..Wu,.Y..H..Liu,.C..Zhang,.and.J..Chen..One-step.ionic-liquid-assisted.
electrochemical.synthesis.of.ionic-liquid-functionalized.graphene.sheets.directly.from.graph-
ite..Advanced Functional Materials.18,.no..10.(2008):1518–1525..With.permission.)
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(polyethyleneglycol)-5000].(DSPE-mPEG).(Li,.Zhang,.et.al..2008),.poly(tert-butyl.
acrylate),.and.so.on..In.view.of.technological.applications.on.the.device.level,.several.
recent.reports.are.also.found.based.on.the.poly(N-vinyl.pyrrolidone).graphene.nano-
composite.for.humidity.sensing.(Zhang,.Shen,.et.al..2010),.GO-polymer.for.organic.
solar.cells,.(Li,.Tu,.et.al..2010),.dye-sensitized.solar.cells.(Hasin,.Alpuche-Aviles,.
and.Wu.2010;.Roy-Mayhew.et. al.. 2010),. organic.memory.devices. (Li,.Liu,. et. al..
2010),.Li.ion.batteries.(Chen.and.Wang.2010),.and.so.on..Apart.from.the.stable.dis-
persion.of.graphene.with.different.polymers.and.surfactants,.some.recent.reports.are.
also.available.based.on.the.modification.of.graphene.with.inorganic.nanoparticles.
like.Au.(Muszynski,.Seger,.and.Kamat.2008),.TiO2.(Qian.et.al..2009;.Yang.et.al..
2010),.Fe3O4.(Zhou.et.al..2010),.and.CuO.(Zhu.et.al..2010).

Chemical.synthesis.of.graphene.has.several.advantages.such.as.a.low.temperature.
process,.and.therefore.could.be.readily.processed.on.any.substrate.with.much.more.
flexibility..In.situ,.functionalized.graphene.with.different.functional.groups.can.be.
easily.synthesized.via.this.route.for.chemical.and.biological.applications..Further,.
the.process.is.low.in.cost.as.graphite.is.abundant.in.nature.(natural.graphite.supplies.
worldwide.are.estimated.at.800M.tons)..In.contrast,.the.chemical.syntheses.of.gra-
phene.have.several.disadvantages.such.as.small.yield,.defective.graphene,.and.par-
tially.reduced.GO,.which.readily.deteriorates.the.properties.of.graphene..Moreover,.
the.process.involves.too.many.tedious.steps.and.uses.hazardous.explosive.chemicals.
like.hydrazine..During.chemical.reduction.of.GO,.incomplete.reduction.dictates.the.
possible.deterioration.of.conductivity,.charge.carrier.concentration,.carrier.mobility,.
and.so.on..Finally,.graphene.produced.by.chemical.methods.is.not.superior.in.grade.
compared. to.other.methods,.and. therefore.needs. further.development. for.applica-
tions.in.chemical.and.nano-biotechnology,.nano-medicine,.and.so.on.

2.2.5   direct cheMical synthesis: pyrolysis of sodiuM ethoxide

All.chemical.synthesis.processes.described.above.are.top-down.approaches.as.the.
process.involves.the.oxidation.of.bulk.graphite,.exfoliation.of.GO,.and.then.reduc-
tion.back.to.graphene..In.contrast,.a.bottom-up.approach.of.chemical.synthesis.of.
graphene,.called.the.solvothermal method,.is.introduced.(Choucair,.Thordarson,.and.
Stride. 2009).. In. this. method,. laboratory-grade. ethanol. and. sodium. were. used. as.
starting.materials.to.synthesize.sodium.ethoxide,.followed.by.pyrolyzation,.which.
yields.a.fused.array.of.graphene.sheets.that.can.be.easily.dispersed.using.mild.soni-
cation..The.solvothermal.reaction.involves.a.reaction.of.1:1.molar.ratio.of.sodium.
(2.g).and.ethanol.(5.ml).in.a.sealed.reactor.vessel.at.220°C.for.72.h,.resulting.in.a.
yield.of.sodium.ethoxide,.which.was.used.as.a.graphene.precursor.for.further.reac-
tion..The.resultant.solid.(sodium.ethoxide).was.rapidly.pyrolyzed,.vacuum.filtered,.
and.dried.in.a.vacuum.oven.at.100°C.for.24.h..The.process.yield.was.0.1.g./.1.ml.of.
ethanol,.typically.yielding.~0.5.g.per.reaction..Raman.spectroscopy.of.the.resultant.
sheet.showed.a.broad.D-band.at.1353.cm−1,.a.G-band.at.1590.cm−1,.and.the.intensity.
ratio.of.IG/ID.~1.16,.representative.of.defective.graphene..Finally,.a.4±1.Å.thickness.
of. graphene. was. obtained. by. this. process,. representing. a. mono-atomic. graphene.
sheet..The.advantage.of.this.process.is.a.low-cost.and.bottom-up.process.that.can.
be.further.extended.to.the.more.controlled.fabrication.of.high-purity,.functionalized.
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graphene.. Moreover,. it. is. a. scalable,. low-temperature. process,. which. is. an. added.
advantage.of.the.direct.bottom-up.chemical.synthesis.methods.yielding.high-purity.
graphene..However,.the.quality.of.graphene.is.still.not.satisfactory.because.it.con-
tains.a.large.number.of.defects.

2.2.6   unzippinG of nanotubes

A.new.graphene.synthesis.process.was.proposed.that. involves.unzipping.a.carbon.
nanotube. by. using. a. chemical. and. plasma-etched. method.. The. unzipping. of. car-
bon.nanotubes.(CNTs).yields.a.thin.elongated.strip.of.graphene.that.exhibits.straight.
edges,.called.a.graphene.nanoribbon.(GNR)..Graphene,.when.narrowing.along.the.
width,.deliberately.transforms.its.electronic.state.from.semimetal.to.semiconductor.
(Chen.et.al..2007)..Therefore,.the.electronic.properties.of.thin.strip.graphene.nanorib-
bons.are.presently.under.vigorous.investigation.(Jiao.et.al..2010;.Jiao.et.al..2009)..
Depending.upon.whether.the.starting.nanotube.is.multiwalled.or.single.walled,.the.
final.product.will.be.multilayered.graphene.or.single-layer.graphene,.respectively.

Cano-Marquez.et.al..(2009).demonstrated.a.novel.chemical.route.of.longitudinal.
unwrapping.of.multiwalled.carbon.nanotubes.(MWNTs).by.intercalation.of.lithium.
(Li).and.ammonia.(NH3).followed.by.exfoliation..They.used.CVD-grown.MWNTs.
dispersed. in.dry. tetrahydrofuran. (THF). followed.by.adding. liquid.NH3. (99.95%),.
while.maintaining. the.dry. ice.bath. temperature.of.−77°C..Li.was.added.with. the.
ratio.of.10:1.(Li:C).and.allowed.the.intercalation.of.MWNT.to.occur.for.a.few.hours..
Subsequently,. HCl. was. mixed. in. the. solution. containing. intercalated. MWNTs,.
which.further.facilitate.complete.exfoliation..They.proposed.a.mechanism.for.inter-
calation.that.was.initiated.by.electrostatic.attraction.between.the.negatively.charged.
MWNTs.and.NH3-solvated.Li+..The.exothermic.reaction.occurs.when.the.HCl.reacts.
with.Li. ions.and.simultaneous.neutralization.of.NH3.causes.further.unwarping.of.
the.nanotubes..Some.of.the.unexfoliated.or.partially.exfoliated.nanotubes.were.also.
obtained,. which. could. be. further. exfoliated. by. thermal. treatments.. The. process.
yields.~60%.fully.exfoliated.MWNTs.including.a.very.small.amount.(0-5%).of.par-
tially.exfoliated.MWNTs..At.the.same.time,.Tour.research.group.demonstrated.the.
unzipping.of.nanotubes.by.a.different.chemical.process..They. reported. the.open-
ing. of. the. side. walls. of. CNTs.by. a. step-by-step. solution-based. oxidation. process.
using.H2SO4,.KMnO4,.and.H2O2.(Kosynkin.et.al..2009)..The.successive.increase.in.
KMnO4.(oxidizing.agent).concentration.(100%.to.500%).in.the.solution.resulted.in.
a. larger.degree.of.opening. the.consecutive.MWNT.layers..However,. the.resultant.
product.was.an.oxidized.GNR,.which.needed.a.further.reduction.step.using.1.vol%.
concentrated.ammonium.hydroxide.(NH4OH).and.1.vol%.hydrazine.monohydrate.
(N2H4,.H2O). in.order. to. restore. its.electrical.properties..Furthermore,. the.starting.
MWNT. diameter. was. 40–80. nm,. hence. the. thickness. of. GNR. was. increased. to.
>100.nm.after.it.was.unwrapped,.whereas.the.length.of.the.GNRs.was.equivalent.
to. the. initial. length.of. the.MWNTs. (~4.mm)..The. authors. also.demonstrated. the.
unraveling.of.single-walled.nanotubes.(SWNTs).(average.height.of.the.SWNT.was.
~1.3.nm),.which.produced.a.narrow.entangled.GNR.with.a.decreased.average.thick-
ness.of.~1.nm.
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Jaio.et.al.. (2009). reported.a. rather.simplified.and. facile. technique,.which. they.
called.the.controlled unzipping technique..The.step-by-step.fabrication.process.from.
nanotube. to. nanoribbon. is. shown. in. Figure  2.11.. A. pristine. MWNT. (dia.. ~4–18.
nm).suspension.was.deposited.onto.a.Si. substrate.pretreated.with.3-aminopropyl-
triethoxysilane..A.polymethylmethacrylate.(PMMA).solution.was.spin-coated.with.
MWNTs.on.the.substrate.followed.by.baking.at.170°C.for.2.h..The.PMMA-coated.
MWNT. film. was. peeled. off. using. 1M. KOH. solution. at. 80°C.. After. that,. using.
Ar-plasma.(10.watt,.40.mTorr),.MWNT.walls.were.etched.away.followed.by.removal.
of.PMMA.in.acetone.vapor..The.average.diameter.of.MWNTs.was.~6–12.nm,.which.
produced.resultant.GNRs.having.a.width.of.10–20.nm.after.plasma.etching..The.step.
heights.of.the.resulting.GNRs.were.0.8.to.2.0.nm,.which.were.representative.single-.
to.few-layer.GNRs,.respectively..They.claimed.that.the.process.easily.produces.high-
quality.GNRs.with.different.numbers.of.layers.while.maintaining.high.process.yield.
<40%.(single-.and.few-layer.GNRs)..In.this.context,.the.yield.of.single-.to.few-layer.
GNRs.also.depends.on.the.diameter,.number.of.concentric.tubes.of.MWNTs,.and.
the.plasma.etching.time.

Simultaneously,. several. recent. reports. showed. the. future. prospects. of. GNRs.
in. the. field. of. nanoelectronics,. but. further. control. over. the. fabrication. process. is.
required.to.achieve.a.high-purity,.defect-free.controlled.synthesis.process.for.scal-
able.device.fabrication.
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FIGURE 2.11 A.process.flow.chart.of.graphene.nanoribbon.fabrication.from.a.carbon.nano-
tube.by.the.plasma.etching.process..(From.L..Jiao,.Y.,.L..Zhang,.X..R..Wang,.G..Diankov,.
and.H..J..Dai..Narrow.graphene.nanoribbons.from.carbon.nanotubes..Nature.458,.no..7240.
(2009):877–880..With.permission.)
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2.2.7   therMal cheMical vapor deposition process

Thermal.chemical.vapor.deposition.(CVD).is.a.chemical.process.by.which.a.sub-
strate.is.exposed.to.thermally.decomposed.precursors.and.the.desired.product.depos-
ited.onto.the.substrate.surface.at.high.temperature..Because.the.high.temperature.is.
not.desired.in.many.cases,.plasma-assisted.decomposition.and.reaction.may.lower.
the.process.temperature..Figures 2.12(a).and.2.12(b).demonstrate.the.schematic.of.
thermal.and.plasma-enhanced.CVDs.(PECVD),.respectively.

There.are.numerous.advantages.to.the.thermal.CVD.process..The.process.yields.
high.quality.and.high.purity.final.products.in.large.scale..Moreover,.by.controlling.
the.CVD.process.parameters,.control.over.the.morphology,.crystallinity,.shape,.and.
size.of.the.desired.product.is.possible..On.the.other.hand,.by.applying.a.wide.range.of.
solid,.liquid,.and.gaseous.precursor.materials,.a.large.variety.of.nanomaterials.and.
thin.films.are.executable.with.this.process..However,.tailoring.very.high.precision.
atomic-level.properties.using.thermal.and.plasma.CVD.is.still.under.investigation.

2.2.7.1  Thermal Chemical Vapor Deposition
Deposition. of. mono-layer. graphitic. materials. on. Pt. by. thermal. CVD. was. first.
reported.in.1975.by.Lang.et.al..(1975)..They.found.that.the.decomposition.of.ethylene.
onto.platinum.results.in.the.formation.of.a.graphitic.overlayer.and.surface.rearrange-
ments.of.the.substrate..Later,.Eizenberg.and.Blakely.(1979).reported.graphite.layer.
formation.on.Ni. (111)..The.process. involved. the.doping.of. single-crystal.Ni. (111).
with.carbon.at.an.elevated.temperature.of.1200–1300.K.for.a.significant.period.of.
time.(~1.week),.followed.by.quenching..The.carbon.phase.condensation.on.Ni.(111).
was.found.with.detailed.thermodynamic.analysis.and.the.carbon.phase.segregation.
on.Ni.(111).is.solely.dependent.upon.the.rate.of.quenching.

Since.then.(almost.two.decades),.the.field.has.not.been.explored.further.due.to.an.
inability.to.find.possible.applications.of.thin.graphite.film.as.a.semiconductor,.trans-
parent.conductor,.and.so.on..In.the.early.twenty-first.century,.discovery.of.graphene.
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FIGURE 2.12 Schematic.of.(a).thermal.CVD.and.(b).plasma-enhanced.CVD.(PECVD).
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created.a.research.boom.because.the.unusual.properties.of.thin.monolayer.or.few-
layer.graphite.films.have.been.explored,.attracting. tremendous.attention. from. the.
scientific. and. industrial. communities.. Furthermore,. the. physics. and. chemistry. of.
graphene.have.been.meticulously.scrutinized.to.open.a.new.area.of.graphene-based.
electronics.(Novoselov.et.al..2004;.Katsnelson.2007;.Geim.and.Kim.2008;.Dreyer.
et.al..2010).

In.2006,.the.first.attempt.at.graphene.synthesis.on.Ni.foil.using.CVD.was.done.
using.camphor.(terpinoid,.a.white. transparent.solid.of.chemical. formula.C10H16O).
as. the. precursor. material. (Somani,. Somani,. and. Umeno. 2006).. In. this. reference,.
graphene.synthesis.was.carried.out.in.a.two-step.process—camphor.deposition.on.
Ni.foil.at.~180°C.followed.by.pyrolyzation.at.700–850°C.in.Ar.atmosphere..Using.
TEM,.they.found.that.the.planar.few-layer.graphene.consists.of.~35.layers.of.stacked.
single.graphene.sheets.with.an.interlayer.distance.of.0.34.nm..The.study.presents.
a.new.path.toward.large-scale.graphene.growth.using.thermal.CVD..Nevertheless,.
large-scale.mono.or.bilayer.graphene.growth.using.thermal.CVD.was.still.in.demand.
until.Obraztsov.et.al.. (2007). reported. the.deposition.of. thin-layer.graphite.on.Ni..
Using.DC.discharge.in.a.thermal.CVD.system,.a.thin.layer.(1–2.nm).of.graphene.
was.deposited.at.40–80.mT.pressure.and.950°C..They.used.a.gas.mixture.of.H2:CH4.
=.92:8.as.a.precursor.under.DC.discharge.of.the.current.~.0.5.A/cm2..As.shown.in.
Figure 2.13,.the.final.graphene.on.Ni.was.~1-.to.2-nm-thick.few-layer.graphene.cov-
ered.with.surface.ridges,.which.they.explained.as.ridge.formation.due.to.the.thermal.
expansion.coefficient.mismatch.between.graphene.and.the.Ni.substrate..In.particu-
lar,.well-ordered.few-layer.graphene.was.found.on.the.Ni.surface;.however,.the.same.
process.was.not.able.to.yield.well-ordered.graphene.on.Si.except.amorphous.carbon.

In.2008,.Pei.et.al..(see.Yu.et.al..2008).demonstrated.high-quality.graphene.for-
mation.on.polycrystalline.Ni.during.thermal.CVD.of.methane..They.fabricated.few-
layer. graphene. at. 1000°C. using. CH4:. H2:. Ar. =0.15:1:2. with. a. total. gas. flow. rate.
of. 315. sccm. (standard. cubic. centimeters. per. minute). under. ~1. atmospheric. pres-
sure..From.high-resolution.TEM.(HRTEM).study.(Figure 2.14(a)),.they.confirmed.
the. formation. of. 3–4. layers. of. graphene. on. Ni. and. suggested. that. the. graphene.

(a) (b)

1 µm 1 µm

FIGURE 2.13 Scanning.electron.micrograph.of.graphene.syntheses.on.Ni.(111).by.the.DC.
discharge.method..(From.A..N..Obraztsov..Chemical.vapour.deposition:.Making.graphene.
on.a.large.scale..Nature Nanotechnology.4,.no..4.(2009):212–213;.and.A..N..Obraztsov,.E..A..
Obraztsova,.A..V..Tyurnina,.and.A..A..Zolotukhin..Chemical.vapor.deposition.of.thin.graph-
ite.films.of.nanometer.thickness..Carbon.45,.no..10.(2007):2017–2021..With.permission.)



Graphene	Synthesis	 45

formation. is. due. to. the. segregation. of. carbon. on. Ni.. They. also. reported. that. the.
cooling.rates.(fast.~20°C/s,.medium.~10°C/.s,.and.slow.~0.1°C/s).significantly.affect.
the.formation.of.different.numbers.of.graphene.layers,.which.was.further.confirmed.
by.Raman.spectroscopy.(as.shown.in.Figure 2.14(b))..However,. large-scale.mono-
layer.graphene.production.using. thermal.CVD.was.still. in.demand.until.an. inter-
esting.report. in.2009.(Kim.et.al..2009).regarding.large-scale.patterned.growth.of.
graphene.films.as.stretchable.transparent.electrodes..Kim.et.al..(2009).demonstrated.
graphene.growth.over.e-beam.evaporated.Ni.followed.by.thermal.CVD.of.CH4:H2:.
Ar.~550:65:200.at.1000°C..Further,. they. transferred. the.graphene.over.a.flexible,.
stretchable.polydimethylsiloxane.(PDMS).substrate.by.a.wet.chemical.process..The.
transferred.graphene.over.polymer.substrate.exhibits.sheet.resistance.of.~280.ohm/
sq.with.more.than.80%.transmittance.at.the.visible.light.wavelength.region..The.film.
on.SiO2/Si.substrate.showed.charge.carrier.mobility.of.~3750.cm2V−1s−1.and.carrier.
density.of.5.x.1012.per.cm−2.

Subsequently,. Reina. et. al.. demonstrated. the. formation. of. single-. to. few-layer.
graphene. on. polycrystalline. Ni. and. transfer. of. graphene. to. any. substrate. by. the.
wet-.etching. method. (Reina,. Jia,. et. al.. 2009).. They. used. e-beam. evaporated. Ni.
on.a.SiO2/Si. substrate,.annealed. it.at.900–1000°C.under.a.flow.of.Ar.and.H2. for.
10–20.minutes,. followed.by.graphene.growth.using.diluted.hydrocarbon.gas.flow.
at.900–1000°C.and.ambient.pressure..They.reported.the.formation.of.1.to.10.layers.
of.graphene.over.the.Ni.surface.as.shown.in.HRTEM.in.Figures 2.15(a),.(b),.and.(c).
and.Raman.spectroscopy.in.Figure 2.15(d)..A.wet.chemical.method.was.applied.to.
transfer.the.CVD.graphene.onto.any.substrate..Wang.et.al..(2009).attempted.a.new.
approach.of.gram-scale.graphene.production.in.a.thermal.CVD.at.1000°C.by.using.a.
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FIGURE 2.14 (a).HRTEM.of.graphene.precipitated.on.Ni,.(b).Raman.spectra.confirming.
the.effect.of.cooling.rate.on.graphene.formation,.and.(c).schematic.representing.the.mecha-
nism.of.carbon.segregation.on.Ni..(From.Q..K..Yu,.J..Lian,.S..Siriponglert,.H..Li,.Y..P..Chen,.
and. S.. S.. Pei.. Graphene. segregated. on. Ni. surfaces. and. transferred. to. insulators.. Applied 
Physics Letters.93,.no..11.(2008)..With.permission.)
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Co-supported.MgO.catalyst.in.a.ceramic.boat.and.a.precursor.gas.mixture.of.CH4:Ar.
(1:4.volume.ratio,.total.375.ml/min.flow.rate)..Finally,.graphene.was.obtained.after.
the.catalyst.particles.were.washed.away.with.concentrated.HCl;. the.process.yield.
was.0.05.gm.from.500.mg.of.catalyst.powder..The.authors.claimed.that.the.process.
is. unique. because. it. is. a. substrate-free,. gram-scale. yield. of. graphene. and. a. low-
cost.process..However,.the.graphene.produced.by.this.method.is.5-layered.graphene.
sheets,.which.are.crumpled.and.randomly.aggregated.

Large-scale. graphene. synthesis. took. a. unique.direction.when. the.Ruoff. group.
discovered.that.catalytic.graphene.deposition.on.Cu.occurs.at.elevated.temperature,.
by. decomposition. of. hydrocarbon. gases. (Li,. Cai,. An,. et. al.. 2009).. They. showed.
single-layer.uniform.large-scale.(1.cm2).graphene.growth.on.Cu.foil.by.the.thermal.
CVD.technique..This.method.involves.heating.the.quartz.tube.furnace.to.~1000°C.
in.a.hydrogen.atmosphere.(~2.sccm.flow).under.an.ambient.pressure.of.40.mTorr,.
annealing.the.Cu.film.at.1000°C,.and.injecting.of.35.sccm.of.methane.gas.(CH4).at.
~500.mTorr.ambient.pressure..Further,.they.developed.a.graphene.transfer.method.
by. solution. etching.of.Cu. and. then. transferring.of. the.floated. graphene.onto. any.
substrate..The.process.yields.single-layer,.two-layer,.and.three-layer.graphene,.which.
was.further.confirmed.by.HRTEM.and.Raman.spectroscopy..The.Ruoff.group.(Li,.
Cai,.An,.et.al..2009),.also.explained.that.the.graphene.deposition.on.a.Cu.surface.
is.due.to.the.surface.catalyzed.process.associated.with.the.limited.solubility.of.car-
bon. in. copper..Therefore,. the.graphene.precipitation.mechanism.on.a.Cu. surface.
exclusively.differs.from.the.Ni.surface;.graphene.deposition.on.Cu.occurs.due.to.the.
segregation.process.or.surface.adsorption.process.

A.breakthrough.occurred.in.the.field.of.large-scale.graphene.synthesis.process.
when.Cu.foil.(~15.cm.×.5.cm).was.rolled.up.and.placed.in.a.2.in..quartz.tube.fur-
nace. in. order. to. grow. graphene. and. then. transfer. the. graphene. onto. any. flexible.
polymer.substrate.using.the.hot.press.lamination.method..The.Choi.group.at.Florida.
International.University. (Verma.et. al.. 2010). reported. large-area.graphene.growth.
as.large.as.a.15.cm.×.5.cm.rectangular.Cu.foil.using.the.thermal.CVD.technique.
as.shown.in.Figures 2.16(a).and.2.16(b)..Verma.and.co-workers.deposited.graphene.
at. 1000°C.with. a. mixture. of. H2:. CH4. (1:4). at. ambient. atmospheric. pressure,. and.
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FIGURE 2.15 (a),.(b).and.(c).HRTEM.images.confirming.the.formation.of.thermal.CVD-
grown.mono-.to.few-layer.graphene.on.Ni.and.(d).representative.Raman.plot.for.successive.
layers.of.graphene..(From.A..Reina,.X..T..Jia,.J..Ho,.et.al..Large.area,.few-layer.graphene.films.
on.arbitrary. substrates.by.chemical.vapor.deposition..Nano Letters. 9,.no..1. (2009):30–35..
With.permission.)
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then.graphene.was. transferred.using. a.hot. press. lamination.process. (as. shown. in.
Figure  2.16(e)),. which. was. proficient. as. well. as. industrially. scalable.. Their. work.
demonstrated.large-scale.graphene.on.flexible.film.(as.shown.in.Figures 2.16(c).and.
2.16(d)).as.transparent.conducting.anodes.that.can.be.used.as.a.current.collector.in.a.
flexible.transparent.field.emission.devices.

Bae. et. al.. (2010). reported. the. roll-to-roll. production. of. graphene. on. a. flexible.
polymer.with.an.area.as.large.as.30.inches.as.shown.in.Figure 2.17(a).and.used.as.
a.touch.screen.panel..They.grew.graphene.using.thermal.CVD.on.Cu.foil.and.the.
processing.steps.are.as.follows:.(1).annealing.of.Cu.in.a.thermal.CVD.in.a.H2.envi-
ronment.(under.~90.mT.pressure).at.1000°C,.(2).processing.of.graphene.growth.at.
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FIGURE 2.16 (a).and.(b).Picture.illustrates.the.large-scale.before.and.after.CVD.of.Cu.foil,.
(c).and.(d).demonstrate.large-scale.fabrication.of.graphene.film.on.flexible.PET,.and.(e).the.
hot.press.lamination.process.for.graphene-PET.film.fabrication..(From.V..P..Verma,.S..Das,.
I.. Lahiri,. and. W.. Choi.. Large-area. graphene. on. polymer. film. for. flexible. and. transparent.
anode.in.field.emission.device..Applied Physics Letters.96,.no..20.(2010)..With.permission.)
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1000°C.using.the.precursor.gas.mixture.of.CH4.and.H2.(under.the.flow.rates.of.24.and.
8.sccm,.respectively).for.30.minutes.at.~460.mT.ambient.pressure,.and.(3).cooling.
of.the.furnace.at.~10°C/minutes.under.H2.flow.at.90.mT.pressure..Formation.of.dif-
ferent.layers.of.graphene.was.confirmed.using.HRTEM.(as.shown.in.Figure 2.17(b)).
and.Raman.spectroscopy,.though.the.predominant.area.was.found.to.be.covered.with.
monolayer.graphene.

Several. recent. reports. were. also. found. demonstrating. graphene. fabrication. on.
Ni.foil,.polycrystalline.nickel.thin.film,.patterned.Ni.thin.film.(Reina,.Thiele,.et.al..
2009),.Cu.foil,.Cu.thin.film,.patterned.Cu.thin.film,.and.many.other.different.transi-
tion.metal.substrates..Similarly,.a.few.novel.approaches.are.also.recently.reported.on.
CVD.graphene.(De.Arco.et.al..2010;.Gao.et.al..2010;.Sun.et.al..2010)..A.CVD-grown.
graphene.nanoribbon.has.also.been.reported.(Campos-Delgado.et.al..2009;.Campos-
Delgado.et.al..2008)..In.principle,.all.these.thermal.CVD.processes.are.related.to.the.
processes.discussed.previously.except.that.the.ratio.and.total.gas.flow.differ..The.rate.
and.total.gas.flow.in.those.processes.correspond.to.the.total.volume.of.the.furnace,.
ambient.pressure.of.the.furnace,.and.temperature.

Graphene.growth.directly.onto.any.insulator.substrate.was.first.reported.in.2010.
by.Ismach.et.al..(2010)..In.this.process,.they.deposited.Cu.thin.film.on.dielectric.
substrates. by. e-beam. evaporation. and. then. using. thermal. CVD,. they. grew. gra-
phene.at.1000°C.under.100–500.mT.ambient.pressure..Graphene.precipitation.on.
dielectric.surfaces.occurs.due.to.the.surface.catalyzed.process.of.Cu.and.the.copper.
films.de-wetted.and.evaporated.from.the.surface,.which. leads. to.direct.graphene.
deposition.on.dielectric.substrates.as.shown.in.Figure 2.18..Further,.the.CVD.pro-
cess.leads.to.the.formation.of.well-crystallized.graphene.on.the.dielectric.surfaces.
that.contain.low.defects.and.exhibit.thicknesses.of.0.8–1.nm.corresponding.to.1-.to.
2-layer.graphene..Later,.Rümmeli.et.al..(2010).reported.another.technique.to.deposit.
graphene. on. insulator. substrates. using. thermal. CVD. at. a. significantly. low. tem-
perature.. The. low-temperature. CVD. process. produced. several-nanometer-thick.
to.a.few.hundred-nanometer-thick.graphene.directly.on.magnesium.oxide.(MgO).
nano. crystal. powder. using. cyclohexane,. acetylene,. and. argon. as. a. feedstock.gas.
mixture.at.temperatures.between.875°C.and.325°C..The.domain.size.of.graphene.
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FIGURE 2.17 (a).Large-scale.CVD.of.graphene.on.Cu.foil;.and.(b).HRTEM.images.dem-
onstrating. the. growth. of. single-layer,. two-layer,. and. three-layer. graphene. on. Cu.. (From.
S..Bae,.H..Kim,.Y..Lee,.et.al..Roll-to-roll.production.of.30-inch.graphene.films.for.transpar-
ent.electrodes..Nature Nanotechnology.5,.no..8.(2010):574–578..With.permission.)
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was.found.to.be.from.a.few.hundred.nanometers.to.several.micrometers.yielding.
few-layer.graphene.

Therefore,.direct.synthesis.of.graphene.on.dielectric.substrates.bypasses.the.post-
synthesis.graphene.transfer.process,.hence.avoiding.the.inclusion.of.defects.and.con-
tamination.in.graphene..Furthermore,.low-temperature.graphene.synthesis.by.CVD.
will.be.highly.promising. for. easy.device. integration. to. reinstate.present.Si-based.
CMOS. technology..Nonetheless,.graphene.deposition.on.dielectric. surfaces.needs.
to. be. explored. further. to. achieve. well-ordered,. large-scale,. defect-free. graphene.
for.electronic.applications,.and.most.importantly,.to.achieve.band.gap.engineering.
capabilities.

2.2.7.2  Plasma-Enhanced Chemical Vapor Deposition
When. a. thermal. CVD. process. involves. chemical. reactions. of. the. reacting. gases.
by.generating.plasma*. inside.a.vacuum.chamber,.which. leads. to. the.deposition.of.
thin.film.on.the.substrate.surface,.the.process.is.known.as.plasma-enhanced.chemi-
cal.vapor.deposition. (PECVD)..A.schematic. is. shown. in.Figure 2.12b. illustrating.
the.PECVD.chamber.for.graphene.synthesis..The.plasma.can.be.generated. inside.
a. PECVD. system. using. RF. (AC. frequency),. microwave,. and. inductive. coupling.
(electrical. currents. produced. by. electromagnetic. induction).. PECVD. has. a. wide.
range. of. advantages. over. other. conventional. CVD. methods.. By. this. technique,.
a. process. can.be. carried.out. at. relatively. low. temperature. compared. to. the.other.
thermal.CVD.processes;.hence,.it.is.more.feasible.for.industrial-scale.applications..
Moreover,..catalyst-free.graphene.growth.(Shang.et.al..2008).can.be.carried.out.by.
controlling.the.process.parameters,.which.normally.influence.the.properties.of.the.
final.graphene.product..However,.the.process.is.costly.and.only.gas-phase.precursor.
materials.can.be.used.in.order.to.obtain.the.final.products,.which.limits.its.applica-
tions.for.synthesis.of.a.wide.range.of.industrial.products.

Synthesis. of. a. thin. graphitic. layer. using. PECVD. was. first. demonstrated. by.
Obraztsov.et.al..(2003).by.DC.discharge.CVD.of.a.gas.mixture.containing.CH4.
and.H2.(0–25%.CH4),.at.10.to.150.Torr..In.this.report,.a.Si.wafer.and.different.metal.
sheets.of.Ni,.W,.and.Mo.were.used.as.substrates.for.nanocrystalline.graphite.(NG).
growth.. Using. optical. emission. spectra. embedded. in. the. PECVD. system,. they.

*. Plasma.is.an.ionized.state.matter.resembling.a.gas.
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FIGURE 2.18 Schematic. illustration. of. the. CVD. graphene. formation. mechanism. on. a.
direct.dielectric.substrate..(From.A..Ismach,.C..Druzgalski,.S..Penwell,.et.al..Direct.chemical.
vapor.deposition.of.graphene.on.dielectric.surfaces..Nano Letters.10,.no..5.(2010):1542–1548..
With.permission.)
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observed.the.presence.of.activated.H,.H2,.CH,.and.C.species.in.the.DC.discharge.
plasma.. They. concluded. that. the. presence. of. C2. dimers. in. CH4. plasma. played.
a. significant. role. in. graphitic. nanostructure. formation.. However,. the. graphene.
produced.by. this.process.was.much. thicker. than. single-. to. few-layer.graphene..
Similarly,.Wang.et.al.. (Wang,.Zhu,.Outlaw,.Zhao,.Manos,.and.Holloway.2004;.
Wang,. Zhu,. Outlaw,. Zhao,. Manos,. Holloway,. et. al.. 2004). attempted. to. deposit.
single-.to.few-layer.graphene.using.PECVD.on.different.substrates.like.Si,.SiO2,.
Al2O3,.Mo,.Zr,.Ti,.Hf,.Nb,.W,.Ta,.Cu,.and.304.stainless.steel..Using.900-watt.RF.
power,.10.sccm.total.gas.flow,.and.inside.chamber.pressure.of.~12.Pa,.they.tried.to.
deposit.graphene.by.varying.methane.concentrations.(5–100%).at.different.tem-
peratures.from.600–900°C..The.typical.deposition.time.was.found.to.be.from.5.
minutes.to.40.minutes..The.free-standing.graphene.growth.rates.varied.with.the.
varying.methane.concentration.and.substrate. temperature.. It.was.also.observed.
that. the. increase. in.%.CH4.concentration.and. substrate. temperature. resulted. in.
an. increase. in. the. graphene. growth. rate.. Finally,. using. HRTEM. a. corrugated.
few-layer.graphene.nanosheet.with.a.thickness.of.~1–2.nm.was.found.with.a.dark.
folded.ridge.and.fringes.at.the.edge.consisting.of.two.graphene.sheets.

Zhu.et.al..further.reported.the.synthesis.of.a.vertical.free-standing.graphene.sheet.
(thickness. ~1. nm). by. an. inductively. coupled. RF. PECVD. system. on. a. variety. of.
catalyst-free.substrates..They.carried.out.carbon.nanotube.(CNT).growth.and.ver-
tical. free-standing. graphene. growth. using. inductively. coupled. plasma. and. found.
that,.depending.upon.the.hydrocarbon.and.hydrogen.concentration.in.the.feed.gas.
mixture,.CNT.and.carbon.nanosheet.(CNS).growth.occurred..According.to.them,.
increasing.concentration.of.hydrocarbon.and.hydrogen.gases. in. the.precursor.gas.
mixture. causes. graphene. growth. because. of. the. larger. accumulation. of. activated.
carbon.species.and.the.increase.in.vertical.electric.field.intensifies.the.surface.spe-
cies.diffusion.

In. this. context,. several. other. reports. were. also. found. on. graphene. synthesis.
using.microwave.plasma.(Yuan.et.al..2009;.Vitchev.et.al..2010),.PECVD.graphene.
synthesis. at. atmospheric. pressure. (Jasek. et. al.. 2010),. petal-like. graphene. struc-
tures.(Qi.et.al..2009;.Bhuvana.et.al..2010),.N-doped.graphene-CNT.hybrid.structures.
(Lee.et.al..2010),.and.so.on..The.PECVD.process.can.only.produce.vertically.ori-
ented.graphene,.which.has.not.yet.been.demonstrated.using.other.graphene.synthesis.
methods..The.PECVD.method.produced.high-purity.and.high-crystalline.graphene;.
however,.uniform.large-area,.single-layer.graphene.production.using.this.method.is.
still.under.vigorous.investigation..Further.studies.on.the.PECVD.process.are.needed.
to.gain.better.control.over.graphene.layer,.morphology,.growth.rate,.and.height.(only.
for.vertically.oriented.graphene).

2.2.8   epitaxial Growth of Graphene on sic surface

Epitaxial.thermal.growth.on.a.single.crystalline.silicon.carbide.(SiC).surface.is.one.
of.the.most.acclaimed.methods.of.graphene.synthesis.and.has.been.explored.vigor-
ously.for.the.last.7.to.8.years..The.term.epitaxy.can.be.defined.as.a.method.that.allows.
deposition.of.a.single.crystalline.film.on.a.single.crystalline.substrate..The.deposited.
film.is.referred.to.as.epitaxial film.or.the.epitaxial layer.over.the.single.crystalline.
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substrate.and.the.process.is.known.as.epitaxial growth..Epitaxial.graphene.growth.
is.a.process.to.fabricate.high-crystalline.graphene.onto.single-crystalline.SiC.sub-
strates..When.the.film.deposited.on.a.substrate.is.of.the.same.material.it.is.known.as.a.
homo-epitaxial layer,.and.if.the.film.and.substrate.are.different.materials.it.is.called.a.
hetero-epitaxial layer..For.example,.few-layer.graphite.or.graphene.formation.on.SiC.
is.known.as.a.hetero-epitaxial.layer,.which.will.be.discussed.in.this.section.

Investigations.on.the.electronic.properties.of.graphene.have.taken.two.directions..
One.direction.is.related.to.device.fabrication.based.on.exfoliated.graphene.on.dif-
ferent.substrates.and.the.other.is.wafer-scale.synthesis.of.epitaxial.graphene,.which.
is.the.most.feasible.and.scalable.approach.to.graphene-based.electronics..Extensive.
conscientious.research.areas.have.been.explored.such.as,.(1).the.electronic.proper-
ties.of.graphene.on.SiC,.(2).band.gap.formation,.(3).graphene.growth.mechanism,.
and.(4).graphene–SiC.interfaces,.focusing.on.pathways.toward.large-scale.graphene-
based.electronics.

In. 1975,. Bommel. et. al.. (Van. Bommel,. Crombeen,. and. Van. Tooren. 1975). first.
reported.graphite.formation.on.both.the.6H–SiC(0001).and.(000

-
|).surfaces..The.work.

showed. that. heat. treatment. in. the. range. of. 1000–1500°C. in. an. ultrahigh. vacuum.
(~10−10.m.bar).produced.graphite.on.both.of.the.SiC.polar.planes.(0001).and.(000

-
|)..

The.crystal.structure,.crystal.plane.orientations,.and.crystal.plane.stacking.informa-
tion.of.SiC.are.described.in.detail.elsewhere.(Hass,.de.Heer,.and.Conrad.2008)..In.
2004,. de. Heer’s. group. reported. the. fabrication. of. ultrathin. graphite. consisting. of.
1–3.mono-atomic.graphene.layers.on.the.Si.terminated.(0001).face.of.single-crystal.
6H-SiC. and. analyzed. its. electronic. properties. (Berger. et. al.. 2004).. Their. detailed.
experimental. procedure. consisted. of. (1). surface. preparation. using. oxidation. or. H2.
etching,.(2).surface.cleaning.using.electron.bombardment.at.1000°C.at.~10−10.Torr.
pressure,. and. (3).heat. treatment.of. the. samples. at.1250–1450°C. for.1–20.minutes..
In.2007,.de.Heer.et.al..reported.the.fabrication.of.an.epitaxial.graphene.layer.down.
to.1–2.layers.on.the.(0001).face.of.a.6H–SiC.wafer.using.the.thermal.decomposition.
method. (de. Heer. et. al.. 2007).. They. also. developed. a. quantitative. characterization.
method. using. x-ray. photoelectron. spectroscopy. (XPS). and. angle-resolved. photo-
emission.spectroscopy.(ARPES).to.measure.the.number.of.epitaxial.graphene.layers.
formed.on.the.SiC.substrate..Similarly,.a.few.recent.studies.have.also.demonstrated.
the.exceptionally.high-quality.graphene.production.on.the.4H–SiC.C-face.in.an.RF.
furnace.under.pressure.∼10−4.to.10−3.Torr..After.removal.of.surface.oxides.by.preheat.
treatment.at.1200°C,.the.epitaxial.graphene.formation.occurred.at.1420°C,.which.was.
significantly.higher.than.the.normal.UHV.graphitization.on.SiC..However,.the.growth.
rate.on.4H–SiC.was.relatively.higher.than.on.the.other.SiC.surface;.therefore,. it. is.
difficult.to.produce.very.thin.layers.of.graphene.as.well.as.to.control.the.number.of.
graphene.layers.by.changing.time.and.temperatures..In.general,.4-.to.5-layer.graphene.
film.is.obtained.at.1420°C.within.∼6.minutes.by.the.thermal.decomposition.of.SiC.

In.this.context,.graphene.growth.on.a.Ni.thin.film-coated.SiC.substrate.at.a.quite.
lower.temperature.was.reported.by.Juang.et.al..(2009)..The.authors.elucidated.low-
temperature.graphene.growth.on.a.SiC.substrate.coated.with.Ni.thin.film..The.process.
consisted.of.200.nm.Ni.thin.film.deposition.over.single-crystalline.6H–SiC.(0001).
and.3C–SiC.substrates.followed.by.the.growth.process.at.~750°C.under.~10−7.Torr.
pressure..Graphene.was.grown.over.the.continuous.Ni.thin.film.surface.as.well.as.on.
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the.patterned.Ni.thin.film.surface..The.process.of.graphene.formation.at.such.a.low.
temperature.was.reported.as.follows:.(1).rapid.heating.causes.the.dissolution.of.Ni.
into.the.SiC.at.the.Ni−SiC.interface,.(2).formation.of.a.nickel..silicide/carbon.mixed.
phase.then.occurred,.(3).followed.by.the.diffusion.of.carbon.atoms.into.the.Ni.thin.
film.matrix.(due.to.the.low.solubility.of.C.in.Ni),.and.(4).finally.the.carbon.atoms.
segregated.onto.the.surface.of.the.Ni.during.the.cooling.process.in.the.same.manner.
as.thermal.CVD.(explained.in.Section.2.3)..The.process.was.delineated.as.a.versatile.
large-scale.facile.method.because. it. is.a.comparatively. lower-temperature.process.
than.others..Further,.the.graphene.obtained.by.this.process.is.easily.transferrable.to.
any.substrate.for.other.applications..The.feasibility.of.graphene-based.2-D.electron-
ics. is.based.on. fabricating.wafer-scale.graphene.with.controlled. thickness,.width,.
and.specified.crystallographic.orientations.in.order.to.achieve.control.over.the.elec-
tronic.properties.of.graphene..The.research.on.epitaxial.graphene.on.SiC.attracted.
huge.attention.both.academically.and.industrially.due.to.its.scalability.and.produc-
tion.of.high-quality.graphene..The.major. advantage.of. this.process. is. large-scale.
fabrication.of.graphene.on.an.insulator.or.semiconductor.surface,.which.can.be.used.
for.future.CMOS-based.electronics.(Sutter.2009)..Moreover,.epitaxial.multilayered.
graphene.over.the.SiC.substrate.behaves.as.an.isolated.graphene,.which.would.be.an.
added.advantage. in.applications. in.graphene-based.nanoelectronics..Nevertheless,.
the.high.growth.temperature.and.very.low.process.pressure.are.the.major.disadvan-
tages.of. this.process..Further,. the.final. epitaxial. graphene.produced.by. this. ther-
mal.decomposition.method.exhibits.smaller.grain.size..However,.a.novel.procedure.
for.atmospheric.pressure.graphene.synthesized.on.6H–SiC.(0001).with.much.larger.
domain.size.has.been.reported.recently.(Emtsev.et.al..2009)..Although.high-quality.
superior-grade. epitaxial. graphene. formation. was. reported,. the. graphene. transfer.
from.SiC.to.any.other.substrate.is.difficult,.which.seriously.limits.the.versatility.of.
the.process.in.a.wide.range.of.electronic.applications.

2.3  GRAPHENE GROWTH MECHANISM

At.present,. the.CVD.process. is. one.of. the.major. graphene. fabrication. processes,.
which.involves.carbon.deposition.on.the.transition.metal.surface.by.decomposition.of.
hydrocarbon.gases.at.an.elevated.temperature.under.low.or.ambient.pressure..In.the.
thermal.CVD.process,.at.high.temperature,.hydrocarbon.gases.are.decomposed.by.
reacting.with.hydrogen,.which.leads.to.the.formation.of.carbon.atoms;.when.depos-
ited.on.the.metal.surface,.these.carbon.atoms.segregate.and.form.single-.or.few-layer.
graphitic.sheets.called.graphene..In.the.PECVD.process,.the.decomposition.reac-
tion.occurs.in.the.presence.of.plasma.and.carbon.deposition,.and.segregation.takes.
place.at.a.comparatively.low.substrate.temperature..Therefore,.PECVD.is.known.as.
a. lower-temperature.process. than.conventional. thermal.CVD..Further,. the. rate.of.
decomposition.reaction.is.solely.dependent.upon.the.power.of.the.plasma.source.and.
the.rate.of.carbon.ion.deposition.on.the.substrate..However,.both.processes.have.sev-
eral.common.parameters.like.time,.temperature,.pressure,.gas.flow.rates,.and.type.
of.catalyst,.which.play.important.roles.in.graphene.formation..Graphene.segregation.
on.Ni.is.also.dependent.upon.the.postdeposition.cooling.rate.of.the.process,.which.
tailors.the.morphology.as.well.as.the.final.properties.of.the.graphene..Furthermore,.
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the.crystallinity.(whether.polycrystalline.or.single.crystalline).of.the.metal.also.sig-
nificantly. affects. graphene. formation. and. grain. size,. and. surface. roughness. also.
causes. the. formation. of. homogeneous. graphene. film.. The. detailed. effects. of. the.
major.parameters.of.graphene.growth.are.described.in.the.following.text.as.per.the.
current.research.reports.

Detailed. thermodynamic. calculations. from. the. data. (Eizenberg. and. Blakely.
1979).related.to.C.solubility.in.Ni.is.shown.in.Figure 2.19,.where.it.was.clearly.stated.
that.the.lower.%.of.surface.atomic.carbon.condensed.at.a.higher.temperature.rather.
than.in.low.temperatures..The.solubility.curves.were.plotted.from.Equations.(2.2).
and.(2.3).as.follows:

. Solubility:. ln .
( . )

x
kTP

= − −0 2
0 49 eV

. (2.2)

. Segregation:. ln .
( . )

x
kTs

= − −0 17
0 55 eV

. (2.3)

Here,
k. =.Boltzmann.constant
x. =.Atomic.%.carbon
TS.and.TP.=.the.high.and.low.temperatures,.respectively.(i.e.,.TS.>.TP)

As. explained.by.Eizenberg. and.Blakely. (1979),. the. slope.of. this. curve. and. its.
intercept.at.l/T.=.0.determines.the.values.of.partial.atomic.heat.of.segregation.(∆Hseg).
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FIGURE 2.19 Solubility.curve.of.C.in.Ni..(From.M..Eizenberg.and.J..M..Blakely..Carbon.
monolayer.phase.condensation.on.Ni(111)..Surface Science.82,.no..1.(1979):228–236.).Adapted.
from.W..W..Dunn,.R..B..McLellan,.and.W..A..Oates..Transactions of AIME.242(1968):2129.
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and.entropy.of.segregation.(∆Sseg),.respectively..The.∆Hseg.was.found.to.be.−.55.eV,.
which. is. ~10%. lower. than. the. energy/carbon. atom. in. thick. graphite.. Therefore,.
monolayer.condensation.on.Ni.(111).is.more.favorable.at.high.temperatures.than.in.
low.temperatures..However,. the.entropy.of.segregation.∆Sseg.does.not.show.much.
difference. in.values;. the.researchers. therefore.concluded. that.monolayer.and.bulk.
graphite.have.the.same.degree.of.disorder.

Graphene.formation.on.metal.surfaces.occurs.due.to.the.surface.catalyzed.process.
during.chemical.vapor.deposition..To.date,.graphene.formation.has.been.reported.
on.several. transition.metal.surfaces.such.as.Ni. (Eizenberg.and.Blakely.1979),.Co.
(Hamilton.and.Blakely.1980),.Cu.(Li,.Cai,.An,.et.al..2009;.Li,.Cai,.Colombo,.et.al..
2009),. Ir. (Coraux. et. al.. 2009),. Ru. (Sutter. et. al.. 2009),. Rh. (Castner,. Sexton,. and.
Somorjai.1978),.Pd.(Hamilton.and.Blakely.1980),.and.Pt.(Lang.1975)..Both.single.
crystalline.and.polycrystalline.metals.were.used.as.substrates.for.graphene.fabrica-
tion..At.high.temperatures.(and.in.the.presence.of.plasma,.in.case.of.PECVD),.hydro-
carbon.gases. react.with.hydrogen,.decompose,. and. form.carbon..Obraztsov.et. al..
(2003).reported.that.the.DC.discharge.plasma.then.precursor.gas.mixture.contains.
the.dimers.(C2),.which.when.deposited.onto.the.substrate,.forms.surface-adsorbed.
graphitic.layers..Graphitic.layers.readily.nucleate.and.grow.under.the.exposure.of.the.
transition.metal.surface.to.the.hydrocarbon.gas.under.wide.range.of.ambient.pres-
sure.conditions.(atmospheric.pressure-to.low.pressure.to.ultra-low.pressure).

Ni.is.a.well-known.transition.metal.catalyst.that.segregates.carbon.atoms.on.its.
surface.at.high.temperature..Therefore,.Ni.nanoparticles.and.thin.films.are.widely.
used.as.catalysts.for.carbon.nanotube.growth.using.the.CVD.process..In.this.context,.
when.Ni.is.used.as.a.substrate.for.catalyzed.decomposition.of.hydrocarbon.under.
ambient.pressure,. it.gives. rise. to.ultrathin.graphite.film.condensation.over. the.Ni.
surface.by.the.segregation.mechanism..Eizenberg.et.al..explained.that.the.graphite.
formation.mechanism.is.due.to.carbon.phase.dissolution.and.segregation.on.Ni.(111).
plane..From.low-energy.electron.diffraction.(LEED).spots,.they.found.that.the.gra-
phitic.unit.cell.has.the.same.dimensions.as.the.nickel.unit.cell,.and.thus.carbon.atoms.
accumulate.on.Ni.(111).surface.epitaxially..Another.report.described.the.mechanism.
of.nucleation.and.growth.of.graphene. layers.on.a.Ni-supported.catalyst.by. in.situ.
TEM.analysis.along.with.density.functional.theory.(DFT).calculations..Helveg.et.al..
(2004).reported.the.mechanics.of.nucleation.and.growth.of.graphene.layers.on.Ni.
(111).by.the.dynamic.formation.and.restructuring.of.mono-atomic.step.edges.at.the.
nickel.surface..They.described.that.methane.dissociation.as.well.as.carbon.adsorp-
tion.are.facilitated.at.the.step.edges.and.preferentially.at.the.Ni.(111).step.sites..They.
calculated.the.driving.force.for.graphene.formation.on.Ni.(111).is.associated.with.an.
energy.gain.of.0.7.eV.per.C.atom..Further,.they.concluded.that.the.Ni.(111).step.edges.
act.as.energetically.preferable.growth.sites.for.graphene.growth,.which.is.primarily.
due.to.the.higher.binding.energy.of.carbon.atoms.with.those.sites.as.compared.to.
the.other.sites.at.the.closely.packed.Ni.facets..Furthermore,.a.recent.report.demon-
strated.their.work.on.a.comparison.of.mechanisms.of.graphene.formation.on.single.
crystalline.and.polycrystalline.Ni.(Zhang,.Gomez,.et.al..2010)..They.proposed.that.
formation.of.monolayer.and.bilayer.graphene.on.the.single.crystal.Ni.surface.is.more.
preferable.due.to.its.atomically.smooth.surface.and.the.absence.of.grain.boundar-
ies..However,. polycrystalline.Ni. leads. to. the. formation.of. a. higher.percentage.of.
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few-layer.graphene.(3.layers).because.of.the.presence.of.grain.boundaries,.which.can.
act.as.nucleation.sites.for.multilayer.growth..Further,.micro.Raman.mapping.showed.
that.under.the.same.CVD.conditions,.formation.of.monolayer.or.bilayer.graphene.
on.single-crystalline.and.polycrystalline.surfaces.is.91.4%.and.72.8%,.respectively..
A.recent.discovery.shows.that.graphene.growth.on.Ni.(111).is.also.associated.with.
the.complex.carbide.formation.at.the.graphene.Ni.interface..Lahiri.et.al..(2011).pro-
posed.that.the.graphene.formation.mechanism.on.Ni.(111).involves.(1).the.exchange.
of.Ni.and.C.atoms.from.the.surface.confined.Ni2C.phase.at.the.interface,.and.(2).the.
removal.of.Ni.atoms.via.an.external.source.of.carbon.from.the.Ni2C.phase.

Cu.is.another. transition.metal. that.acts.as.a.catalyst. to.deposit.graphene.on.its.
surface.by.the.surface.adsorption.mechanism.rather.than.by.segregation.or.precipita-
tion.like.Ni..Ruoff.and.co-workers.first.reported.the.precipitation.of.graphene.on.a.
Cu.surface.at.high.temperature.by.the.surface.catalyzed.process.associated.with.the.
limited.solubility.of.carbon.in.copper.(Li,.Cai,.An,.et.al..2009;.Li,.Cai,.Colombo,.
et.al..2009;.Li,.Magnuson,.et.al..2010)..Li,.Cai,.Colombo,.et.al..(2009).showed.that.
by.carbon. isotope. labeling,.one.can.compare. the.graphene.growth.mechanism.on.
Cu.and.Ni..Therefore,.the.graphene.precipitation.mechanism.on.a.Cu.surface.differs.
from.the.Ni.surface.where.deposition.occurs.due.to.the.carbon.segregation.process.
or.precipitation.mechanism.

Li.et.al..(2009).proposed.the.mechanism.shown.in.Figure 2.20,.which.illustrates.
the.two-step.process.of.graphene.formation:.(1).segregation.and.precipitation.and.
(2). surface. adsorption. or. surface-mediated. growth.. Figure  2.20. illustrates. the.
step-by-step.formation.of.graphene.layers.by.the.segregation.process.on.a.Ni.sub-
strate.that.consists.of.(1).the.decomposition.of.CH4.in.the.presence.of.hydrogen.at.

(a)

(b)

13CH4

13CH4

12CH4

12CH4

Dissolution Surface segregation

PrecipitationSurface adsorption

FIGURE 2.20 (a).Graphene.formation.mechanism.by.surface.segregation.and.precipitation.
and.(b).mechanism.of.surface.adsorption.as.reported.by.Ruoff.et.al..(From.X..S..Li,.W..W..
Cai,.L..Colombo,.and.R..S..Ruoff..Evolution.of.graphene.growth.on.Ni.and.Cu.by.carbon.
isotope.labeling..Nano Letters.9,.no..12.(2009):4268–4272..With.permission.)
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elevated.temperatures,.(2).dissolution.of.carbon.atoms.in.a.metal.matrix,.(3).seg-
regation. of. carbon. atoms. on. a. metal. surface,. and. (4). precipitation. during. the.
cooling. process.. They. also. explained. the. mechanism. of. surface-mediated. gra-
phene.growth.on.Cu. as. shown. in.Figure 2.20,.which. consists. of. the. following.
steps:.(1).carbon.formation.from.methane.decomposition,.(2).surface.nucleation.
and. growth,. (3). further. spraying. of. nuclei. throughout. the. entire. surface,. and.
(4).domain.formation..As.the.surface.is.fully.covered.with.graphene,.the.growth.
process. terminates,.which. is.described.as. the.self-limiting.process.of.graphene.
growth.on.a.Cu.surface..One.very.recent.report.explaining.that.there.is.much.less.
influence.of. the.Cu-crystal. lattice.on.graphene.growth,. thus,. single-crystalline.
graphene. can. readily. be. obtained. on. polycrystalline. Cu.. Yu. et. al.. (2011). con-
firmed. that. there. is. almost.no.definite. epitaxial. relationship.between. the.CVD.
grown. graphene. sheet. with. the. underlying. Cu. substrate.. Thus,. they. concluded.
their.findings. as. follows:. (1).occurrence.of.very.weak.graphene-Cu. interaction.
(van.der.Walls),.(2).multi-oriented.graphene.grains.can.be.obtained.on.a.Cu.grain,.
and.(3).graphene.grain.can.be.grown.continuously.across.Cu.grain.boundaries.

According.to.the.binary.phase.diagram.of.Ni–C.and.Cu–C,.Ni..has.higher.carbon.
solubility. than.Cu..Therefore,. at. an.elevated. temperature,.Ni. can. readily.dissolute.
more.carbon.in.a.solid.solution.than.Cu..In.attempting.to.obtain.uniform.monolayer.
graphene.on.Ni.it.is.difficult.to.control.the.precipitation.of.some.excess.carbon.on.the.
Ni.surface..The.precipitation.of.extra.carbon.during.the.cooling.process.leads.to.the.
formation.of.thick.graphene.on.Ni.rather.than.mono-atomic.layer.formation..In.order.
to.control.the.larger.carbon.deposition,.one.can.attempt.applying.a.faster.cooling.rate.
(Yu.et.al..2008).or.thin.Ni.film.(Reina.et.al..2008).in.order.to.avoid.thick.graphene.
formation..Yu.et.al..reported.the.rapid.cooling.rate.effect.on.thin.graphene.formation.
on.Ni.

When.comparing.graphene.growth.on.Cu.and.Ni,.we.need.to.first.compare.the.
atomic.and.crystal.structure.of.Cu.and.Ni..Both.Cu.and.Ni.exhibit.the.same.face.cen-
tered.cubic.(FCC).crystal.structure,.equal.coordination.numbers,.and.almost.equiva-
lent.electronegativity,.which. is.1.9.and.1.91. for.Cu.and.Ni,. respectively..However.
the.basic.difference.is.the.electronic.structure.of.Cu.and.Ni..Cu.possesses.a.com-
pletely. filled. 3d. band,. whereas. Ni. exhibits. a. partially. filled. 3d. band.. One. recent.
report. nicely. correlates. those. properties. with. the. calculated. adsorption. energy. of.
both.the.Cu.and.Ni.surfaces..Hu.et.al..(2010).reported.the.first.principle.calculations.
of.the.low-index.Cu.and.Ni.surfaces,.namely.(100),.(110),.and.(111),.by.DFT..They.
studied.and.compared.the.adsorption.energies.of.C.atoms.on.those.stable.low-index.
sites.of.Cu.and.Ni.as.tabulated.in.Table 2.1..They.concluded.that.(1).(100).sites.for.
both. Ni. and. Cu. are. the. most. stable. adsorption. sites,. which. can. accommodate. C.
atoms.easily;.(2).(111).exhibits.the.lowest.diffusion.barrier,.which.facilitates.the.easy.
movement.of.adsorbed.C.atoms;.(3).the.adsorption.energy.of.carbon.on.Ni.is.~2.eV.
higher.than.the.Cu..According.to.their.report,.d-bands.at.the.Fermi.level.play.a.sig-
nificant.role.in.C.adsorption.on.Cu.and.Ni.surfaces.where.partially.filled.d-bands.in.
Ni.hybridized.with.carbon.atoms.more.strongly.than.the.completely.filled.d-bands.in.
Cu..Therefore,.the.binding.energy.of.carbon.on.Ni.is.stronger.than.that.of.Cu.

Comparison.between.the.kinetics.of.the.graphene.growth.phenomenon.at.atmo-
spheric.pressure.and.low.pressure.and.under.different.gas.flow.rates.was.demonstrated.
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recently..Bhaviripudi.et.al..(2010).reported.the.role.of.kinetic.factors.in.variations.
in.the.uniformity.of.the.resulting.large-area.graphene.growth..The.thermodynamics.
of.the.growth.process.showed.independence.of.pressure.and.gas.flow.rates,.whereas.the.
kinetics.of.the.process.are.solely.dependent.upon.the.ambient.pressure.and.gas.flow.rates..
Depending.upon.the.gas.flow.rates,.final.graphene.uniformity,.thickness,.and.defect.den-
sity.is.also.changed..On.the.basis.of.their.experimental.results,.they.proposed.one.steady-
state.kinetic.model.for.graphene.growth.on.low.carbon.solubility.metals.like.Cu..The.
steady-state.kinetic.model.suggests.the.thickness.variation.in.the.boundary.layer,.which.
is.readily.brought.into.effect.in.the.diffusivity.of.the.decomposed.active.carbon.species,.
hence.controlling.the.rate.of.carbon.deposition.

2.4  SUMMARY

In.summary,.to.date,.graphene.synthesis.methods.have.been.well.established.using.
both.top-down.and.bottom-up.approaches..Each.of.the.synthesis.methods.is.highly.
acclaimed.by.researchers.in.their.respective.fields.of.expertise.and.corresponding.to.
different.applications..Mechanical.exfoliation.using.scotch.tape.was.the.first.method.
of.fabricating.graphene.with.different.numbers.of.layers..This.technique.is.simple.
and.low.cost,.but.the.control.of.large-scale.synthesis.and.reproducibility.of.the.same.
structure. is.yet. to.be.demonstrated..Similarly,.chemical.synthesis.was.manifested.
in. low. temperature,. large-scale. graphene. synthesis. methods,. which. are. transfer-
free.processes.and.capable.of.fabricating.graphene.film.on.any.substrate..Moreover,.
solution.process.synthesis.methods.are.advantageous.for.easy.fabrication.of.func-
tionalized.graphene..Nevertheless,.the.graphene.produced.using.these.techniques.is.
defective,.partially.reduced.graphene.oxide,.which.seriously.compromises.the.physi-
cal.properties.of.graphene..A.few.other.reports.are.available.regarding.the.direct.fab-
rication.of.graphene.using.the.chemical.process,.but.the.properties.of.the.graphene.
obtained.via.these.methods.are.still.not.satisfactory..In.contrast,.thermal.chemical.
vapor. deposition. has. been. proven. to. be. a. more. industrially. feasible. and. scalable.

TABLE 2.1
Carbon Adsorption Energy on Cu and Ni

Adsorption Site Eads (in eV) on Cu Eads (in eV) on Ni

100.(H) −6.42 −8.48

110.(H) −5.57 −7.74

111.hcp −4.88 −7.09

111.fcp −4.89 −7.14

111.bridge −4.88

Source:. From.Hu,.T.,.Q..M..Zhang,.J..C..Wells,.X..G..Gong,.
and.Z..Y..Zhang..A.comparative.first-principles.study.
of. the. adsorption. of. a. carbon. atom. on. copper. and.
nickel. surfaces.. Physics Letters A. 374,. no.. 44.
(2010):4563–4567..With.permission.
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process,.which.has.myriad.possibilities.to.obtain.various.morphologies.of.graphene.
over. a. wide. range. of. substrates.. However,. the. process. is. costly. and. incapable. of.
producing.graphene.directly.on.polymer.substrates,.and.involves.a.transfer.process.
that.could.introduce.defects.and.contaminants.in.graphene..Further.investigation.is.
also.required.in.order.to.obtain.valuable.control.over.the.number.of.graphene.layers.
produced.along.with.homogeneous.electrical.and.optical.properties..On. the.other.
hand,.epitaxial.growth.on.a.SiC.surface.yields.high-quality,.high-purity.graphene.
that.exhibits.good.electrical.properties..However,.due.to.lack.of.reproducibility.on.
different.substrates,.its.application.in.a.wide.range.of.electronic.and.optoelectronic.
devices.is.seriously.limited..Nevertheless,.each.of.the.graphene.synthesis.processes.
has.advantages.and.disadvantages.focusing.on.its.field.of.application..Finally,.this.is.
a.growing.field.of.science,.which.needs.more.rigorous.studies.to.obtain.high.qual-
ity.graphene.by.controlling.over.the.process.parameters.and.more.comprehensible.
scientific.understanding.

2.5  FUTURE PERSPECTIVES

Graphene.is.a.newly.invented,.attractive.material.that.exhibits.several.unusual.physi-
cal.properties.that.can.be.applicable.to.future.electronic.and.optoelectronic.devices..
From.synthesis.routes.to.its.growth.mechanism,.or.from.its.eccentric.properties.to.
possible.applications,.the.subject.is.still.under.scholarly.debate..However,.the.field.
is.growing..Hence,.it.is.worth.emphasizing.that.although.several.process.routes.for.
graphene.synthesis.have.been.established,.valuable.control.over.the.process.param-
eters.will.be.required.for.tailoring.its.sizable.and.well-defined.bandgap.along.with.
reproducible. properties.. Similarly,. detailed. analysis. of. graphene. growth. mecha-
nisms.using.thermal.CVD.will.provide.an.ample.opportunity.for.controlling.its.elec-
tronic.properties..Furthermore,.several.novel.methodologies.for.graphene.synthesis.
have.also.been.highlighted.recently,.which.need.more.investigation.to.produce.high-
purity,.good-quality.and.bandgap.tailored.graphene.
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3 Quantum	Transport	
in	Graphene-Based	
Materials	and	Devices
From Pseudospin Effects to 
a New Switching Principle

Stephan Roche, Frank Ortmann, Alessandro 
Cresti, Blanca Biel, and David Jiménez

3.1  INTRODUCTION

The.understanding.of.transport.properties.in.graphene.has.become.a.topic.of.great.
interest. not. only. because. of. the. underlying. fascinating. physics,. but. also. because.
of. the. flourishing. graphene-based. technologies. in. fields. such. as. flexible. displays,.
high-frequency.devices,.composite.materials,.or.photovoltaic.applications..Graphene.
shows.an.exceptional.ability.to.convey.charge.carriers.(electrons.and.holes).and.dis-
plays.some.of.the.most.exotic.quantum.transport.features.of.modern.condensed.mat-
ter.physics.(Geim.and.Novoselov.2007)..The.origin.of.these.properties.roots.in.the.
linear.band.dispersion.of.low-energy.electrons.(developed.around.two.independent.
K.and.K′.valleys.in.the.Brillouin.zone),.and.in.the.presence.of.a.pseudospin.degree.
of.freedom;.both.properties.are.shared.with.metallic.carbon.nanotubes,.their.one-
dimensional.counterparts.(Charlier,.Blase,.and.Roche.2007,.Castro.Neto.et.al..2009)..
Low-energy.electronic.excitations.behave.as.massless.Dirac.fermions,.which.yield.
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unique.quantum.phenomena.such.as.Klein. tunneling.(Katsnelson,.Novoselov,.and.
Geim. 2006). and. weak. antilocalization. (McCann. et. al.. 2006).. These. fascinating.
properties.of.clean.graphene-based.materials.can.be.further.tuned.and.diversified.in.
unprecedented.ways.by.chemical.modifications.of.the.underlying.π-conjugated.net-
work.(Loh.et.al..2010)..The.reported.charge.carrier.mobilities.in.graphene.layers.can.
reach.about.200.000.cm2.V−1s−1.at.room.temperature,.which.is.several.orders.of.mag-
nitude.larger.than.those.of.silicon..However,.an.undoped.single-layer.graphene.acts.
as.a.zero-gap.semiconductor,.which.is.unsuitable.for.achieving.competitive.electro-
static. gating. efficiency. and. further. developing. all. carbon-based. nanoelectronics..
Experimental.measurements.reported.ratios.between.the.current.in.the.ON.state.and.
the.current.in.the.OFF.state.not.higher.than.one.order.of.magnitude..One.possibility.
to.increase.the.(zero).gap.of.two-dimensional.graphene.single.layers.is.to.reduce.the.
lateral.dimensions.of.the.device,.fabricating.graphene.nanoribbons.with.widths.down.
to.a.few.tens.of.nanometers,.using.state-of-the-art.e-beam.lithographic.techniques.
and.oxygen.plasma.etching,.or.ion-beam.lithography..Graphene.ribbons.can.also.be.
engineering.by.chemically.unzipping.carbon.nanotubes.(Shimizu.et.al..2011)..These.
approaches.allow.some.more.or.less.efficient.confinement.gap.engineering.despite.an.
interfering.contribution.of.disorder.effects.(Cresti.et.al..2008,.Roche.2011)..Besides,.
theoretical.simulations.suggest.that.the.best.accessible.energy.band.gaps.remain.too.
small.or.very.unstable.in.regards.to.edge.reconstruction.and.defects.(Dubois.et.al..
2010),.to.envision.outperforming.ultimate.complementary.metal-oxide.semiconduc-
tor.field-effect.transistors.(CMOS-FETs).(Lee.2010).

In.this.chapter,.we.first.discuss.the.contribution.of.pseudospin.effects.in.the.mag-
netoconductance.fingerprints.of.weakly.disordered.graphene,.unveiling.the.underly-
ing.mechanism.at.the.origin.of.large.mobility.and.reduced.multiple.scattering.effects.
in.weakly.damaged.graphene..We.then.comment.on.the.behaviors.and.limits.of.ultra-
clean.graphene.nanoribbon-based.field.effect. transistors..A.final. section.concerns.
the.use.of.chemical.doping.to.introduce.controlled.mobility.gaps.and.electron-hole.
transport. asymmetry,. to. considerably. improve. graphene. transistor. performance,.
whose.fabrication.remains.within.the.reach.of.conventional.technologies.

3.2  PSEUDOSPIN EFFECTS AND LOCALIZATION 
IN DISORDERED GRAPHENE

The.peculiarity.of.quantum.transport.in.graphene.stems.from.both.the.linear.energy.
dispersion. relation. versus. momentum E v kk F= � ,. and. the. additional. pseudospin.
quantum. number. (which. refers. to. the. two. A. and. B. graphene. sublattices),. which.
enforces. a. description. of. electronic. states. as. 4-component. pseudospinors,. whose.
behavior.resembles.that.of.massless.relativistic.particles..The.full.electron-hole.sym-
metry.of.the.electronic.spectrum.also.mimics.the.charge.conjugation.symmetry.of.
particles/antiparticles.in.high-energy.physics.and.introduces.novel.transport.proper-
ties..Indeed,.this.perfect.electron-hole.symmetry.in.an.energy.window.about.1.eV.
around.the.charge.neutrality.point.(or.Dirac.point).enables.the.possibility.for.a.Klein.
tunneling.mechanism.that.is.a.reflection-less.quantum.transmission.of.incoming.fer-
mions.when.crossing.a.potential.barrier.of.arbitrary.height.and.width.(Katsnelson,.
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Novoselov,.and.Geim.2006)..This.result.(initially.proposed.for.high-energy.relativis-
tic.particles).remains.robust.for.a.single.potential.barrier.and.as.long.as.charge.trans-
port.is.restricted.to.one.of.the.two.nonequivalent.energy.cones.in.momentum.space..
Figure 3.1.schematically.illustrates.such.a.reflection-less.propagation..Assuming.that.
incoming.electrons.are.propagating.from.left.to.right.with.a.well-defined.momentum.
and.pseudospin.(the.corresponding.wavefunction.spreads.only.on.the.B.sublattice),.
then.owing.to.the.local.energy.upshift.induced.by.the.potential.barrier,.available.hole.
states.with.opposite.momentum.and. identical.pseudospin.serve.as.a.wall.pass. for.
electrons,.which.cross.the.barrier.without.noticing.it.

However,.when.multiple.scattering.comes.into.play,.then.quantum.interferences.
contribute.to.the.conductance,.eventually.yielding.weak.localization.(WL).or.weak.
antilocalization.(WAL).effects.(McCann.et.al.,.2006)..The.effect.of.WAL.is.deeply.
connected.with.the.additional.pseudospin.symmetry.of.graphene.electronic.states,.
and.occurs.provided.the.underlying.disorder.potential.preserves.some.specific.sym-
metries.. Inspired.by. the.pioneering.work.of.Hikami,.Larkin,.and.Nagaoka.(1980).
developed.for.conventional.metals.with.strong.spin-orbit.coupling,.a.diagrammatic.
theory.has.been.proposed.to.account.for.pseudospin-related.phase.interferences.at.
the.origin.of.a.sign.reversal.of.the.quantum.correction.of.the.electronic.conductance.
in.graphene.(McCann.et.al.,.2006)..This. theory.is,.however,. irreparably.forced.to.
introduce.several.phenomenological.parameters.(intravalley.and.intervalley.elastic.
scattering.times).to.cut.off.the.several.contributions.of.Cooperons.related.to.a.given.
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FIGURE 3.1 Schematic.illustration.of.the.Klein.tunneling.process.through.a.potential.bar-
rier.of.height.VD and.width.D.(bottom.panel),.inspired.by.M..I..Katsnelson,.K..S..Novoselov,.
and. A.. K.. Geim.. Chiral. tunnelling. and. the. Klein. paradox. in. graphene,. Nature Physics. 2.
(2006):.620..Incoming.electrons.from.the.left-hand.side.tunnel.through.the.barrier.by.occupy-
ing.hole.states.with.opposite.momentum.and.equivalent.pseudospin..Pseudospins.are.labeled.
by.arrows,.while.A.and.B.sites.denote.graphene.sublattices..The.wavefunctions’.symmetry.
around.one.selected.K-point.are.described.by.the.additional.pseudospin.degree.of.freedom.as
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disorder.symmetry.class..No.analytical.derivation.is.possible.for.realistic.and.com-
plex.forms.of.disorder.potential,.as.found.in.real.materials,.which.can.originate.from.
many.different.sources.(charges.trapped.in.the.oxide,.ripples,.adsorbed.atoms.and.
molecules,.topological.defects,.vacancies,.etc.).

Recent.experiments.(Tikhonenko.et.al..2009).have.reported.on.a.very.complex.
phase. diagram. of. localization. phenomena. in. graphene. (versus. temperature,. mag-
netic.field.or.charge.energy,.and.screening.effects),.and.despite.the.fitting.possibili-
ties.using.the.previously.mentioned.theory,.the.deep.connection.between.underlying.
disorders. and. the. origin. of. crossovers. between. the. different. localization. regimes.
remains. totally. elusive.. Additionally,. it. is. important. to. clarify. the. conditions. for.
maintaining.pseudospin-related.properties,.since.this.also.pinpoints.the.possibility.
for.an.Anderson. localization.regime,.where.all. states.are.exponentially. localized,.
and. temperature-dependent. conductance. described. by. a. variable. range. hopping.
behavior.(Moser.et.al..2010,.Leconte.et.al..2010).

To.explore.quantum.transport.in.disordered.graphene.under.external.weak.mag-
netic.fields,.we.have.improved.an.efficient.computational.approach.based.on.an.order.
N.real.space.numerical.implementation.of.the.Kubo-Greenwood.conductivity.σdc.(for.
details,.see.Roche.and.Mayou.1997,.Roche.1999,.Roche.and.Saito.2011,.Ortmann.
2011)..This.method.solves.the.time-dependent.Schrödinger.equation.and.computes.
diffusion.coefficient.

. D E t
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where. ΔX(EF, t). and. ρ(EF),. respectively,. denote. the. time-dependent. spreading. of.
electronic.wavepackets.at.the.Fermi.energy..The.order.N.algorithm.is.implemented.
through.an.expansion.of.the.spectral.measure.in.a.basis.of.Chebyshev.polynomials.
and.the.use.of.Lanczos.and.recursion.procedures.

We.consider.a.disorder.model.with.defect.density.ni.based.on.a.screened.long-
range.Coulomb.potential.mimicked.by.a.Gaussian.potential.with.strength.taken.at.
random.within.[−W/2,W/2].and.decay.length.ξ.(see.Figure 3.2(a).for.illustration)..By.
solving.the.time-dependent.Schrödinger.equation,.one.can.follow.the.dynamics.of.
quantum.wavepackets.and.compute.the.conductance.scaling.properties..Figure 3.1(b).
shows.D(E.=.0,t).at.three.different.defect.densities.and.taking.W.=.2γ0.in.absence.
of.an.external.magnetic.field,.with.γ0. the.coupling.energy.between.nearest.neigh-
bors..In.all.cases,.D(E.=.0,t).are.seen.to.saturate.or.decay.after.an.initial.increase.
of.the.wavepacket.spreading..This.corresponds.to.the.transition.from.a.ballistic.to.a.
diffusive-like.regime,.while.the.maximum.value.of.D(E,t).allows.us.to.deduce.the.
elastic.mean.free.path.(and.corresponding.semiclassical.conductivity. [Drude].and.
charge.mobility).
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By.applying.an.external.magnetic.field,.it.is.possible.to.unveil.the.origin.of.the.cross-
over.between.WL.and.WAL..We.first.notice.that.the.accuracy.of.our.implementation.of.
the.magnetic.field.in.the.tight-binding.model.as.evidenced.by.the.Landau.level.struc-
ture.obtained.at.B.=.10.T.(not.shown.here),.is.in.full.agreement.with.analytical.results.

Figure 3.3.shows.the.main.result.of.this.study..On.the.top.panels.are.given.the.
time-dependent. behaviors. of. the. diffusion. coefficients. D(t,B,W). as. a. function. of.
external. magnetic. field. strength. and. disorder. strength. W.. It. is. seen. that. for. W. =.
2γ0,. weak. localization. dominates. with. a. corresponding. positive. magnetoconduc-
tance.fingerprint..As.W.decreases.from.W.=.2γ0.to.W.=.1.5γ0,.magnetoconductance.
switches.from.an.exclusive.WL.fingerprint,.to.a.transition.behavior,.which.pinpoints.
the.increasing.contribution.of.WAL.effects..As.W.becomes.close.to.γ0,.the.electronic.
conduction.becomes.quasiballistic,.evidencing.an.increasing.contribution.of.Klein.
tunneling. and. strong. suppression. of. backscattering. effects.. Note. that. the. dashed.
lines. shown. on. the. bottom. panels. for. the. magnetoconductivity. are. fits. using. the.
phenomenology.introduced.in.McCann.et.al..(2006),.but.keeping.a.single.additional.
elastic.scattering.time.(for.details.see.Ortmann.et.al,.2011)..This.transition.is.also.
related. to. the.relative.contribution.of. intervalley.versus. intravalley.scattering.pro-
cesses.involved.in.conduction.(Ortmann.2011).

The.contribution.of.sample.edges.is.analyzed.by.exploring.the.case.of.graphene.
nanoribbons. (Cresti. et. al.. 2008).. We. here. focus. on. a. 10. nm-wide. armchair. rib-
bon. (84-aGNR). with. impurity. densities. ni. =. 0.2%,. ξ. =. 0.426. nm,. and. W. =. 0.5γ0.
(see. Figure  3.4(a). for. illustration).. The. calculation. of. the. total. transmission. coef-
ficient. is. performed. using. the. Landauer-Büttiker. formula. and. Green’s. function.
techniques..Figure 3.4(b).presents.T(E),.averaged.over.100.disorder.configurations,.
from.which.one.can.deduce.the.elastic.mean-free.path.(ℓe).(see.Cresti.et.al..2008)..
Figure 3.4(c).shows.that.ℓe.exhibits.important.energy-dependent.modulations,.with.
systematic.decay.around.each.onset.of.new.electronic.subbands..At.low.energies,.ℓe.
reaches.a.few.microns.for.the.considered.low.disorder.potential.value.(W.=.0.5.γ0)..
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FIGURE 3.2 (a). Schematic. of. the. disordered. potential. in. graphene. due. to. long-range.
Coulomb. impurities.. (b). Time-dependent. diffusion. coefficient. at. Dirac. point. for. several.
impurity.densities.and.W.=.2.γ0.
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Accordingly,.magnetotransport.fingerprints.need.to.be.evaluated.with.care.since.for.
a.given.system.length,.the.zero-field.conduction.regime.can.switch.from.quasiballis-
tic.to.a.strongly.diffusive.regime..The.magnetotransport.properties.are.then.explored.
at. low.fields.(up. to.0.5.T). in.a.chosen.diffusive.regime,.where. the.band.structure.
does.not.change.significantly.with.respect.to.the.zero.field.case.and.where.the.main.
modulation.of.magnetofingerprints.is.driven.by.quantum.interferences.in.a.diffusive.
regime,.prior.to.strong.localization.

Figure 3.5.shows.the.evolution.of.the.quantity.ΔG(B).=.G(B).−.G(B.=.0).(for.ni.
=.0.2%).at.two.different.selected.energies..The.small.value.of.W.=.0.5.considered.
here.would.prohibit.valley.mixing. in. the. two-dimensional.case..When.L/ℓe.>.1,.a.
markedly.positive.magnetoconductance.dominates.(ΔG(B).>.0).in.agreement.with.the.
standard.weak.localization.regime..The.magnetoconductance.variation.increases.for.
larger.lengths,.giving.a.stronger.field-driven.suppression.of.quantum.interferences..
The.edges.of.the.ribbon.modify.the.band.structure.and.reduce.(if.not.suppress.totally).
the.contribution.of.pseudospin-related.phase.interferences.(Ortmann.et.al..2011).

We.have.thus.shown.that.these.crossovers.between.WL.to.WAL.can.be.rational-
ized.by.the.atomistic.potential.profile.of.defects..By.introducing.a.smooth.disorder.by.
means.of.a.long-range.disorder.potential,.changes.from.positive.magneto.conductance.
to.negative.magnetoconductance.have.been.found.to.be.only.driven.by.the.strength.

(a) (b) (c)

(d) (e) (f )

80

75

70

65

15

10

5

0

D
 [c

m
2 /

s]
∆σ

 [m
ic

ro
S]

350 2500

2000

1500

1000

500

0

300

250

200
0 3 6 9

W = 2.0 W = 1.5 W = 1.0

W = 2.0 W = 1.5 W = 1.0

0.000 T
0.027 T
0.055 T
0.082 T
0.137 T
0.206 T
0.274 T

Time [ps]
0 3 6 9

Time [ps]
0 3 6 9

Time [ps]

20

10

0

–10

–20

–50

–100

–150

–200

0

×0.3

0 0 00.05 0.050.150.1 0.010.1 0.2
B [Tesla] B [Tesla] B [Tesla]

EDP
EI
EIIEIII

FIGURE 3.3 Top.panels:.diffusion.coefficient.at.the.Dirac.point.for.various.magnetic.fields.
and.W,.ni.=.0.125%,.ξ.=.0.426nm..Bottom.panels:.∆σ.for.four.different.Fermi.level.positions.
EDP.=.0,.EI.=.0.049.eV,.EII.=.0.097.eV.and.EIII.=.0.146.eV)..Dashed.lines.are.fits.as.explained.
in.the.text..For.W.=.1.0.in.(f).data.and.fit.at.EDP.have.been.rescaled.by.0.3.for.clarity.



Quantum	Transport	in	Graphene-Based	Materials	and	Devices	 71

of.the.scattering.potential.(W)..One.reminds.that.the.potential.strength.defined.by.
W.is.directly.related.to.the.strength.of.Coulomb.screening,.which.thus.explains.also.
why.the.magnetotransport.fingerprints.are.significantly.affected.by.a.change.of.the.
Fermi.level.position.

These. results. rationalize. the. experimental. phase. diagram. obtained. recently.
(Tikhonenko.et.al..2009).

3.3  GRAPHENE-BASED FIELD EFFECT TRANSISTORS: 
THE CLEAN CASE

This.section.presents.a.simple.model.to.analyze.(and.design).the.current-voltage.(I-V).
characteristics. of. graphene. nanoribbon. FETs. (GNR-FETs). as. a. function. of. physical.
parameters,. such. as. GNR. width. (W). or. gate. insulator. thickness. (tins),. and. electrical.
parameters,.such.as.the.Schottky.barrier.(SB).height.(φSB).(Jiménez.2008)..The.model.
shares. principles. that. are. similar. to. the. one. formulated. for. carbon. nanotube. FETs.
(Jiménez.et.al..2007)..This.approach.prevents. the.computational.burden.required.by.
self-consistent. nonequilibrium. Green’s. function-based. methods. (NEGF),. by. using. a.
closed-form.electrostatic.potential.from.Laplace’s.equation..This.simplification.yields,.
however,.fully.accurate.results.compared.with.NEGF.(Ouyang,.Yoon,.and.Guo.2007).for.
the.relevant.limit.dominated.by.the.GNR.quantum.capacitance.(Guo,.Yoon,.and.Ouyang.
2007).(CGNR)..Note.that.this.aspect.appears.to.be.the.relevant.case.for.advanced.applica-
tions.because.the.ability.of.the.gate.to.control.the.potential.in.the.channel.is.maximized.
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FIGURE 3.4 (a).Schematic.of.a.short.segment.of.a.disordered.nanoribbon.with.long-range.
scatters..Blue.(red).spots.correspond.to.positive.(negative).values.of.the.disorder.potential..
(b).3D.plot.of.the.average.total.transmission.coefficient.for.a.10.nm-wide.armchair.ribbon.
(84-aGNR).with.W.=.1/2γ0,.ni.=.0.1%.for.varying.energy.and.length.(up.to.1.5.μm).of. the.
disordered.region.(c).Energy-dependent.mean.free.path.for.ni.=.0.2%.
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3.3.1   Graphene nanoribbon electrostatics

The. first. issue. to. consider. for. building. up. a. model. of. the. entire. transistor. is. the.
GNR.electrostatics..Let.us.assume.a.semiconducting.GNR.acting.as.the.transistor.
channel. contacted. with. metal. electrodes. serving. as. source/drain. (S/D). reservoirs.
(Figures 3.6(a)–(b))..The.resulting.spatial.band.diagram.along.the.transport.direc-
tion.has.been.sketched.in.Figure 3.6(c)..For.a.long-channel.transistor,.the.potential.
energy.at.the.central.region.is.exclusively.controlled.by.the.gate.electrode.and.we.
assume.that:.(1).CGNR.dominates.the.total.gate.capacitance.C C C CG

− − − −= + ≈1 1 1 1
ins GNR GNR

,.where.Cins.represents.the.geometrical.capacitance;.and.(2).CGNR.≈.0..The.validity.of.
the.latter.assumption.depends.on.the.quantum.confinement.strength..Downscaling.
W.produces.an.increasing.separation.between.adjacent.peaks.of.the.density.of.states.
versus.energy..It.is.therefore.more.difficult.to.induce.mobile.charge.(Q).into.the.GNR.
for.reasonable.values.of.gate.voltage,.and.then.CGNR.=.dQ/dφS.→.0..In.the.quantum.
capacitance. limit,. the.problem.can.be.highly.simplified.because. the.electrostatics.
is.governed.by.Laplace’s.equation,.instead.of.the.more.involved.Poisson’s.equation..
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This.has.two.important.consequences.on.the.band.diagram:.(1). the.central.region.
shifts.following.the.gate.voltage.in.a.1:1.ratio.or,.equivalently,.φS.=.VGS;.and.(2).the.
band.edge.near.the.contact.region.has.a.simple.analytical.closed-form..For.instance,.
the.conduction.band.edge.potential.energy.can.be.written.as:
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where.L.is.the.channel.length..This.expression.applies.to.a.double-gate.planar.geom-
etry.in.the.long-channel.limit.with.vanishing.contact.thickness.(Morse.and.Feshbach.
1953).(Figure 3.6[a])..The.valence.band.can.be.written.as.EV(z).=.EC(z).–.Eg,.where.
Eg.is.the.energy.gap..Analytical.expressions.of.Eg.for.armchair-shaped.edge.GNRs.
with.arbitrary.chirality.have.been.derived.(Son,.Cohen,.and.Louie.2006),.presenting.
an.inverse.dependence.with.W.

An. interesting. question. is. why. self-consistency. is. not. needed. for. quantum.
.capacitance-controlled.devices..A.simple.model.for.self-consistency.shows.that.the.
actual.channel.potential.(U).is.intermediate.between.the.Laplace.potential.(UL).and.

FIGURE 3.6 Geometry.and.band.diagram.of.the.GNR-FET:.(a).cross.section,.(b).top.view.
of.the.armchair.GNRs.forming.the.channel.and.(c).sketch.of.the.spatial.band.diagram.along.
transport.direction.
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the.potential.needed.to.keep.the.channel.neutral.(UN).(Datta.2005)..Self-consistency.
means.to.determine.UN.and.U.simultaneously..In.the.quantum.capacitance.limit,.the.
channel.potential.is.simply.UL.and.we.can.skip.self-consistency..Next,.we.address.the.
question.about.the.design.window.where.the.quantum.capacitance.limit.is.relevant..
The.regime.dominated.by.the.quantum.capacitance.fulfills.the.condition.CGNR.<.Cins,.
where

. C N
W
t

G rins
ins

= +ε ε α0 . (3.2)

NG.refers.to.the.number.of.gates,.εr.is.the.insulator.relative.dielectric.constant,.and.α.
is.a.fitting.parameter.≈1.(Guo,.Yoon,.and.Ouyang.2007)..Hence,.the.quantum.capaci-
tance.dominates.the.gate.capacitance.as.long.as:
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. (3.3)

Using,.for.instance,.the.quantum.capacitance.(CGNR).value.for.a.nanoribbon.with.
W.=.5.nm,.of.about.10.pF/cm.(Guo,.Yoon,.and.Ouyang.2007),.the.combination.NG.=.2,.
k =.16,.and. tins.=.2.nm. just. fulfills. the.above. inequality,.meaning. that. the.quantum.
capacitance.limit.should.be.relevant,.in.general,.for.low-thickness.and.high-k.insulators.

3.3.2   Graphene nanoribbon transport Model

The.current.along.the.channel.can.be.calculated.from.Landauer’s.formula.assuming.
a.one-dimensional.ballistic.channel.in.between.contacts.that.are.further.connected.
to.external.reservoirs,.where.dissipation.takes.place:
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E T E f E E E f E En FS= −( ) − −
2

sgn( ) ( ) sgn( )( ) sgn( )( EE dEFD

n

)( )( )
−∞

∞

∫∑ .(3.4)

where.n. is.a.natural.number. labeling.subbands,. f(E). is. the.Fermi-Dirac.distri-
bution.function,.and.Tn. is.the.transmission.probability.of.the.nth-subband..This.
expression. accounts. for. the. spin. degeneracy. of. the. injected. carriers.. The. cur-
rent.carried.by.each.subband.can.be.split.into.tunneling.and.thermionic.compo-
nents.for.carriers.injected.with.energy.within.and.above.the.barrier,.respectively..
Assuming.phase-incoherent. transport,. transmission.probabilities.are.computed.
through.the.S/D.regions.separately.and.then.combined.by.using.

. T E
T T

T T T T
S D

S D S D

( ) =
+ +

to.obtain.the.total.transmission.to.be.included.in.Landauer’s.formula.(Datta.1995)..
Tunneling. transmission. probability. through. a. single. SB. is. computed. using. the.
Wentzel-Kramers-Brillouin.(WKB).approximation.
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. T E k z dz
z

z

i

f

( ) exp ( )= − ∫2 ,

where.the.wavevector.k(z).is.related.to.the.energy.by.the.GNR.dispersion.relation:

. ± −( ) + =E z E n
E

v k zC V
g

F, ( ) ( )
2

� ,. (3.5)

where.vF.∼.106.m/s.corresponds.to.the.Fermi.velocity.of.graphene,.and.the.+/−.sign.
applies. to. the. calculation. of. tunneling. and. thermionic. currents,. respectively.. The.
integration. limits. appearing. in. the. transmission. formula. are. the. classical. turning.
points..For.computing.tunneling.transmission.close.to.the.source.contact,.note.that.
as.long.as.|φS|.<.Eg,.the.turning.points.satisfy.zi.=.0.and.EC,V (zf).=.E.(for.conduction.
and.valence.band,.respectively)..In.the.case.of. |φS|.>.Eg,. the.spatial.band.diagram.
curvature.becomes.high.enough.to.trigger.band-to-band.tunneling.(BTBT),.and.the.
turning.points.satisfy.instead:.EV(zi).=.E.and.EC(zf).=.E.for.electron.BTBT;.EC(zi).=.E.
and.EV(zf).=.E.for.hole.BTBT..Similar.considerations.must.be.made.for.tunneling.
through. the. drain. contact. barrier,. but. replacing. φS. by. φS. −. VDS.. For. energies. |E|.
above.SB,.the.thermionic.transmission.probability.can.be.computed.using.the.WKB.
approach.to.yield.(John.2006):
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3

2 2 2
GNR

GNR GNR GNR

. (3.6)

where.kC.and.kGNR.are. the.wave.vectors. in. the.contact.and. the.GNR.region.close.
to. the.contact,. respectively;. the.primed.notation.denotes.a.derivative. respect. to.z..
Assuming.graphene.metallic.contacts.kC.=.(ǀE ǀ.–.EF)/ħvF,.with.EF.=.EFS.=.0.at.the.
source.contact.and.EF.=.EFD.=.−qVDS.at.the.drain.contact..The.kGNR.wave.vector.at.
the.S/GNR.(D/GNR).interface.can.be.easily.obtained.from.Equations.(3.1).and.(3.5).
at.z.=.0.(z.=.L)..Using.the.approximation
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,

the.derivative.of.k(z).along.the.z-direction.yields
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dE z dz

v v t
C V
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GNR

ins

/, ( )
� �

2
. (3.7)

for.the.S/GNR.interface..The.same.expression.holds.for.the.D/GNR.interface,.replac-
ing.φS.by.φS.−.VDS.
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3.3.3   Model assessMent

To.assess.the.presented.model,.we.have.simulated.the.same.nominal.device.as.used.
in.Ouyang,.Yoon,.and.Guo.(2007).. It. is. formed.by.an.armchair.edge.GNR.chan-
nel.with.a.ribbon.index.N.=.12,.presenting.a.width.W.=. 3dCC (N.–.1)/2.≈.1.35.nm,.
where.dCC.=.0.142.nm.refers.to.the.carbon–carbon.bond.distance..Room.temperature.
and.band.gap.of.0.83.eV.were.assumed.for.comparison.purposes.with. the.NEGF.
method.(Ouyang,.Yoon,.and.Guo.2007)..This.value.was.estimated.using.tight-bind-
ing.methods,.though.a.different.band.gap.Eg.≈.0.6.eV.results.from.a.first-principles.
approach.(Son,.Cohen,.and.Louie.2006)..A.gate.insulator.thickness.tins.=.2.nm.has.
been.assumed..Note.that.the.model,.based.on.Laplace’s.equation,.gives.results.that.
do.not.depend.on.the.dielectric.constant..The.metallic.S/D.are.directly.attached.to.
the.GNR.channel,.and.the.SB.height.for.both.electrons.and.holes.between.S/D.and.
channel. are. supposed. to.be.half.of. the.GNR.band.gap.φSB.=.Eg /2..The.flat.band.
voltage. is. zero.. A. power. supply. of. VDS. =. 0.5. V. has. been. assumed.. The. nominal.
device.parameters.have.been.varied.to.explore.different.scaling.issues..The.transfer.
characteristics. exhibit. two.branches.on. the. left. and. right. from. the.minimum.off-
state.current.(Figure 3.7)..This.minimum.occurs.at.VGS.=.VDS /2.for.a.half-gap.SB.
height,.which.is.the.spatial.band.diagram.symmetric.for.electrons.and.holes,.and.the.
respective.currents.are.identical..This.bias.point.is.named.the.ambipolar conduction 
point..When.VGS.is.greater.(smaller).than.VDS /2,.the.SB.width.for.electrons.(holes).is.
reduced,.producing.a.dominant.electron.(hole).tunneling.current..The.effect.of.power.
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FIGURE 3.7 Transfer. and. output. characteristics. (inset). for. the. nominal. GNR-FET..
Decomposition.of.the.total.current.in.electron.and.hole.tunneling.contributions.is.shown.
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supply.up-scaling.is.to.further.reduce.the.SB.width.at.the.drain.side,.thus.making.it.
more.transparent.and.allowing.more.turn-on.current.to.flow.

The. output. characteristics. of. the. SB. GNR-FET. are. shown. in. the. inset. of.
Figure 3.7,.with.an.overestimation.of. the.current.by.a.factor.of.2.when.compared.
to.the.NEGF-based.model..The.dominant.current.for.the.nominal.device.is.due.to.
electron. tunneling.and.exhibits. linear.and.saturation.regimes.. Increasing.VGS.pro-
duces.a.larger.saturation.current.and.voltage.due.to.further.transparency.of.SB.and.
the.expansion.of.the.energy.window.for.carrier. injection.from.the.source.into.the.
channel..Moreover,.downsizing.W.increases.the.gap.and.hence.φSB.in.the.simulation.
(assumed.to.be.Eg /2).and.further.reduces.the.current.due.to.less.populated.higher.
energy.levels.(Figure 3.8[a])..However,.the.resulting.on-off.current.ratio,.a.figure-of-
merit.for.digital.circuits,.is.largely.improved..Reducing.SB.height.with.respect.to.the.
half-gap.case.favors.electron.transport.and.results.in.a.parallel.shift.of.the.ambipolar.
conduction. point. toward. smaller. gate. voltages. and. asymmetries. between. the. left.
and.right.branches.of. the.transfer.characteristic.(Figure 3.8[b])..We.also.note. that.
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FIGURE 3.8 Influence.of.the.GNR.width.(a).and.SB.height.(b).in.the.transfer.characteristics.
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for.low.φSB.and.VGS,.the.thermionic.electron.current.exceeds.the.tunneling.electron.
current,.and.this.should.be.taken.into.account.for.computing.the.off-state.current..It.
is.worth.pointing.out.that.for.the.thin.insulator.considered.here,.the.SB,.whose.thick-
ness.is.roughly.the.insulator.gate.thickness,.is.nearly.transparent,.producing.a.small.
effect.on.the.qualitative.feature.of.the.transfer.characteristics.(only.a.parallel.shift)..
Hence,.it.does.not.seem.feasible.to.further.reduce.the.off-state.current.by.engineer-
ing.the.SB.height..The.scaling.of.gate.insulator.thickness.improves.gate.electrostatic.
control. producing. larger. transconductances. and. smaller. subthreshold. swings,. as.
shown. in. Figure  3.9.. Also. note. that. a. thinner. oxide.produces. a. larger. on-current.
and.on-off.current.ratio..All.results.shown.in.Figures 3.7–3.9.are.in.close.agreement.
with.that.obtained.with.the.NEGF.method,.despite.the.fact.that.we.assumed.double-
gate.geometry.for.the.simulations.presented.in.Figures 3.7–3.9.instead.of.single-gate.
geometry.(Ouyang,.Yoon,.and.Guo.2007)..This.observation.points.out.the.limited.
influence.of.gate.geometry.for.a.quantum.capacitance-controlled.device.

In.conclusion,.this.section.has.presented.a.simple.model.for.the.I-V.characteristics.
of.SB-.graphene.field-effect.transistors.that.captures.the.main.physical.effects.gov-
erning.the.operation.of.these.devices..The.results.obtained.by.applying.this.model.
to.prototype.devices.are.in.close.agreement.with.a.more.rigorous.treatment.based.on.
the.NEGF.approach,.thus.validating.the.approximations.made..The.presented.model.
could.assist.at.the.design.stage.as.well.as.for.quantitative.understanding.of.experiments.
involving.GNR-FETs..We.note,.however,.that.the.performances.of.clean.graphene.
nanoribbon-based.field-effect.transistors.have.several.drawbacks.when.compared.to.
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their.metal-oxide-semiconductor.field-effect.transistor.(MOSFET).counterparts..IN.
the.following.section.we.propose.an.alternative.to.improve..graphene-based.devices.

3.4  IMPROVING DEVICE PERFORMANCES: 
MOBILITY GAP ENGINEERING

We.recently.proposed.a.new.device.principle.based.on. the.chemical.modification.
of.graphene.layers.incorporating.chemical.substitutions.(boron,.nitrogen,.phospho-
rous).(Biel.et.al..2009a,.Biel.et.al..2009b,.Roche.et.al..2011)..The.new.device.prin-
ciple.is.based.on.the.engineering.of.electron-hole.transport.asymmetry.and.mobility.
gaps.. The. underlying. concept. extends. to. other. types. of. controlled. functionaliza-
tion. or. intercalation. with. any. other. atomic. element. or. molecular. unit,. provided.
their.induced.impurity.levels.present.either.a.donor-.or.acceptor-type.character.with.
respect.to.carbon..The.switching.behavior.efficiency.and.ON/OFF.ratio.of.the.chemi-
cally.modified.graphene-based.material.will.be.monitored.by.the.induced.mobility.
(or. transport).gap,.which.has.a.different.nature. than. the.electronic.band.gap.aris-
ing.from.the.periodicity.of. the.crystal.and. that.might.appear. in.cases.of.periodic.
disorder..Depending.on. the. choice.of. chemical. impurities,. either.hole.or. electron.
charge.mobilities.are.markedly.degraded,. thus.allowing.enhanced.current.density.
modulations.under.electrostatic.gating..This.is.very.different.from.the.conductance.
fluctuations.due.to.natural.defects.occurring.in.small-width.GNRs..Indeed,.when.the.
lateral. size.becomes. too. small,. transport. properties. and.device-to-device.fluctua-
tions.become.dominated.by.edge.disorder,.as.we.show.here.

In.Figure 3.10,.we.illustrate.the.fluctuation.of.the.quantum.conductance.for.sev-
eral.edge.disorder.profiles,.albeit.keeping.the.same.density.of.removed.edge.carbon.
atoms..These.fluctuations. impact. on. the. resulting. elastic. (and. inelastic).mean. free.
path,.which.will. turn. the.graphene.devices. from.a.quasiballistic. to.a. strongly.dif-
fusive.regime,.with.considerable.variability.effects.(Cresti.and.Roche.2009,.Roche.
2011)..This.is.due.to.the.increasing.sensitivity.of.quantum.transport.in.reduced.dimen-
sion.and.the.symmetry-breaking.effects.induced.by.certain.types.of.short-range.scat-
ters..Additionally,.there.is.convincing.evidence.that.under.large.current.flows,.edge.
geometries.of.graphene.ribbons.significantly.reconstruct..This.phenomenon.has.been.
experimentally.observed.by.recent.Raman.spectroscopy.(Xu.et.al..2011).and.transport.
measurements.(Shimizu.et.al..2011),.while.detailed.calcu.lations.of.edge.reconstruc-
tion. and. edge. chemical. passivation. effects.were.previously. theoretically.discussed.
(Dubois.et.al..2010)..This.complex.edge.profile.reconstruction.can.be.seen.as.a.natural.
process. taking.place. in. situations.of. strong.energy.dissipation..Edges.of.graphene.
nanoribbons.are,.in.contrast.to.the.bulk.graphene.or.carbon.nanotubes,.very.sensitive.
to.chemical.dangling.bonds.and.during.current.flow,.high.electron–phonon.coupling.
can.produce.local.geometrical.(and.topological).rearrangements..Conversely,.chemi-
cal.substitutions.are.stable.and.insensitive.to.energy.dissipation.and.current.flows..In.
that.perspective,. the. induced.mobility.gaps.discussed. in. the. following. text.will.be.
robust.to.device.operation.up.to.room.temperature.and.high.bias.voltages.

The. impact.of.boron.or.nitrogen.substitutions. (doping).and.edge.disorder.have.
been. investigated. using. first-principles. methods. based. on. the. density. functional.
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theory. (DFT).method.as. implemented. in. the.SIESTA.code. (Sánchez-Portal.et.al..
1997).. A. self-.consistent. calculation. provides. the. profile. of. the. scattering. poten-
tial.around.the.impurity.or.the.edge.defect,.which.generally.produces.quasibound.
states.well.localized.in.energy.(Biel.et.al.,.2009b)..A.tight-binding.model.is.further.
elaborated.by.adjusting.the.onsite.and.hopping.self-consistent.Hamiltonian.matrix.
elements.(on.a.localized.basis.set).in.order.to.reproduce.the.ab.initio.conductance.fin-
gerprints.of.a.single.impurity.(Biel.et.al..2009b,.Cresti.and.Roche.2009)..Therefore,.
this.method.combines.the.accuracy.of.ab.initio.calculations.with.the.moderate.com-
putational.cost.of.a.tight-binding.(TB).Hamiltonian.

We. have. simulated. large-width. graphene. nanoribbons. (above. 10. nm. in. lateral.
sizes).and.we.have.shown.that.it.is.possible.to.compensate.for.the.loss.of.gain.due.
to. band-gap. shrinking. by. triggering. the. mobility. gaps. through. chemical. doping..
All.calculations.are.performed.within.the.Landauer-Büttiker.formalism,.and.stan-
dard.order.(N).decimation.procedures.have.been.used.to.quickly.calculate.the.con-
ductance.of.disordered.ribbons.up.to.the.micron.scale.by.combining.the.scattering.
potentials.of.isolated.impurities.

It.has.been.shown.that.the.scattering.potential.of.a.single.impurity.(dominated.
by. the. energy. position.of. the.quasibound. state. induced.by. the. impurity). strongly.
depends.on. the.dopant.position.with. respect. to. the. ribbon.edges,.and.so. the.con-
ductance.profile.of.a.single.dopant.will.be.different.for.a.different. location.of. the.
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impurity.(Biel.et.al..2009b)..In.the.case.of.acceptor-like.dopants,.such.as.boron,.the.
quasibound. states. are.mainly. localized. in. the.valence.band.while. the. conduction.
band.is.not.much.affected.at.energies.close.to.the.Fermi.level..The.obtained.mobility.
gaps.in.randomly.boron-doped.ribbons.are.thus.unique.consequences.of.a.wide.dis-
tribution.of.quasibound.states.over.the.entire.valence.band.(for.acceptor-type.impuri-
ties).in.the.first.conductance.plateau,.provided.that.dopants.are.randomly.distributed.
not.only.along.the.ribbon.length.but.also.across.the.ribbon.width.

Figure  3.11. shows. the. conductance. of. a. 10-nm-wide. armchair. nanoribbon.
with.a.low.boron.doping..For.a.doping.density.of.about.0.2%,.the.system.presents.
a.mobility.gap.of.the.order.of.1.eV,.caused.by.the.degradation.of.the.conductance.
for.holes.in.the.valence.band.and.a.good.preservation.of.the.electron.transport.
in. the. conduction.band..When. lowering. the.doping. level. to.0.05%,. the.mobil-
ity.gap.reduces.to.about.0.5.eV.and.finally.becomes.less.than.0.1.eV.for.lower.
density..The.0.2%.case.is.obtained.for.a.fixed.nanoribbon.width.and.length,.so.
that.adjustments.need.to.be.performed.if.up-scaling.either.lateral.or.longitudinal.
sizes,.but. the. recipe. for. the.gap.creation. is. straightforward.once. the. transport.
length. scales. (mean. free. paths,. localization. length). have. been. computed. (Biel.
et.al..2009a).

3.5  CONCLUSION

Several.electronic.and.transport.features.of.clean.and.chemically.modified.graphene-
based. materials. and. devices. (field-effect. transistors). have. been. discussed,. includ-
ing.pseudospin.effects.in.weakly.disordered.graphene.material,.or.the.possibility.to.
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FIGURE 3.11 Top.panel:.average.conductance.as.a.function.of.energy.for.the.semiconduct-
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chemically.tune.transport.properties.of.graphene.ribbons.by.using.chemical.doping..
The.ultimate.properties.of.clean.graphene.nanoribbon-based.field-effect.transistors.
have.been.discussed,.while.mobility.gaps.have.been.proposed.to.open.a.new.perspec-
tive.for.efficient.graphene-based.nanoelectronics.
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4.1  INTRODUCTION

Graphene,.a.monolayer.of.sp2-bonded.carbon.atoms.in.a.honeycomb.crystal.lattice,.
has.attracted.considerable.attention.due. to. its.unique.carrier. transport.and.optical.
properties.[1–4]..Figure 4.1.depicts.the.energy.band.structures.and.dispersion.rela-
tions.for.graphene..The.conduction.band.and.the.valence.band.of.graphene.take.a.sym-
metrical.corn.shape.around.the.K.and.K′.points.and.contact.each.other.at.the.K.and.
K′.points..Electrons.and.holes.in.graphene.hold.a.linear.dispersion.relation.with.zero.
band.gap,.resulting.in.peculiar.features.like.massless.relativistic.Fermions.with.back-
scattering-free.ultrafast.transport.[2–8].as.well.as.the.negative-dynamic.conductivity.
in.the.terahertz.(THz).spectral.range.under.optical.pumping.[9–11].

The.history.of.the.graphene.synthesis.began.in.the.late.1990s.with.the.thermal.
decomposition.of.epitaxially.grown.SiC.on.a.SiC.substrate.[12].and.even.earlier.in.
the. late.1960s.with. chemical. vapor.deposition.using. a.metallic. catalyst. [13]..The.
first.success.in.the.synthesis.of.monolayer.graphene.was.made.by.A..Geim.and.K..
Novoselov.in.2004.using.mechanical.exfoliation.from.bulk.graphite.[1]..The.unusual.
properties.of.exfoliated.monolayer.graphene,.which.had.been.theoretically.studied.
for.more.than.60.years.[5–8,14–17],.were.experimentally.observed.and.verified.in.
2005.by.A..Geim.et.al.. [2].and.P..Kim.et.al.. [3],.almost.at. the.same. time..These.
groundbreaking. achievements. prompted. research. and. development. of. graphene-
based.electronic,.optoelectronic,.and.photonic.devices.

The. electronic. properties. of. graphene,. the. significant. mobilities. of. mass-
less. .electrons/holes. (due. to. its. linearly. dispersive. band. structure),. and. real. two-.
dimensional.electron/hole.systems.(due.to.the.thin.monolayer.structure).are.superior.
advantages.beyond.any.other.semiconductor.materials.[1–8]..Thanks. to. the. linear.
dispersion.relation,.the.density.of.states.in.graphene.is.proportional.to.the.energy,.which.
creates.extremely.high.saturation.density.of.electrons.and.holes..Sheet..electron/hole.
density.on.the.order.of.1013.cm−2.is.easily.obtainable,.which.is.more.than.one.order.of.
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FIGURE 4.1 Energy.band.structures.and.dispersion.relations.for.graphene.
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magnitude.higher.than.those.of.conventional.semiconductor.materials..Furthermore,.
the.saturation.velocities.of.electrons.and.holes.are.quite.high.because.no.valley.exists.
around.the.K.and.K′.points.and.optical.phonon.energy.is.high.enough.that.the.opti-
cal.phonon.scattering.becomes.weaker.than.scattering.in.conventional.semiconduc-
tor.materials..When.graphene.is.introduced.in.field-effect.transistors.(FETs).as.the.
channel.material,.it.will.exceed.the.limits.on.conventional.planar.transistor.perfor-
mance,.so.that.it.could.become.a.booster.technology.for.making.short-channel-free.
ultimately.fast.transistors.

However,.the.gapless.energy.spectrum.of.graphene.is.an.obstacle.for.creating.tran-
sistor.digital.circuits.based.on.graphene-channel.FETs.(G-FETs).due.to.the.nature.
of.ambipolar.behavior.and.relatively.strong.interband.tunneling.in.the.FET.off.state.
[18–20],.and.suffers.from.a.poor.on/off.ratio.of.its.switching.current..Therefore,.gra-
phene-based.structures.like.graphene.nanoribbons.[5,.21–23],.graphene.nanomeshes.
[24],.and.graphene.bilayers.[25–27]. that.can.open.the.energy.band.gap.should.be.
introduced.to.fabricate.G-FETs.with.a.sufficiently.large.on/off.ratio..The.band.gap.
opening.sacrifices.the.electron.transport.properties;.its.energy.dispersion.becomes.
parabolic,.yielding.a.nonzero.effective.mass.

Let.us.look.at.the.photonic.properties.of.graphene..When.we.consider.the.non-
equilibrium. carrier. relaxation–recombination. dynamics. of. optically. pumped. gra-
phene,.a.very.fast.energy.relaxation.of.photoexcited.electrons/holes.via.the.optical.
phonon. emission. and. a. relatively. slow. recombination. will. lead. to. the. population.
inversion.in.the.wide.THz.range.under.sufficiently.high.pumping.intensity..This.will.
make.it.possible.to.obtain.negative.dynamic.conductivity.or.gain.in.the.THz.range.
[9,10]..Such.an.active.mechanism.can.be.used.for.creating.graphene-based.coherent.
sources.of.THz.radiation.

In. this.chapter,. the. recent.advances. in. theoretical.and.experimental. studies.on.
applications.of.graphene.materials.to.electronic.and.photonic.devices.that.have.been.
done.by.the.chapter.authors’.group.will.be.reviewed.

4.2  GRAPHENE-BASED ELECTRONIC DEVICES

4.2.1   band Gap enGineerinG for Graphene

Monolayer.graphene.shows.a.so-called.ambipolar.characteristic,.where.electrons.and.
holes. coexist. symmetrically. against. the.Fermi. level. (also. called. the.Dirac.point)..
Thus,.when.monolayer.graphene.is.introduced.as.a.channel.material.of.the.FET,.the.
channel.current.cannot.be.turned.off..The.formation.of.the.band.gap.is.necessary.
to.cope.with.this.problem..Patterning.of.monolayer.graphene.into.a.nanoribbon.can.
open.the.band.gap.by.the.spatial.confinement.of.electrons..Chiral.stacking.of.mono-
layer.graphene.into.multiple.layers.is.another.way.to.open.the.band.gap.by.deform-
ing.the.orbital.of.pi.electrons.forced.by.the.interfacial.potential.difference.between.
graphene.and.graphene.or.between.graphene.and.the.substrate.

Due.to.the.honeycomb.lattice.structure,.graphene.has.two.types.of.carrier.trans-
port:.one.is.along.with.the.armchair.edge.and.the.other.is.along.the.zigzag.edge,.as.
shown.in.Figure 4.2(a)..Graphene.nanoribbons.exhibit.an.energy.spectrum.with.a.gap.
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between.the.valence.and.conduction.bands.for.armchair.transport.depending.on.the.
nanoribbon.width.dr.[19]:

. ε πp n rv p d n, ( )∓ �= ± +2 2 2/ ,. (4.1)

where. v. ≈. 108. cm/s. is. the. characteristic. velocity. of. the. electron. (upper. sign). and.
hole.(lower.sign).spectra, p.is.the.momentum.along.the.nanoribbon,.ħ.is.the.reduced.
Planck.constant,.and.n.=.1,.2,.3,.….is.the.subband.index..The.quantization.corre-
sponding.to.Equation.(1.1).of.the.electron.and.hole.energy.spectra.in.nanoribbons.
due.to.the.electron.and.hole.confinement.in.one.of.the.lateral.directions.results.in.the.
appearance.of.the.band.gap.between.the.valence.and.conduction.bands.and.a.specific.
density.of.states.(DOS).as.a.function.of.the.energy.

On.the.other.hand,.as.shown.in.Figure 4.2(b),.chirally.A-B.stacked.bilayer.gra-
phene.exhibits.an.energy.gap.Eg.between.the.valence.and.conduction.bands.[28]:

. E
edV

W
g

g= . (4.2)

where.d.≈.0.36.nm.is.the.effective.spacing.between.the.graphene.layers.in.the.gra-
phene.bilayer.(GBL).which.accounts.for.the.screening.of.the.electric.field.between.
these.layers,.W.is.the.distance.between.the.gate.and.the.graphene.layer,.and.Vg.is.the.
gate-source.voltage.

The.authors.numerically.simulated.the.energy.band.structures.and.correspond-
ing.electron.effective.mass.for.monolayer.and.bilayer.armchair.graphene.nanorib-
bons. epitaxially. grown. on. SiC. substrates. using. a. nearest-neighbor. tight-binding.
approximation.with. two.distinct.models. (interlayer. coupling. [ILC]. [29]. and. sub-
strate-induced.asymmetry.[SIS].models.[30])..The.results.are.plotted.in.Figure 4.3.
[31]..In.the.case.of.monolayer.graphene,.the.strong.band-gap.hopping.is.clearly.seen,.
even.for.wider.ribbon.width.conditions.with.a.narrower.band.gap.<100.meV.for.the.
ILC.model.according.to.the.number.of.carbon.atoms.n.in.the.ribbon.width.direction.
[31]..This.indicates.that.the.monolayer.nanoribbon.graphene.cannot.practically.be.
engineered.if.the.ILC.model.is.valid.since.controlling.the.number.of.atoms.is.almost.
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FIGURE 4.2 (a).Carrier. transport. for.monolayer.graphene.and. (b).band.gap.opening. for.
chirally.stacked.bilayer.graphene..(From.J..B..Oostinga.et.al..2008..Nature Materials.7:.151..
With.permission.)
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impossible.with. today’s. fabrication. technology..On. the.other.hand,. in. the.case.of.
bilayer.graphene,.the.band-gap.hopping.decreases.with.increased.ribbon.width..In.
a.wider.width.range.n.>.80.(~.>20.nm.in.width),.the.band-gap.hopping.disappears.
with.a.saturated.band.gap.of.~180.meV.for.the.SIS.model.or.shrinks.to.~30.meV.with.
a.saturated.band.gap.of.~135.or.~180.meV..As.a.consequence,.it.is.suggested.that.
FET.channels.should.be.constructed.with.wide.films.of.bilayer.armchair.graphene.
on.SiC.substrates.

4.2.2   analytical ModelinG for G-fets

Let.us.consider.a.G-FET.with.a.highly.conducting.substrate.serving.as.the.backgate,.
and.with.the.topgate,.as.well.as.with.two.contacts.(source.and.drain).to.the.channel.
as. shown. in.Figure 4.4..Energy.distribution.of.electrons.and.holes. in.graphene. is.
similar.to.those.in.normal.semiconductors.and.is.given.by.the.Fermi-Dirac.statistics..
The.spatial.distribution.of.electron.and.hole.densities.in.graphene.is.also.given.by.the.
Poisson.equation,.as.it.is.in.normal.semiconductors..Assuming.that.the.gate.width.
Lw.(taking.to.the.y.axis).is.sufficiently.wide.compared.to.the.gate.length.Lg.(taking.
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carbon. atoms. along. with. the. ribbon. width. direction.. (After. E.. Sano. and. T.. Otsuji.. 2009..
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to.the.x.axis),.the.transport.of.electrons.and.holes.is.formulated.by.the.semiclassical.
Boltzmann.kinetic.equation.[28]:

.
∂
∂

+
∂
∂

= − −+ +∫
f

t
v

f

x
d w q f fx

p p
p q p p q pq2 ( )( ) ( )δ ε ε . (4.3)

where.fp(x,t).is.the.electron/hole.distribution.function,.vx. is.the.electron/hole.char-
acteristic.velocity,.w(q).is.the.probability.of.the.electron/hole.scattering.on.disorder.
and.acoustic.phonons.with.the.variation.of.the.electron/hole.momentum.by.quantity.
q,.and.εp.is.the.electron/hole.energy.with.momentum.p..The.density.of.the.electron.
(thermionic).current,.J.=.J(x,t),.in.the.gated.section.of.the.channel.(per.unit.length.in.
the.y-direction).can.be.calculated.using.the.following.formula.[28]:

. J
e

d v fx= ∫
4

2 2
2

( )π�
p p .. (4.4)

When.the.gate.bias.Vg.is.below.the.threshold.voltage.(which.is.called.the.Dirac.
voltage.Vth).and.the.drain.bias.Vd (>0).is.applied,.the.G-FET.channel.constitutes.a.
lateral.n-p-n.structure..When.the.band.gap.is.not.sufficiently.wide,.the.tunneling.cur-
rent.JT.should.be.considered.[18]:
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where.

. F e
d
dx

=

is.the.slope.of.the.potential.energy.curve.at.the.tunneling.points,.Wb.and.Wg.are.the.
distance.between.the.channel.and.the.backgate.and.the.topgate,.respectively,.and.Eg.
is.the.band-gap.energy.

According. to. the.previously.mentioned.formulations,.device.models.of. the.DC.
and.AC.characteristics. for.graphene.nanoribbon.FETs. (GNR-FETs).and.graphene.
bilayer. FETs. (GBL-FETs). have. been. derived. by. V.. Ryzhii. and. his. collaborators.
[28,32–34]..Figures 4.5.and.4.6.show.typical.DC.current-voltage.characteristics.and.
maximum.transconductance.simulated.for.a.GBL-FET.having.a.relatively.thin.gate.
stack.Wt,.Wb.=.5.or.10.nm.[34]..As.is.seen.in.Figure 4.5,. thanks.to.the.backgate-
biased.high.background.carrier.concentration. in. the.channel,. an.excellent.current.
density.over.3.A/mm.as.well.as.a.high.on/off.current.ratio.of.more.than.two.orders.of.
magnitude.can.be.obtained.even.for.relaxed.dimensions.Lg.=.100.nm.and.Wt.=.Wb.=.
10.nm..Correspondingly,.a.maximum.transconductance.of.>1.5.S/mm.is.expected,.as.
seen.in.Figure 4.6..In.the.case.of.an.ultrathin.topgate.stack.of.Wg.~1.nm,.an.extremely.
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high.drain.current.density.Id.≈.10.A/mm.and.the.maximum.transconductance.Gm.≈.
10. S/mm. are. expected.. Compared. to. the. performance. projection. for. GNR-FETs,.
these.values.for.GBL-FETs.are.superior..This.is.due.to.the.higher.area.density.of.the.
channels.for.GBL-FETs.than.for.GNR-FETs.

4.2.3   state-of-the-art G-fets

IBM.has.led.the.development.of.high-frequency.G-FETs..They.demonstrated.a.high-
est.current-gain-cutoff.frequency.fT.of.100.GHz.at.the.time.of.publication.by.using.a.
240-nm-long..epitaxial-graphene.channel.[35]..The.graphene.channel.layer.is.grown.
by.thermal.decomposition.of.a.SiC.epitaxial.layer.grown.on.a.bulk.SiC.wafer..A.gate.
insulator.of.10-nm-thick.HfO2.is.formed.by.the.atomic.layer.deposition.technique..A.
drain.current.saturation.characteristic.that.originates.from.the.band-gap.opening.is.
not.clearly.confirmed,.although.the.graphene.channel.is.specified.to.be.monolayer.or.
bilayer..The.field-effect.mobility.is.characterized.as.~1500.cm2/(Vs).

Recently. UCLA. has. demonstrated. a. record. 300-GHz. fT. performance. by. a.
G-FET. featuring. a. dedicated. Co2/Si. composite. nanowire. gate. wrapped. with. a.
5-nm-thick.Al2O3.insulator.[36]..Graphene.is.mechanically.exfoliated.from.bulk.
graphite.and.transferred.to.a.SiO2/Si.substrate.to.form.the.channel..After.align-
ing. the. Co2/Si/Al2O3. core-shell. wire. onto. the. graphene. channel,. 10-nm-thick.
Pt. is. deposited. over. the. active. area.. Then. the. source. and. drain. electrodes. are.
formed. in. a. self-aligned.manner,.which. is. the.key. to.minimizing. the.parasitic.
access.resistance.that.severely.deteriorates.the.FET.performance..The.equivalent.
gate. length. is.characterized. to.be.140.nm..Thanks. to. the. inert.nanowired.gate.
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stacking,.an.excellent.high.field-effect.mobility.of.20,000.cm2/(Vs).is.also.dem-
onstrated..Although.such.an.acrobatic.gate.stack.technique.is.premature.out.of.
the.standard.planar.process.technology,.the.result.has.extended.high-frequency.
performance.of.G-FETs,.approaching.the.level.of.InP-based.high.electron.mobil-
ity.transistors.(HEMTs).

Figure 4.7.plots. fT. versus.Lg. for. various. types.of.FETs.. The.original.figure. in.
Schwierz.[37].is.modified.with.additional.plots.for.the.previously.mentioned.G-FETs..
It.is.clearly.seen.that.the.real.performance.of.G-FETs.is.just.now.on.the.same.level.
as.that.for.InP-based.HEMTs.and.needs.more.study.to.demonstrate.the.superior.per-
formance.expected.from.the.original.nature.of.graphene.
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4.2.4   Graphene-on-silicon fets

4.2.4.1  Epitaxial Graphene-on-Silicon Growth Technology
Exfoliation. from.highly.oriented.pyrolytic.graphite. and. surface.decomposition.of.
epitaxial. SiC. are. well. known. as. graphene. formation. technologies. [38].. However,.
when.it.is.introduced.to.post-complementary.metal-oxide.semiconductor.very-large-
scale.integration.(CMOS.VLSIs),.low-temperature.and.reproducible.growth.technol-
ogy.starting.with.a.Si.substrate.is.mandatory..Recently,.chemical.vapor.deposition.
of.graphene.with.a.metallic.catalyst.has.made.it.possible.to.synthesize.graphene.in.
a.wide.area.onto.a.Si.substrate.[39–41]..However,.metallic.catalysts.like.Fe,.Ni,.and.
Cu.suffer.from.contamination.in.the.FET.fabrication.process.

To.cope.with.those.issues,.heteroepitaxial.graphene-on-silicon.(GOS).technology.
has.been.developed.[42]..Epitaxial.graphene.is.formed.on.the.surface.of.3C-SiC(110).
grown. on. a. B-doped. p-type. Si(110). substrate.. 3C-SiC. was. grown. by. gas-source.
molecular.beam.epitaxy.(GSMBE).using.monomethyl.silane.(MMS).[43].at.a.pres-
sure.of.3.3.×.10–3.Pa..The.SiC.growth.process.consists.of.two.stages..First,.a.buffer.
layer. is. formed. (for. 5. min). and. a. subsequent. SiC. growth. (for. 120. min).. For. this.
growth.condition,.the.thickness.of.the.SiC.layer.is.typically.80.nm..After.that,.the.
sample.is.annealed.in.vacuum.at.1200°C.for.30.minutes.to.form.a.graphene.film.at.
the.SiC. surface..For. the. fabricated. epitaxial.graphene. sample,.we.confirmed. that.
few-layer.graphene.(FLG).was.formed.at.the.SiC.surface.by.evaluating.(1).the.sample.
surface.with.a.Normarski.microscope.and.Raman-scattering.microscopy.(Renishaw,.
Ar.514.nm).[44].and.(2).the.sample.cross.section.with.a.transmission.electron.micro-
scope. (TEM).. The. Raman. spectra. and. the. TEM. image. are. shown. in. Figure  4.8..
The.G.band.in.the.Raman.spectra.reflects.the.direct.lattice.structure.of.graphene..
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The.D.band.originates.from.the.defects.in.graphene..The.ratio.of.the.spectral.peak.
intensity,.G/D,.corresponds.to.the.grain.size,.which.is.identified.as.~20.nm..The.G′.
band.provides.important.information.about.the.wave.functions.of.the.pi.electrons.in.
graphene,.which.originate.from.the.double.resonance.of.optical.phonons.at.the.K.and.
K′.points..When.G′.consists.of.a.single.peak,.it.proves.the.existence.of.monolayer.
graphene..When.G′.consists.of.multiple.peaks.at.slightly.different.wavenumbers,.it.
proves.the.existence.of.A-B.chirally.stacked.multilayers.of.graphite..As.shown.in.
Figure 4.8,.the.measured.G′.peak.of.the.fabricated.graphene.on.3C–SiC(110)/Si(110).
shows. the.monopeak. shape..This. is.quite. similar. to. the.case. for.graphene. that. is.
epitaxially.grown.on.the.C-face.of.6H–SiC.[38]..This.is.believed.to.be.the.so-called.
non-Bernal.stacking.of.multiple.layers.of.monolayer.graphene..From.these.discus-
sions,.the.fabricated.GOS.sample.is.identified.as.non-Bernal.stacked.multilayer.gra-
phene.with.gapless.and.linear.dispersive.band.structures.

Further.study.of. the.GOS.growth.technology,. in. terms.of. the.chirality.and.the.
crystal.orientation,.has.been.made.by.M..Suemitsu.and.co-workers..It.has.been.found.
that. graphene. can. be. grown. on. various. crystal. orientations:. 3C–SiC(111)/Si(111),.
3C–SiC(110)/Si(110),. 3C–SiC(100)/. Si(110),. and. 3C–SiC(111)/Si(110). and. that. the.
graphene. on. 3C–SiC(111)/Si(111). only. exhibits. the. A-B. chiral. (Bernal). stacking,.
whereas. the.graphene.on. the.other.crystal.orientations.exhibits.non-Bernal. stack-
ing.[45]..This.is.quite.an.important.finding.from.a.technological.viewpoint..This.is.
because.most.of.the.electron.devices.like.FETs.need.a.band.gap.while.most.of.the.
photonic.devices.like.lasers.do.not.need.any.band.gap.and.the.GOS.technology.can.
selectively.control.the.stacking.formation,.Bernal.or.non-Bernal.

4.2.4.2  Backgate GOS-FETs
By.using.the.GOS.material,.a.graphene-channel.backgate.FET.was.first.fabricated.
[46–48]..A.schematic.of.the.device.cross.section.is.shown.in.Figure 4.9..The.device.
process.starts.with.the.formation.of.ohmic.contacts..Ti/Au.is.evaporated.and.lifted.
off..After. the.channel.pattern.is.defined.by.standard.optical. lithography,.the.sam-
ple.is.exposed.to.oxygen.plasma.to.remove.the.graphene.layer.outside.the.channel.
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region..The.typical.dimension.of.the.graphene.channel.is.11-μm.long.(source-drain.
separation).and.10-μm.wide.

The. sample. exhibited. a. severe. backgate. leakage. current,. which. is. presumably.
due.to.postformation.defects.(e.g.,.void).in.the.3C–SiC.layer.during.the.graphitiza-
tion.(annealing.at.1200°C).process..This.annealing.temperature.is.much.higher.than.
the.growth.temperature.of.the.3C–SiC.layer.[42]..Recently.the.gate.leakage.current.
has.been.reduced.by.growing.a.thicker.SiC.epilayer.than.ever..It.is.also.conceivable.
that. silicon-on-insulator. (SOI).wafers. can.be.used. as. a. starting. substrate. to. form.
graphene.. The. drain. current. ID. of. the. measured. GOS-FET. includes. not. only. the.
intrinsic.channel.current.IDS.but.also.the.backgate.leakage.current.IBG..To.character-
ize.the.intrinsic.FET.performance,.IBG.is.de-embedded.from.the.total.drain.current.
ID..The.detailed.procedure.and.the.equivalent.circuit.model.for.de-embedding.IBG.are.
described.in.detail.in.Kang.et.al..[48].

Figure  4.10(a). shows. the. typical. ambipolar. behaviors. in. IDS-VBG. character-
istics. near. the. Dirac. voltage. [47]. confirming. normal. operation. of. the. conduction.
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FIGURE 4.9 Device.cross.section.and.top.view.of.a.fabricated.GOS-FET.
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through.the.graphene.channel..The.results.exhibit.considerable.asymmetric.proper-
ties,.with.larger/smaller.IDS.in.the.electron/hole.mode.in.a.VBG.that.is.larger/smaller.
than. the. Dirac. voltage. VDirac. (the. VBG. point. at. the. minimal. IDS).. The. smaller. IDS.
in.the.hole.mode.is.caused.by.backgate.leakage;.hole.carriers.easily.tunnel.through.
the.graphene/3C–SiC/p-Si. heterointerface.due. to. the.band.offset. of. the.p-type.Si.
substrate.and.the.leaky.thin.3C–SiC.[47].

Figure 4.10(b).shows.the.IDS-VDS.characteristics.in.the.electron.mode.of.the.fab-
ricated.GOS-FET.for.different.VGS.conditions.. In.spite.of.poor.GOS.quality,.with.
grain. size.of.20~50.nm,. fairly.good.channel.current. (on. the.order.of.mA/mm). is.
obtained..Further.increases.in.VBG.do.not.change.IDS..In.general,.G-FETs.with.mono-
layer.graphene.or.non-Bernal. stacked.multilayer.graphene.don’t. show. the.current.
saturation.in.IDS.due.to.the.gapless.band.structure.of. those.types.of.graphene..On.
the.contrary,.the.channel.current.IDS.shown.in.Figure 4.10(b).seems.to.be.saturated.
as.VDS.increases..There.are.three.possible.factors.causing.the.drain.current.satura-
tion..One. is. the.overestimation. of. de-embedding. IBG. in. a. high.VDS. region,.which.
may.occur.when. the. source/drain.contact/access. resistances. cannot.be.negligible..
The.second.factor.is.optical.phonon.scattering.at.the.graphene–.substrate.interface,.
which.becomes.severe.enough.to.saturate.the.electron.drift.velocity.under.high.field.
conditions.at.high.VDS..The.third.factor.is.a.band-gap.opening.due.to.an.unintentional.
process-dependent.factor..Further.investigation.is.needed.for.quantitative.discussion.

Figure 4.11.shows. the. transfer.characteristics.of. the.FET.when.VDS.=.0.5.V.. It.
is. seen. that. the. GOS-FET. has. a. maximum. transconductance. Gm. of. 37. mS/mm..
Assuming. a. simple. linear. scaling. row. with. respect. to. Lg,. shrinking. Lg. down. to.
100.nm.can.create.increase.in.Gm.to.beyond.4.S/mm,.which.is.more.than.twice.as.
large.as.that.for.the.state-of-the-art.InP-based.HEMTs.with.the.same.Lg.value.

The.field-effect.mobility.of. the.GOS-FET.is.next.extracted.from.the.measured.
data.. When. we. consider. an. n-channel. metal-oxide-semiconductor. field-effect.
transistor.(MOSFET).of.gate.length.L.and.width.W,.the.drain-source.current.IDS.is.
calculated.as.a.combination.of.drift.and.diffusion.currents:

40

30

g m
 (m

S/
m

m
)

20 gm

VDS = 0.5 V

W/L = 1 µm/10 µm

IDS
1/2

10

0

15

12.5

10

5

2.5

7.5

I D
S 1/

2  (m
A

)1/
2

0
0 0.1 0.2 0.3

VG (V)
0.4 0.5 0.6

FIGURE 4.11 Extracted.transfer.characteristic.of.the.intrinsic.part.of.the.GOS-FET..(After.
H.-C..Kang.et.al..2010..Solid-State Electronics.54:.1010..With.permission.)



Electronic	and	Photonic	Applications	 97

. I
W en V

L
W

kT
e
d en
dx

DS
eff DS

eff= −s s( )
. (4.6)

where.ns.is.the.mobile.sheet.carrier.density.(1/cm2).and.μeff.is.the.effective.mobility..
μeff.is.usually.measured.at.low.drain.voltages.of.typically.50.~.100.mV.because.the.
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where. ρsh. is. the. sheet. resistivity. of. the. FET. channel.. From. the. IDS-VDS. data. in.
Figure 4.10(b),.ρsh.is.calculated.to.be.2.84.~.215.kΩ/◻.depending.on.VG.values.from.
0.1.to.0.5.V..The.sheet.carrier.density.ns.is.approximated.as.an.ideal.parallel-plate.
MOS.capacitor:
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where.CSiC.is.the.gate.capacitance.per.unit.area.of.the.GOS-FET.and.VT.is.the.thresh-
old.voltage..CSiC.is.calculated.to.be.~107.nF/cm2,.assuming.a.relative.dielectric.con-
stant. of. 3C–SiC. of. 9.72. and. a.SiC. thickness. of. 80.nm..Then.ns. is. obtained.with.
values.of.0.67.to.4.46.×.1011.cm2.depending.on.VG.values.from.0.1.to.0.5.V..As.a.
consequence,.μeff.is.identified.as.varying.from.430.to.6200.cm2/(Vs).with.increasing.
VG.from.0.1.to.0.5.V.as.shown.in.Figure 4.12..It.should.be.noted.that.in.spite.of.poor.
GOS.quality.with.grain.size.~20.nm,.fairly.large.mobility.(1200.~.6000.cm2/Vs).is.
obtained..This.undoubtedly.gives.us.brighter.expectations.of.promising.FET.perfor-
mance.with.further.improvement.of.GOS.quality.

10000

1000

100

µ e
ff (

cm
2 /V

 • 
s)

µ e
ff (

cm
2 /V

 • 
s)

10

1
1E + 10 1E + 11

Sheet Carrier Density ns (cm–2)
1E + 12 1E + 13

VG = 
0.5 V
0.4 V
0.3 V

0.2 V
0.1 V

0 0.1 0.2 0.3
VGS (V)

0.4 0.5

7000

6000

5000

4000

3000

2000

1000

0

W/L = 11 µm/10 µm
VDS = 50 mV

FIGURE 4.12 Extracted.field-effect.mobility.μeff.of.the.GOS-FET..(a).μeff.vs..sheet.carrier.
density,.(b).μeff.vs..gate.bias.



98	 Graphene:	Synthesis	and	Applications

4.2.4.3  Topgate GOS-FETs
Topgate. GOS-FETs. are. fabricated. using. GOS. materials. grown. in. 3C–SiC(110)/
Si(110).and.3C–SiC(111)/Si(111). [49]..The.schematics.of. the.cross. section.and. the.
photo. image. of. the. top. view. for. fabricated. samples. are. shown. in. Figures  4.13(a).
and.(b),.respectively..The.device.fabrication.starts.with.Ti/Au.lift.off.for.the.ohmic.
electrodes..The.graphene.channel.is.then.defined.and.oxygen.plasma.ashing.is.car-
ried.out. to.etch. the.graphene.out.of. the.active.device.area..As. for. the.gate.stack,.
SiN.is.deposited.by.plasma-enhanced.chemical.vapor.deposition.(PECVD)..The.gate.
metallization.is.done.by.e-beam.evaporation.of.Ti/Au.and.lift-off.process..Typical.
gate.length.is.10.μm.for.definition.by.photolithography.and.0.5.μm.for.definition.by.
electron-beam.lithography,. respectively..The.SiN.thickness.was.set.at.200.nm.for.
10-μm.topgate.GOS-FETs.and.at.50.nm.for.0.5-μm.topgate.GOS-FETs..All.other.
parts.pattern.definition.processes.are.done.by.a.conventional.optical.lithography.with.
a.mask.aligner..TEM.images.of.the.cross.section.of.the.10-μm.topgate.GOS-FETs.on.
Si(110).and.Si(111).substrate.are.shown.in.Figures 4.13(c)..From.the.TEM.images,.the.
number.of.graphene.layers.excluding.the.interfacial.layer.(0th.layer).is.estimated.to.
be.about.two.for.Si(110).and.three.for.Si(111)..A.detailed.structural.characterization.
of.the.graphene.sample.by.Raman.spectroscopy.and.TEM.shows.that.all.graphene.
samples.formed.on.two.types.of.Si.substrates.have.a.grain.size.of.~20.nm.[14].

Figures  4.14(a). and. (b). show. the. output. characteristics. of. the. 10-μm. topgate.
GOS-FET.on.Si(110).and.Si(111).substrates,.respectively..The.topgate.voltage.(VG).
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(right)..(From.H.-C..Kang.et.al..2010..Solid-State Electronics.54:.1071..With.permission.)



Electronic	and	Photonic	Applications	 99

in.both.devices.was.swept.from.60.V.to.−60.V.with.a.−20.V.step..In.both.devices,.
a.further.decrease.in.VG.does.not.change.IDS..The.results.show.an.n-type.transistor.
operation.by.the.VG.modulation.in.all.GOS-FETs.on.the.two.types.of.Si.substrates..
Note.that.the.drain.current.of.the.GOS-FET.on.Si(111).is.one.order.of.magnitude.
larger.than.that.on.Si(111)..This.result.is.consistent.with.the.measured.sheet.resistance.

The. Dirac. voltage. (equivalent. to. the. threshold. voltage. for. unipolar. FETs). in.
both.devices.is.negatively.shifted.up.to.−40.V..This.is.possibly.due.to.the.positive.
fixed.charge.within.the.SiN.gate.insulator.and/or.substrate-induced.n-type.doping.
in.graphene.[50]..On.the.other.hand,.as.shown.in.Figure 4.15,.the.Dirac.voltage.of.
the.0.5-μm.topgate.GOS-FET.with.a.50-nm-thick.SiN.gate.insulator.stays.near.the.
neutral.point..We.believe.the.thinner.SiN.can.dramatically.reduce.the.undesirable.
fixed.charge..Compared.to.the.backgate.GOS-FETs.shown.in.Figure 4.11,.estimated.
transconductance.Gm.is.far.smaller.by.almost.two.orders.of.magnitude.than.that.for.
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backgate. GOS-FETs.. This. is. considered. to. be. attributable. to. imperfection. of. the.
SiN.deposition;.residual.oxygen.in.the.PECVD.chamber.may.damage.the.graphene.
and/or.interface.defects.or.traps.may.increase.the.scattering.in.carrier.transport.

4.2.5   issues for G-fets device/process technoloGy

4.2.5.1  Gate Stack/Insulator
Since.graphene.is.so.easily.oxidized,.direct.deposition.of.oxide.materials.like.SiO2.
or.HfO2.onto.graphene.may.cause.Fermi-level.pinning,.preventing.gate.modulation.
of.the.channel.conductance..Recently.an.inert,.nonreactive.gate.insulation.technique.
using.atomic-layer.deposition.(ALD).has.been.developed.in.which.a.thin.noncovalent.
functionalization.catalytic.polymer.layer.(NCFL).is.introduced.as.the.noninterfacing.
film.between.graphene.and.a.thin,.high-k.oxide.insulator.of.Al2O3.or.HfO2.[51,52]..
Recent.results.by.the.IBM.group.demonstrated.successful.channel.current.modula-
tion. and. resultant. transconductance. Gm. ~150. mS/mm. for. a. 0.24-μm. gate. G-FET.
with.an.effective.oxide.thickness.(EOT).of.1.6.nm.of.the.HfO2.[35]..The.obtained.
Gm vs..EOT.performance.is.still.inferior.to.the.present.Si-CMOS.technology..The.
major.drawback.is.the.existence.of.the.low-k.and.nm-thick.NCFL,.which.hinders.the.
effectiveness.of.the.high-k.dielectrics.

On.the.other.hand,.overturning.the.previously.mentioned.common.sense,.a.group.
of.HRL.Labs.recently.demonstrated.a.superior.Gm.of.600.mS/mm.for.a.3-μm.gate.
GFET.with.35-nm.EOT.SiO2.insulator.deposited.by.e-beam.evaporation.[53]..The.
physical/chemical.mechanism.of.the.nonreaction.should.be.clarified.

The.authors.recently.succeeded.in.fabricating.carbonaceous.G-FETs.in.which.the.
diamond-like.carbon.(DLC).is.introduced.as.the.gate.insulator.directly.stacked.onto.
the.graphene.channel..Photoemission-assisted.plasma-enhanced.CVD.(PA-PECVD).
is.the.key.for.high-quality.DLC.deposition.[54]..A.10-μm.gate.G-FET.with.100-nm.
DLC.(EOT.76.nm).produced.the.maximal.Gm of.37.mS/mm..With.simple.linear.geo-
metric.scaling,.one.can.expect.an.extremely.high.Gm.value.of.>.10.S/mm.for.G-FETs.
having.a.100-nm.gate.and.a.50-nm-thick.DLC..Further.thinning.the.DLC.insulator.
for.shorter.channel.G-FETs.will.be.the.future.direction.

4.2.5.2  Source/Drain Ohmic Contact
The. formation.of. the. source/drain.ohmic.contact. is.one.of. the.most. fundamental.
and.difficult.key.issues.in.the.G-FET.fabrication.process..Compared.to.its.excellent.
in-plane.conductivity,.graphene.has.extremely.low.out-of-plane.conductivity..Hence,.
current. conduction. is. concentrated. on. the. edges. at. the. metal–graphene. interface,.
resulting.in.high.resistivity..Normal.semiconductors.utilize.the.heavy.doping.tech-
nique.to.make.the.metal-semiconductor.Schottky.contacts.ohmic,.but.this.technique.
cannot. be. used. for. graphene. because. no. doping. techniques. that. are. chemically,.
mechanically,.and.electrically.stable.have.yet.been.developed..Unintentional.doping.
between. the.metal–graphene.contacts.originating.from.the.difference.of. the.work.
functions.of.these.materials.is.currently.a.method.of.making.an.ohmic.contact.with.
low.resistance..If.there.is.no.formation.of.the.interfacial.states.at.the.metal–graphene.
contact,.electrons.(holes).are.unintentionally.doped.from.the.metal.to.graphene.when.
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the.work.function.of.the.metal.is.larger.(smaller).than.that.of.graphene..Recent.theo-
retical.study.on.group.X.metals.like.Pd,.Ni,.and.Pt.suggests.that.those.metals.will.
form.interfacial.states.when.they.contact.graphene,.so.that.the.Fermi.level.may.be.
pinned.and.no.doping.effect.is.obtained.[55,56]..Further.investigation.with.experi-
mental.proof.will.be.future.research.subjects.

4.2.5.3  On/Off Ratio
Nagashio.et.al..reported.that.G-FETs.with.gapless.monolayer.graphene.can.obtain.
an.even.higher.on/off.current.ratio.than.those.with.bilayer.graphene.[57];.the.mas-
sive.carriers.in.bilayer.graphene.considerably.reduce.the.on.current,.which.can.well.
exceed.the.reduced.off.current.due.to.the.band.gap.opening..However,.as.is.discussed.
in.Figure 4.5.one.can.expect.a.higher.on/off.current.ratio.for.G-FETs.with.bilayer.
graphene.by.increasing.the.background.carrier.concentration.with.a.high.backgate.
bias..Recently.the.IBM.group.demonstrated.a.high.on/off.current.ratio.of.more.than.
100.from.a.G-FET.with.bilayer.graphene.[58],.supporting.the.previous.discussion.

4.2.5.4  Carrier Doping and Unipolar Operation
The.ambipolar.characteristic.of.graphene.can.theoretically.be.suppressed.to.origi-
nate.the.unipolarity.by.opening.the.band.gap.and.doping.the.acceptor/donor.impuri-
ties.. Presently. available. methods. for. carrier. doping,. however,. are. intercalation. of.
alkaline.metals.like.potassium.[59].and.chemical.doping.with.a.vapor.phase.of.NH3.
and.NO2.gases.[60].or.soaking.in.an.organic.solution.of.polyethylene.imines.[61]..
There.is.no.technology.available.for.providing.thermally,.chemically,.and.mechani-
cally.stable.carrier.doping.like.thermal.diffusion.of.substitutional.impurities.and/or.
ion.implantation..This.is.one.of.the.critical.issues..In.light.of.the.immature.level.of.
doping.technology,.formation.of.electric.potential.barriers.for.one.side.of.carriers,.
electrons,.or.holes.at.the.source/drain.electrodes.by.using.heterostructure.band.engi-
neering.will.be.effective.for.obtaining.unipolar.operation.[62].

4.3  GRAPHENE-BASED PHOTONIC DEVICES

4.3.1   carrier relaxation and recoMbination dynaMics 
in optically puMped Graphene

The.optical.conductance.of.graphene-based.systems.in.the.terahertz.(THz).to.far-
infrared.spectral.range.has.been.a.topic.of.intense.interest.due.to.the.ongoing.search.
for.viable.terahertz.detectors.and.emitters..Research.for.applications.of.graphene.in.
THz.science.and.technology.has.been.carried.out.and.suggests.that.graphene.can.be.
used.in.building.innovative.devices.for.THz.optoelectronics..The.gapless.and.linear.
energy. spectra. of. electrons. and. holes. in. graphene. can. lead. to. nontrivial. features.
such.as.negative.dynamic.conductivity.in.the.THz.spectral.range.[9],.which.may.lead.
to.the.development.of.a.new.type.of.THz.laser.[63,64].

To.realize.such.THz.graphene-based.devices,.understanding.the.nonequilibrium.
carrier.relaxation/recombination.dynamics.is.critical..Figure 4.16.presents.the.car-
rier.relaxation/recombination.processes.and.the.nonequilibrium.energy.distributions.
of.photoelectrons/photoholes. in.optically.pumped.graphene.at.specific.times.from.
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from.optical.pumping,.(c).after.200~300.fs.from.optical.pumping,.upper:.phonon-cascade-
emission.dominant.case,.lower:.cc-scattering-dominant.case.for.high.electronic.temperature,.
(d). after. a. few.ps. from.optical. pumping,. upper:. phonon-cascade-emission. dominant. case,.
lower:.cc-scattering-dominant.case.for.high.electronic.temperature.
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~10.fs.to.picoseconds.after.pumping..It.is.known.that.photoexcited.carriers.are.first.
cooled.and.thermalized.mainly.by.intraband.relaxation.processes.on.femtosecond.to.
subpicosecond.time.scales,.and.then.by.interband.recombination.processes..Recently,.
time-resolved. measurements. of. fast. nonequilibrium. carrier. relaxation. dynamics.
have.been.carried.out.for.multilayers.and.monolayers.of.graphene.that.were.epitaxi-
ally.grown.on.SiC.[65–69].and.exfoliated.from.highly.oriented.pyrolytic.graphite.
(HOPG).[69,70]..Several.methods.for.observing.the.relaxation.processes.have.been.
reported..Dawlaty.et.al..[65].and.Sun.et.al..[66].used.an.optical-pump/optical-probe.
technique.and.George.et.al..[67].used.an.optical-pump/THz-probe.technique.to.eval-
uate.the.dynamics.starting.with.the.main.contribution.of.carrier-carrier.(cc).scatter-
ing.in.the.first.150.fs,.followed.by.observation.of.carrier-phonon.(cp).scattering.on.
the.picosecond. time.scale..Ultrafast. scattering.of.photoexcited.carriers.by.optical.
phonons.has.been.theoretically.predicted.by.Ando.[72],.Suzuura.and.Ando.[73],.and.
Rana.et.al..[74]..Kampfrath.et.al..[70].observed.strongly.coupled.optical.phonons.in.
the.ultrafast.carrier.dynamics.for.a.duration.of.500.fs.by.optical-pump/THz-probe.
spectroscopy..Wang.et.al..[69].also.observed.ultrafast.carrier.relaxation.via.emissions.
from.hot-optical.phonons.for.a.duration.of.~500.fs.by.using.an.optical-pump/optical-
probe.technique..The.measured.optical.phonon.lifetimes.found.in.these.studies.were.
~7.ps.[70],.2–2.5.ps.[69],.and.~1.ps.[67],.respectively,.some.of.which.agreed.fairly.
well.with.theoretical.calculations.by.Bonini.et.al..[75]..A.recent.study.by.Breusing.
et.al..[71].more.precisely.revealed.ultrafast.carrier.dynamics.with.a.time.resolution.
of.10.fs.for.exfoliated.graphene.and.graphite.

4.3.2   population inversion and neGative conductivity 
in optically puMped Graphene

4.3.2.1  Low Electronic Temperature Case
First.we.consider.the.case.of.cold.electronic.temperature.conditions.(such.as.a.cryo-
genic.temperature.environment.with.weak.optical.pumping)..It.has.been.shown.that.
the.intraband.carrier.equilibration.in.optically.excited.graphene.(with.pumping.pho-
ton.energy.ħΩ)establishes.quasi-equilibrium.distributions.of.electrons.and.holes.at.
around.the.level.±ħΩ/2within.20–30.fs.after.the.excitation.(see.Figure 4.16[b]).first..
It. is. followed. by. cooling. these. electrons. and. holes. mainly. by. emission. of. a. cas-
cade.(N.times).of.optical.phonons.(ħω0).within.200~300.fs.to.occupy.the.states.εN.
≈.±ħ(Ω/2.–.Nω0),.εN.<.ħω0. (see.Figure 4.16[c].upper)..Then,. further.equilibration.
occurs.via.electron-hole.recombination.as.well.as.intraband.Fermization.due.to.cc.
scattering.and.cp.scattering.(as.shown.with.energy.ħωq.in.Figure 4.16[a]).on.a.few.
picoseconds.time.scale.(see.Figure 4.16[d].upper),.while.the.interband.cc.scattering.
and.cp.scattering.are.slowed.by.the.density.of.states.effects.and.Pauli.blocking.

Let.us.consider.the.THz.optical.conductivity.due.to.such.relaxation/recombina-
tion.processes.that.are.responsible.for.the.carriers.staying.at.ħω/2..The.electron.and.
hole.distribution.functions.at.the.Dirac.point.are.fe(0).=.fh(0).=.1/2..This.implies.that.
at.even.weak.photoexcitation,.the.values.of.the.distribution.functions.at.low.energies.
ε.can.be.fe(ε).=.fh(ε).>.1/2,.which.corresponds.to.the.population.inversion.[9]..Such.
a.population.inversion.might.lead.to.the.interband.transitions.related.to.negative.AC.
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conductivity.at.THz.frequencies..However,. the.intraband.processes.determined.by.
Drude.conductivity.provide. the.positive. contribution. to. the.AC.conductivity..One.
might.expect.that.under.sufficiently.strong.optical.excitation.resulting.in.photogen-
eration.of.electron-hole.pairs,.total.AC.conductivity.becomes.“negative.”

The.real.part.of.the.net.AC.conductivity.Re.σω.is.proportional.to.the.absorption.
of.photons.with.frequency.ω.and.comprises.the.contributions.of.both.interband.and.
intraband.transitions.[9],

. Re Re Reσ σ σω ω ω= +inter intra .

Let.us.assume.a.relatively.weak.optical.excitation.εF.<.kBT,.where.εF.is.the.non-
equilibrium.quasi-Fermi.energy.and.kBT.the.thermal.energy..In.this.case,.for.the.THz.
frequencies.ω.<.2.kBT/ħ,.Re.σω

inter can.be.presented.as
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where.e. is. the.elementary.charge.and.η εF F Bk T≡ / .is. the.normalized.quasi-Fermi.
energy.[9].

On.the.other.hand,.Re.σω
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where.τ.is.the.momentum.relaxation.time.of.electrons/holes.[9]..Since.ηF.corresponds.
to.the.ratio.of.the.excess.electron/hole.concentration.δn.(equivalent.to.photoelectron/
photohole.concentration).to.the.thermally.equilibrium.electron/hole.concentration,.
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where.τR.is.the.electron/hole.recombination.time,.αΩ.the.interband.absorption.coef-
ficient,.IΩ.the.pumping.intensity,.c.the.speed.of.light,.and.vF.the.Fermi.velocity.[9].

As.a.consequence,.Re.σω.becomes

.

Re σ
ω

π
τ
ω τ

ω ≈ +
+

−
e

k T
k T e

cB

B
2

2 2

2

8 2
8 2

1
12

�
�

� �
�ln

( )
vv
k T

I

e

F

B

R

= +
−

2

2

8
1

3
2

τ

ω ω
ω

�

�
g

−
2 I

I
,



Electronic	and	Photonic	Applications	 105

where

. ω
τ

τ τ
≈ ≈

k T
I

k T
kB

B�
�2 3 1 3

1 92
11

/ /
.

, BB

F R

T
v�

�
2

τ
.

When.the.pumping.intensity.exceeds.the.threshold,.I I> ,.Re σω becomes.neg-
ative.in.a.certain.range.around.ω. .When.T.=.300.K,.τ.=.10–12.s,.τR.=.10–9.~.10–11.s,.
I ≈ 600.~.600.W/cm2..Assuming.the.device.size.of.100.μm.×.100.μm,.we.find.that.
the.required.pumping.intensity,.which.provides.the.negative.dynamic.conductivity,.
I ≈ 6.~.600.mW.

Figure 4.17.plots.the.calculated.Re σω for.various.pumping.intensities.when.T.=.
77K.[9].and.300K.[76].in.case.τ.=.10–12.s,.and.τR.=.10–9.s..The.vertical.scale.is.nor-
malized.to.the.characteristic.conductivity.e2/2ħ..It.is.clearly.seen.that.the.frequency.
range.where.the.conductivity.becomes.negative.widens.with.pumping.intensity.

4.3.2.2  High Electronic Temperature Case
When. the. photogenerated. electrons. and. holes. are. heated. in. a. room. temperature.
environment. and/or. strong. pumping,. collective. excitations. due. to. the. carrier-.
carrier. (cc). scattering,. for. example,. intraband. plasmons,. should. have. a. dominant.
role.in.performing.an.ultrafast.carrier.redistribution.along.the.energy.as.shown.in.
Figures 4.16(b),.(c).upper,.and.(d).upper..Then.optical.phonons.(ops).are.emitted.by.
carriers.on.the.high-energy.tail.of.the.electron.and.hole.distributions..This.energy.
relaxation.process.accumulates.the.nonequilibrium.carriers.around.the.Dirac.points.
as.shown.in.Figure 4.16(d).upper..Due.to.a.fast.intraband.relaxation.(ps.or.less).and.
relatively.slow.interband.recombination.(>>1.ps).of.photoelectrons/holes,.one.can.
obtain.the.population.inversion.under.a.sufficiently.high.pumping.intensity.[9]..Due.
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FIGURE 4.17 Calculated.AC.conductivity.for.various.pumping.intensities.(a).at.77K.(from.
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T..Otsuji,.H..Karasawa,.T..Watanabe,.T..Suemitsu,.M..Suemitsu,.E..Sano,.W..Knap,.and.V..
Ryzhii..2010..C. R. Phys..11:.421–432)..The.vertical.scale.is.normalized.to.the.characteris-
tic.conductivity..(Graphs.used.with.permission.)
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to. the. gapless. symmetrical. band. structure. of. graphene,. photon. emissions. over. a.
wide.THz.frequency.range.are.expected.if.the.pumping.infrared.(IR).photon.energy.
is.properly.chosen.

We.consider.an.intrinsic.graphene.under.optical.pulse.excitation.in.the.case.where.
the.cc.scattering.is.dominant.and.carriers.always.take.quasi-equilibrium.[77,78]..We.
take.into.account.both.the.intra-.and.interband.ops.[73,74]..The.carrier.distribution.
(equivalent.electron.and.hole.distributions).is.governed.by.the.following.equations.
for.the.total.energy.and.concentration.of.carriers:
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where.Σ.and.E.are.the.carrier.concentration.and.energy.density,.fε.is.the.quasi-Fermi.
distribution,.τiΟ,

( )
inter

±

.and.τiΟ,
( )

intra
±

.are.the.inverses.of.the.scattering.rates.for.inter-.and.
intraband.ops.(i.=.Γ.for.ops.near.the.Γ.point.with.ωΓ.=.196.meV,.i.=.K.for.ops.near.
the.zone.boundary.with.ωΓ.=.161.meV,.+.for.absorption,.and.–.for.emission)..Time-
dependent.quasi-Fermi.energy.εF.and.the.carrier.temperature.Tc.are.determined.by.
these.equations..Figure 4.18.shows. the. typical. results. for. fs.pulsed. laser.pumping.
with.photon.energy.0.8.eV.[78]..It.is.clearly.seen.that.εF.rapidly.increases.when.the.
carrier.is.cooled.and.it.becomes.positive.when.the.pumping.intensity.exceeds.a.cer-
tain.threshold.level..This.result.proves.the.occurrence.of.the.population.inversion..
After.that,.the.recombination.process.follows.more.slowly.(~10.ps).

4.3.3   observation of aMplified stiMulated thz eMission 
froM optically puMped Graphene

We.observed.the.carrier.relaxation.and.recombination.dynamics.in.optically.pumped.
graphene.[11,76,79].using.THz.time-domain.spectroscopy.based.on.an.optical.pump/
THz-and-optical-probe. technique. [67].. An. exfoliated. monolayer. graphene/SiO2/Si.
sample. or. heteroepitaxial. graphene/3C–SiC/Si. sample. is. placed. on. the. stage. and.
a.0.12-mm-thick.(100)-oriented.cadmium.telluride.(CdTe).crystal. is.placed.on.the.
sample,. acting.as. a.THz.probe.pulse. emitter. as.well. as. an.electrooptic. sensor..A.
single.80-fs,.1550-nm.fiber. laser.beam.having.4.mW.average.power.and.20.MHz.
repetition.is.split.into.two:.one.for.optical.pumping.and.generating.the.THz.probe.
beam.in.the.CdTe.crystal,.and.one.for.optical.probing..The.pumping.laser,.which.is.
linearly.polarized,.is.simultaneously.focused.at.normal.incidence.from.the.back.sur-
face.on.the.graphene.sample.to.induce.population.inversion.and.the.CdTe.to.induce.
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optical.rectification.and.emission.of.a.THz.pulse.(the.primary.pulse.is.marked.as.
“1”.in.Figure 4.19)..This.THz.beam,.reflecting.back.in.part.at.the.CdTe.top.surface,.
stimulates. the. THz. emission. in. graphene,. which. is. electrooptically. detected. as. a.
THz.photon.echo.signal.(the.secondary.pulse.is.marked.as.“2”.in.Figure 4.19).

First.the.experiment.was.carried.out.for.the.exfoliated.monolayer.graphene.sam-
ple..Figures 4.20(a).and.4.20(b).plot.the.measured.results.[79]..Figure 4.20(a).shows.
a.typical.temporal.response.under.the.maximal.pumping.intensity.of.3.×.107.W/cm2..
The.black/gray.curve.is.the.response.when.the.pumping.beam.is.focused.onto.the.
sample.with.or.without.graphene..The.second.pulse.(the.THz.photon.echo.signal).
that.is.obtained.with.graphene.is.more.intense.compared.with.that.obtained.without.
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graphene..This.indicates.that.graphene.acts.as.an.amplifying.medium..Figure 4.20(b).
shows. the.emission.spectra. from.graphene.after.normalization. to. the.one.without.
graphene..The.inset.in.Figure 4.20(b).shows.the.measured.gain.as.a.function.of.the.
pumping.power..The.emission.is.drastically.reduced.when.the.optical.pump.power.
is.decreased..One.can.also.notice.that.below.1.×.105.W/cm2,.the.emission.completely.
disappears.and.only.attenuation.can.be.seen..The.measured.gain.pump-power.depen-
dency.is.presented.in.Figure 4.20(b)..A.threshold-like.behavior.can.be.seen,.which.
confirms. the. occurrence. of. negative. conductivity. and. THz. light. amplification. by.
stimulated.emission.of.radiation.
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FIGURE 4.19 Experimental. setup. (a).and. the.pump-and-probe.geometry. (b).of.coherent.
emission. from.graphene.by.an.optical-pump/THz-probe. technique..Time-resolved.electric.
field. intensity. is. electrooptically. sampled. by. the. probe. beam. throughout. the. CdTe. sensor.
crystal.in.total.reflection.geometry..The.CdTe.also.works.as.a.THz.probe.beam.source..The.
secondary.pulsation.is.the.photon.echo.signal.representing.stimulated.emission.of.THz.radia-
tion.from.graphene.
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Next,.a.similar.measurement.was.carried.out. for. the.heteroepitaxial.graphene-
on-silicon. (GOS). sample. [11,76].. The. optical. pumping. intensity. condition. is. set.
at. the. maximum. level.. Typical. measured. results. are. shown. in. Figure  4.21.. The.
emission.from.the.CdTe.without.graphene.exhibits.a.temporal.response.similar.to.
optical.rectification.with.a.single.peak.at.around.1.THz.and.an.upper.weak-side.lobe.
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extending. to. around.7.THz. (solid.black. lines. in.Figure 4.21)..On. the.other.hand,.
the.results.with.graphene.agree.well.with.the.pumping.photon.spectrum.and.include.
an.additional.peak.around.1.THz.from.the.original.CdTe.spectrum.(gray. lines. in.
Figure 4.21)..The.obtained.temporal.profile.is.not.identical.to.the.ones.for.the.exfoli-
ated.monolayer.graphene.but.are.instead.noisy.or.shaggy..This.is.because.the.GOS.
sample. under. measurement. includes. the. following. factors. that. are. different. from.
the.exfoliated.monolayer.graphene.sample:.(1).a.thin.3C–SiC.epilayer.that.absorbs.
or.rectifies.the.THz.radiation,.which.may.cause.additional.artifacts.on.the.temporal.
response,.(2).multiple.layered.non-Bernal.stacked.gapless.graphene.with.small.grain.
size.~20.nm..However,. their.Fourier. spectra. show. tendencies. similar. to. those. for.
the.exfoliated.graphene.sample..It.is.thought.that.the.THz.emissions.from.graphene.
are.stimulated.by.the.coherent.THz.probe.radiation.that.originates.from.the.CdTe.
excited.by.the.pump.laser.beam..The.THz.emissions.are.amplified.by.photoelectron–
hole.recombination.in.the.range.of.negative.dynamic.conductivity.

From.these.results.and.discussion,.we.have.successfully.observed.coherent.ampli-
fied. stimulated. THz. emissions. arising. from. the. carrier. relaxation–recombination.
dynamics.of.graphene..The.results.provide.evidence.of.the.occurrence.of.negative.
dynamic.conductivity,.which.can.potentially.be.applied.to.a.new.type.of.THz.lasers.
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4.4  SUMMARY AND MORE

This. chapter. covers. the. authors’. recent. advances. in. theoretical. and. experimental.
studies. on. applications. of. graphene. materials. to. electronic. and. photonic. devices..
Due. to. its.unique.carrier. transport.and.optical.properties,. including.massless.and.
gapless.energy.spectra,.graphene.will.exceed.many.technological.limits.on.conven-
tional.electronic.and.photonic.devices..One.of.the.most.promising.uses.of.graphene.
in.electronic.devices. is.as. the.channel.material. in.FETs..Graphene-channel.FETs.
will. exceed. the. speed. limits. of. any. type. of. conventional. semiconductor. FET. in.
the. very. near. future,. although. several. critical. issues. concerning. process. technol-
ogy.including.carrier.doping,.gate.stacking,.and.so.on.must.be.solved..The.optical.
properties.of.graphene.can.provide.many.advantages.in.optoelectronic.applications..
One. typical. example. is. ultrasensitive,. ultrafast. photodetector. and. phototransistor.
operation.of.graphene.in.junction.and.graphene-channel.FETs..Detailed.discussions.
[80–82].and.experimental.studies.[83].can.be.seen.in.the.work.of.Ryzhii.et.al..On.
the.other.hand,.when.we.consider.the.ultrafast.carrier.relaxation.and.relatively.slow.
recombination. dynamics. in. optically. pumped. graphene,. one. dramatic. feature. of.
negative.dynamic.conductivity.in.the.terahertz.range.can.be.derived..We.succeeded.
in.experimental.observation.of.amplified.stimulated.emission.of.terahertz.radiation.
from.fs.laser-pumped.graphene..Although.the.observed.stimulated.terahertz.emis-
sion.is.a.nonequilibrium.ultrafast.phenomenon.due.to.the.lack.of.laser.cavity.struc-
ture.[62,63],.the.results.encourage.us.to.forge.ahead.to.create.a.new.type.of.real.THz.
lasers.that.can.operate.at.room.temperature..In.addition.to.optical.pumping,.current.
injection–type.lasing.is.also.feasible..A.dual-gate-type.graphene-channel.FET.struc-
ture.has.been.proposed.for.this.purpose.[84]..In.the.optical.frequency.range,.a.new.
wave.of.graphene-based.device.development.is.emerging,.that.is,.graphene.saturable.
absorbers.[85,86]..Graphene.naturally.exhibits.a.broadband.optical.response.with.a.
constant.absorbance.of.2.3%,.which.is.determined.only.by.universal.physical.con-
stants.[87]..However,.if.intense.radiation.with.a.specific.photon.energy.saturates.the.
absorbance.due.to.the.Pauli.blocking,.graphene.becomes.transparent.to.the.photon.
radiation,.resulting.in.a.saturable.absorber..Hence,.it.can.work.for.femtosecond.pulse.
compressors..These.are.typical.examples.of.some.of.the.broader.possible.applica-
tions.of.graphene.in.electronic.and.photonic.devices.
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5 Graphene	Thin	
Films	for	Unusual	
Format	Electronics

Chao Yan, Houk Jang, Youngbin Lee, 
and Jong-Hyun Ahn

5.1  INTRODUCTION

Graphene,.the.thinnest.elastic.material,.has.attracted.lots.of.attention.due.to.its.out-
standing. electrical,. mechanical,. optical,. and. thermal. properties. [1–7].. Its. superb.
carrier.mobility.(up.to.200,000.cm2/V·s.at.room.temperature).[2].and.low.resistivity.
(up.to.30.Ω/◻).[5].suggest.the.potential.to.outperform.established.inorganic.materials.
for.certain.applications.in.high-speed.transistors.and.transparent.conductive.films,.
respectively..Many.experts.believe.that.graphene.with.a.2D.film.format,.in.contrast.
to.1D.format.carbon.nanotubes,.offers.fabrication.methods.that.are.compatible.with.
a.batch.microfabrication.process,.which.is.essential.to.realizing.practical.devices.or.
systems..In.addition,.graphene.has.a.distinctive.mechanical.property.with.fracture.
strains.of.~25%.and.Young’s.modulus.of.~1.TPa.[4],.which.is.much.better.than.that.
of.other.known.electronic.materials..As.a. result,.graphene. is.particularly.suitable.
for.unusual. format.electronic.systems.such.as.flexible,.conformal,.and.stretchable.
electronic. devices. with. demanding. high. mechanical. requirements.. In. particular,.
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graphene.has. a.molecular. structure.basically. similar. to. that.of.organic. electronic.
materials,.and.the.strong.interaction.between.graphene.and.organic.materials.could.
result.in.excellent.interface.contact..This.suggests.that.graphene.is.a.good.candidate.
as.a.transparent.electrode.for.flexible.organic.devices.such.as.organic.photovoltaics.
and.organic.light-emitting.diodes.[8–15].

This.chapter.provides.an. introduction. to.graphene.films.for.electronic.applica-
tions,. focusing. on. growth. and. transfer. techniques. that. can. be. used. to. synthesize.
and. fabricate. them. on. unusual—flexible,. stretchable—substrates.. The. content. is.
organized. into. six. main. sections.. Section. 5.1. introduces. graphene. and. graphene.
applications.that.have.been.explored.for.high-performance.electronics..Section.5.2.
summarizes.the.production.of.high-quality.graphene.thin.films.using.the.chemical.
vapor.deposition.method.and.high-throughput.transfer.printing.approach.for.large-
area. electronics.. Section. 5.3. describes. representative. results. of. high-performance.
radio. frequency. transistors. and. flexible. electronic. systems. on. plastic. substrates..
Section.5.4.presents. the. integration. of. graphene. conductive. films. into. layouts. for.
electronic. devices. including. touch-screen. panels. to. organic. solar. cells. and. light-
emitting.diodes..Section.5.5.describes.graphene-based.gas.barrier.films.for.appli-
cations. not. only. for. electronic. devices,. but. for. food. preservation. or. antioxidation.
coating.on.reactive.metal.surfaces..The.last.section.summarizes.the.overall.content.
and.provides.some.perspectives.on.the.trends.for.future.work.

5.2   LARGE-AREA PRODUCTION OF GRAPHENE THIN FILMS

5.2.1   larGe-area Graphene synthesis

The.most. attractive. technique. for.growing. large-area.graphene. is. chemical.vapor.
deposition. (CVD). on. Ni. or. Cu. substrate.. In. the. CVD. method,. the. hydrocarbon.
gas.precursor.is.injected.into.a.chamber.at.high.temperature,.around.1000°C..At.a.
high.temperature,.hydrocarbon.atoms.are.adsorbed.on.the.catalyst.layer.and.leave.
carbon.atoms.. In. the.cooling.process,. the.carbon.atoms.get. the.energy. to. form.a.
2-.dimensional.atomic.structure.[5,6,16–18]..Figure 5.1(a).shows.a.scanning.electron.
microscope.(SEM).image.of.few-layer.graphene.indicating.various.numbers.of.gra-
phene.layers.grown.on.a.Ni.catalyst. layer..The.number.of.graphene.layers. is.esti-
mated.by.transmission.electron.microscope.(TEM).in.Figure 5.1(b)..The.number.of.
graphene.layers.depends.on.the.solubility.of.carbon.atoms.in.Ni.catalyst.grain.[6,16]..
The.Ni.grain,.which.has.many.carbon.atoms,.results.in.thick.graphene.film..To.avoid.
graphite.crystal,.the.amount.of.carbon.source.absorbed.into.the.Ni.should.be.reduced.
by.controlling.the.thickness.of.Ni.and.the.reaction.time.in.high.temperature..The.dis-
tribution.of.graphene.layers.is.shown.in.Figures 5.1(c).and.5.1(d)..After.transferring.
the.graphene.film.onto.a.SiO2.(300.nm)/Si.substrate,.the.optical.and.confocal.scan-
ning.Raman.microscopic.images.are.observed..The.brightest.area.in.Figure 5.1(d).
corresponds.to.monolayer,.and.the.darkest.area.represents. thickness.of.more.than.
ten.layers.of.graphene..The.Raman.spectroscopy.data.(Figure 5.1[e]).shows.the.char-
acterization.of.number.of.graphene.and.their.quality..All.spectroscopic.data.show.
less.intense.D-band.peaks,.which.indicate.low.defect.density..The.relative.peak.ratio.
in. G/2D. shows. the. number. of. graphene. layers. at. the. measuring. point. marked. in.
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Figure 5.1(c)..Two.methods. for. transferring.multilayered.graphene.grown.on.a.Ni.
layer.have.been.introduced.in.the.literature..The.first.method.involves.the.application.
of.a.polydimethylsiloxane.(PDMS).or.polymethylmethacrylate.(PMMA).supporting.
layer.to.graphene.film.while.the.catalyst.layer.is.being.etched..After.stamping.the.
graphene.onto.useful.substrates,.the.supporting.layer.on.graphene.film.is.removed.
[18,19]..The.second.method.is.to.transfer.graphene.film.without.any.supporting.layer.
during.the.etching.and.cleaning.process..Through.this.method.we.can.obtain.a.clean.
surface,.even.though.the.graphene.film.can.be.easily.broken.during.the.process.
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FIGURE 5.1 Graphene.film.synthesized.on.a.nickel.catalyst.layer.using.the.CVD.method..
(a).SEM.image.of.graphene.film.grown.on.nickel.layer..(b).Thickness.and.interlayer.distance.
of.graphene.film.estimated.by.HRTEM.. (c).Optical.microscope. image.of. transferred.gra-
phene.film.on.SiO2.300-nm.layer..(d).Confocal.scanning.Raman.image.corresponding.to.(c)..
(e). Raman. spectroscopy. of. each. point. indicating. different. number. of. layers.. (From. Kim,.
K..S.,.Zhao,.Y.,.Jang,.H.,.Lee,.S..Y.,.Kim,.J..M.,.Kim,.K..S.,.Ahn,.J.-H.,.Kim,.P.,.Choi,.J.-Y.,.
and.Hong,.B..H..2009..Large-scale.pattern.growth.of.graphene.films.for.stretchable.trans-
parent.electrodes..Nature.457. (7230):.706–710..Copyright.2009.Nature.Publishing.Group..
With.permission.)
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For.high-quality.graphene.film.production,.technology.that.is.able.to.produce.uni-
form.thickness.distribution.should.be.developed..It.is.nearly.impossible.to.directly.
fabricate.field-effect.transistors.using.graphene.grown.on.Ni,.even.though.it.can.be.
synthesized.on.a.large.scale..For.those.kinds.of.applications,.the.uniform.large-area.
graphene. in.monolayer. thickness. should.be.developed..Copper.has. less. solubility.
of.carbon.atoms.compared.with.the.previous.catalyst,.Ni.[6,16,17]..The.monolayer.
graphene.film.could.be.synthesized.by.using.a.Cu.catalyst.layer.with.a.similar.CVD.
growing.procedure,.mentioned.previously..Because.the.evaporation.of.Cu.occurs.at.
a.relatively.low.temperature,.thick.Cu.foil.is.used.for.CVD.growth.at.1000°C..The.
vacuum.process.results.in.low.accumulation.of.amorphous.carbon.on.the.Cu.surface..
Figures 5.2(a).and.(c).show.SEM.and.optical.microscope.images.of.graphene.film.
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FIGURE 5.2 (See color insert.) Graphene.film.synthesized.on.a.copper.catalyst.layer.using.
the.CVD.method..(a).SEM.image.of.graphene.film.grown.on.copper.foil..(b).Morphological.
image.of. graphene.film.flowing.copper. surface.conditions. (inset.denotes. the.monolayer.and.
bilayer.graphene.estimated.by.TEM)..(c).Optical.microscope.image.of.the.graphene.film.trans-
ferred.on.SiO2.layer.showing.different.color.indicating.different.number.of.layers..(d).Raman.
spectroscopy.for.each.number.of.graphene.layers.on.SiO2.300-nm.layer..(From.Li,.X.,.Cai,.
W.,.An,.J.,.Kim,.S.,.Nah,.J.,.Yang,.D.,.Piner,.R.,.Velamakanni,.A.,.Jung,.I.,.Tutuc,.E.,.Banerjee,.
S..K.,.Colombo,.L.,.and.Ruoff,.R..S..2009..Large-area.synthesis.of.high-quality.and.uniform.
graphene.films.on.copper.foils..Science.324.(5932):.1312–1314..Copyright.2009.American.
Association.for.the.Advancement.of.Science..With.permission.)
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synthesized. on. Cu. film.. These. images. show. a. uniform. distribution. of. monolayer.
graphene..The.dark.parts.pointed.by.circles. in. the.upside.of.Figure.5.2(a).and. (c).
represent.bilayered.graphene.and.the.arrows.in.the.underside.of.Figure.5.2(a).and.(c).
indicate.trilayered.graphene.film..The.surface.morphology.of.graphene.film.strongly.
depends.on.the.topography.of.the.Cu.surface..The.Raman.spectra.from.bottom.to.top.
in.Figure.5.2(d).are.from.the.marked.places.in.Figure.5.2(a).and.(c).the.middle.circle,.
upside.circle.and.underside.arrow,.respectively..The.uniformity.of.the.graphene.films.
are.evaluated.via.color.contrast.under.optical.microscope.and.Raman.spectra..An.
analysis.of.the.intensity.of.the.optical.image.over.the.whole.sample.and.correspond-
ing.Raman.spectra.shows.the.monolayer.graphene.distributed.more.than.95%.of.the.
Cu.surface.[17,20,21].

5.2.2   larGe-area Graphene transfer Methods

Large-area,.high-quality.graphene.production.has.been.achieved.by.epitaxial.growth.
on. a. silicon. carbide. (SiC). substrate. and. CVD. on. a. metal. surface. of. Cu. and. Ni..
However,. most. applications. require. graphene. to. be. located. on. an. insulator.. This.
means. that.graphene.must.be. transferred. to. another. appropriate. substrate.or.pro-
cessed.in.some.other.way.if.graphene.is.synthesized.on.a.metal..The.important.thing.
is.to.transfer.the.graphene.without.significant.deformation.during.the.process..It.is.
a.challenge.to.transfer.large-area.graphene.film.to.a.target.substrate.without.further.
degradation..Much.effort.has.been.focused.on.this.field.

The. schematic. illustration. of. the. wafer-scale. graphene. transfer. process. is. pre-
sented.in.Figure 5.3.[18]..The.graphene.grown.on.a.Ni.catalyst.layer.in.wafer.requires.
effective. removal. of. the. catalyst. layer.. Here,. the. detaching. of. graphene. film. and.
catalyst.layer.from.the.SiO2/Si.mother.substrate.is.introduced.by.using.the.wettabil-
ity.difference.between. the.catalyst. layer.and.SiO2..Then. the.catalyst. layer.can.be.
removed.instantaneously.because.a.few-nm-scale.catalyst.layer.is.exposed.to.etchant..
The.graphene.attached.to.a.polymer.support.is.then.state.ready.to.transfer.onto.a.use-
ful.substrate..After.the.graphene.film.is.transferred.onto.target.substrates,.they.can.
be.patterned.by.photolithography.with.short.oxygen.plasma.etching..Prepatterned.
graphene.film.can.be.transferred.through.this.method.as.well.

Another.transfer.printing.method.has.been.successfully.developed.using.PMMA.
to.aid.the.transfer.of.graphene.grown.on.Cu.foil.to.a.target.substrate.[16,17,19]..After.
graphene. is.grown.on.Cu. foil,.PMMA. is. spin. coated.on. the. top.and.baked. for. a.
short.period.of.time..The.Cu.foil.is.then.etched.away.and.the.remaining.PMMA–
graphene.film.is.washed.in.deionized.water.to.remove.the.etchant.residue..At.this.
stage,.PMMA–graphene.thin.film.is.ready.to.transfer.to.an.arbitrary.substrate.before.
removing.the.PMMA.using.acetone..To.minimize.the.density.of.cracks.caused.dur-
ing.the.transfer.process,.an.improved.transfer.process.for.the.preparation.of.large-
area.graphene.films.is.explored.[19],.as.shown.in.Figure 5.4(a).

The.procedures. for. transferring.graphene. from.a.SiC.growth.wafer. to. another.
substrate. [22,23],.as.depicted. in.Figure 5.4(b),. is.similar. to. those.reported.for. the.
transfer.of.random.networks.and.the.alignment.of.single-walled.carbon.nanotubes.
[24]..In.the.first,.the.graphene–SiC.sample.is.deposited.with.a.layer.of.Au.(or.Pd).
and.polyimide..The.baked.polyimide. thin. layer.serves.as.a.strong.support. for. the.
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mechanical.peeling.process..After.transfer.to.the.target.substrate,.the.polyimide.and.
Au.are.removed.by.oxygen.plasma.reactive.ion.and.wet.chemical.etching.

A.large-scale.(30-inch).roll-to-roll.transfer.method.has.been.developed.recently.
[5]..Figure 5.5.shows.a.schematic.of.the.roll-based.production.of.graphene.films..This.
roll-to-roll.method.can.enable.the.continuous.production.of.graphene.films.in.large.
scale..The.first.step.is.the.adhesion.of.thermal.release.tape.on.graphene.film.grown.
on.Cu.foil.using.the.roll.process..Next,.Cu.foil.is.etched.in.a.bath.filled.with.copper.
etchant.and.rinsed.in.deionized.water.to.remove.residual.etchant..In.the.final.step,.the.
graphene.film.on.the.thermal.release.tape.is.roll-transferred.onto.a.desired.substrate.
by.exposure.to.the.release.temperature.of.thermal.release.tape..Wet.chemical.dop-
ing,.which.considerably.enhances.the.electrical.properties.of.graphene.films.grown.
on.roll-type.Cu.substrates.by.chemical.vapor.deposition,.can.be.carried.out.using.a.
setup.similar.to.etching..The.repetition.of.this.process.results.in.randomly.stacked.
graphene..The.electrical.resistance.of.these.graphene.films.will.be.discussed.later.

Figure  5.6. shows. photographs. of. graphene. film. on. the. wafer. and. various. tar-
get. substrates. after. transfer.. Wafer-scale. graphene. synthesized. on. Ni. or. Cu. lay-
ers. is. shown. in. Figure  5.6(a).. Transparency. of. graphene. film. is. demonstrated. in.
Figure 5.6(b),.and.graphene.film.transferred.onto.stretchable.and.flexible.substrates.
is.displayed.in.Figures 5.6(c).and.5.6(d).

Support/graphene/Ni/SiO2

Mechanical
peeling off

in water

Rapid etching
with FeCl3 (aq)

Patterned graphene on Ni

Patterning

Post-patterning
Pre-patterning

Transfer

Graphene on
polymer support Graphene on

arbitrary substrate

Patterned graphene on
arbitrary substrate

Ni

SiO2

FIGURE 5.3 Schematic.illustration.of.large-area.graphene.transfer.process..Transfer.pro-
cess.of.both.neat.graphene.film.and.patterned.graphene.film.onto.target.substrate.in.a.wafer-
scale.through.dry.transfer.printing.with.a.polymer.support.layer.
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Good transfer
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(a)

(b)

Deposit PMMA and cure

Redeposit PMMA and cure

Remove PMMA with acetone

(1) Graphene on SiC (2) Deposit Au/PI
 transfer layer

(3) Peel graphene/Au/
 PI film

(4) Transfer graphene/Au/PI
 to SiO2/Si

(5) Etch PI and Au layers

Remove PMMA with acetone

Etch away Cu

Wash PMMA/G in DI water

Place PMMA/G on substrate

FIGURE 5.4 (a).Processes.for.transfer.of.graphene.films..The.two.insets.on.the.right.are.
the.optical.micrographs.of.graphene.transferred.on.SiO2/Si.wafers.(285-nm-thick.SiO2.layer).
with.“bad”.(top).and.“good”.(bottom).transfer,.respectively..(From.Li,.X.,.Zhu,.Y.,.Cai,.W.,.
Borysiak,.M.,.Han,.B.,.Chen,.D.,.Piner,.R..D.,.Colombo,.L.,.and.Ruoff,.R..S..2009..Transfer.
of.large-area.graphene.films.for.high-performance.transparent.conductive.electrodes..Nano 
Letters.9.(12):.4359–4363..Copyright.2009.American.Chemical.Society..With.permission.).
(b). Schematic. illustration. of. the. steps. for. transferring. graphene. grown. on. a. SiC. wafer. to.
another. substrate. (SiO2/Si. in. this.case).. (From.Unarunotai,.S.,.Murata,.Y.,.Chialvo,.C..E.,.
Kim,.H.-S.,.MacLaren,.S.,.Mason,.N.,.Petrov,. I.,. and.Rogers,. J..A..2009..Transfer.of.gra-
phene.layers.grown.on.SiC.wafers.to.other.substrates.and.their.integration.into.field.effect.
transistors..Applied Physics Letters.95.(20):.202101-3..Copyright.2009.American.Institute.of.
Physics..With.permission.)
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5.3  FIELD-EFFECT TRANSISTORS

The.first.graphene-based.field-effect.transistor.(FET).was.fabricated.in.2004,.which.
led.to.an.explosion.of.interest.in.the.electronic.properties.of.graphene.[1]..The.charge.
carriers.in.graphene.FETs.can.change.from.electrons.to.holes.with.the.application.
of.gate.voltage..Graphene.exhibits.high. intrinsic.carrier.mobility. [2,25],. recorded.
exceeding. 200,000. cm2/V·s,. and. high. saturation. velocity. of. 5.5. ×. 107. cm/s. [26]..
This.makes.graphene.a.great.material.for.high-speed.electronic.devices,.particularly.
those.offering.excellent. radio-frequency.characteristics.with.very.high.cutoff. fre-
quency.( fT)..The.outstanding.mechanical.properties.of.graphene.highlight.the.fabri-
cation.of.flexible.and.stretchable.electronic.devices.

5.3.1   rf transistor

Graphene.shares.many.advantages.such.as.the.high.intrinsic.mobility.in.room.tem-
perature.over.carbon.nanotubes.[27]..Many.theoretical.studies.have.been.performed.
for.these.carbon-based.materials.and.suggest.the.possibility.of.response.on.a.picosec-
ond.time.scale,.which.corresponds.to.a.terahertz.frequency.regime.[28]..Transistors.
with.operating.speeds.in.this.THz.range.requiring.high.current.gain.are.of.consider-
able.interest. in.terms.of.imaging.and.sensors..Although.graphene.FETs.show.dif-
ferent.DC.characteristics.from.those.of.silicon,.including.on/off.ratio,.because.of.a.
different.principle,.it.follows.that.AC.characteristics.of.graphene.are.quite.similar..
In.addition,.the.high.mobility.of.graphene.and.the.2D.nature.of.the.material,.unlike.
carbon.nanotubes,.make.it.the.best.material.for.high-frequency.operation.[29].

Cutoff. frequency,. corner. frequency,. or. break. frequency,. which. indicate. the.
boundary.in.a.system’s.frequency.response.at.which.energy.flowing.through.the.sys-
tem.begins.to.be.reduced.rather.than.passing.through,.is.one.of.the.most.accepted.
procedures.for.determining.the.frequency.response.in.individual.transistors,.which.
is.explained.by.the.following.equation.[29];

Graphene on
Cu foil Graphene

on target

Graphene on
polymer support

Target substrate

Released
polymer support

Polymer support

Cu etchant

FIGURE 5.5 Schematic. illustration. of. large-area. graphene. transfer. process.. Roll-to-roll.
transfer.of.graphene.grown.on.copper.foil.with.thermal.release.tape.
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In.this.equation,.fT,.gm,.and.C.are.cutoff.frequency,.maximum.gain,.and.capaci-
tance,.respectively..From.the.equation,.a.transistor.showing.high.current.gain.value.
and.low.capacitance.shows.a.high.cutoff.frequency.value,.which.means.the.possibil-
ity.of.operation.at.a.higher.frequency..The.current.gain.value.means.the.ability.of.a.
circuit.to.increase.the.current.from.the.input.to.the.output..The.value.of.gm.can.be.
expressed.by.the.following.equation.[30];
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where.μ,.W/L,.Cox,.VD,.ε,.and.tox.are.mobility,.width/length.ratio,.oxide.capacitance,.
drain.voltage,.dielectric.constant,.and.thickness,.respectively.

(a) (b)

(c) (d)

FIGURE 5.6 (a). Wafer-scale. graphene. film. grown. on. Ni/SiO2. layers.. (b). Graphene. film.
transferred. onto. transparent. substrate.. (c). Graphene. films. on. stretchable. PDMS. substrate..
(d).Graphene.film.formed.on.flexible.substrate..([a].and.[b].from.Lee,.Y.,.Bae,.S.,.Jang,.H.,.
Jang,.S.,.Zhu,.S.-E.,.Sim,.S..H.,.Song,.Y..I.,.Hong,.B..H.,.and.Ahn,.J.-H..2010..Wafer-scale.
synthesis. and. transfer. of. graphene. films.. Nano Letters. 10. (2):. 490–493.. Copyright. 2010.
American.Chemical.Society..With.permission.)
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Three.kinds.of.parameters.compose.the.equation:.the.property.of.the.material,.
geometry,. and. drain. voltage.. Graphene. has. significant. advantages. in. the. mate-
rial.and.geometry.properties.while.carbon.nanotubes.have.challenges.with.respect.
to. proper. geometry. for. high-frequency. operating. FETs,. namely. large. channel.
width..Using.these.two.equations,.we.can.find.that.to.operate.transistors.at.high.
frequencies,.a.high.mobility.value,.high.gate.capacitance,. low.total.capacitance,.
and.a.large.W/L.value.are.required.[31].

High-k.material.and.a.thin.dielectric.layer.can.be.used.to.form.high.gate.capaci-
tance. while. accurate. lithography. is. necessary. for. removing. parasitic. capacitance. to.
reduce.total.capacitance.through.removal.of. the.overlapped.region.between.the.gate.
and.source/drain.(S/D)..In.addition,.double.or.multifinger.patterns.can.be.used.to.create.
a.large.W/L.ratio.value..The.major.difference.between.graphene.and.a.carbon.nanotube.
is.the.formation.of.a.large.W/L.ratio.value..Because.graphene.is.a.2D.material,.it.can.
have.a.large.channel.width.while.the.carbon.nanotube,.a.1D.material,.is.too.narrow.to.
form.a.wide.channel.

Among.these.processes,.the.problem.is.to.form.a.thin.dielectric.layer.using.high-k.
material.because.of.pinholes.that.generate.leakage current..Researchers.have.attempted.
to.fabricate.top-gate.graphene.FETs.and.suggest.a.method.that.involves.changing.the.
material.or.functionalization.with.chemicals.or.a.self-.assembled.monolayer.

These.solutions.offer.breakthroughs.to.high-frequency.devices.with.operating.fre-
quencies.of.GHz.range..Figure 5.7.shows.a.graphene.transistor.operating.with.a.fre-
quency.of.26.GHz.[29]..Single-layer.graphene.is.made.using.mechanical.exfoliation.
confirmed.by.Raman.spectroscopy..Source.and.drain.electrodes.consisting.of.1.nm.
Ti.and.50.nm.Pd.are.defined.through.e-beam.lithography..A.functionalized.layer.con-
sisting.of.50.cycles.of.NO2-TMA.is.deposited,.followed.by.atomic.layer.deposition.of.
a.12-nm.Al2O3.layer.as.a.gate.insulator..10.nm.and.50.nm.Pd.and.Au.are.deposited.
as.gate.electrodes,.which.are.40.μm.in.width.and.500.nm.in.length.(Figure 5.7[a]).

Figure 5.7(c). shows.conductance.as.a. function.of.gate.voltage.before.and.after.
(inset).depositing.the. top-gate.dielectric..The.Dirac.(the.point.which.is.defined.as.
the.gate.voltage.at.minimum.conductance).is.moved.dramatically..Mobility,.which.
is.400.cm2/V·s.before.deposition,.is.also.significantly.reduced..This.degradation.of.
mobility. is.due. to. charged. impurity. scattering.associated.with. the.NO2. layer. and.
phonon.scattering.at.the.interface.

Graphene. radio. frequency. (RF). transistors. have. been. successfully. fabricated. in.
wafer.size.by.epitaxial.growth.as.well.[32]..Graphene.is.epitaxially.formed.on.the.SiC.
semi-insulating. wafer. by. thermal. annealing,. and. shows. a. Hall. effect. mobility. over.
1000.cm2/V·s..Polyhydroxystyrene.is.used.as.an.interfacial.polymer.layer.before.depo-
sition.of.a.10-nm.HfO2.insulating.layer..This.deposition.of.thin.high-k.material.main-
tains.the.Hall.effect.carrier.mobility,.over.900.cm2/V·s,.resulting.in.a.cutoff.frequency.
of.100.GHz,.which.is.a. larger.value.compared.to.silicon-based.devices.with.similar.
structure..Figure 5.8.shows.a.graphene.transistor.array.operating.with.a.frequency.of.
100.GHz..The.device.array.is.fabricated.using.graphene.epitaxially.grown.on.a.SiC.
insulating.wafer..In.addition,.this.operation.frequency.of.100.GHz.is.the.value.before.
optimization.in.terms.of.geometry.and.mobility,.indicating.a.possibility.of.operation.of.
graphene.in.the.THz.range..Therefore,.there.are.plenty.of.possibilities.for.graphene.in.
THz.devices.
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FIGURE 5.7 (a).Optical. image.of. the.device. layout.with.ground-signal-ground. accesses.
for.the.drain.and.the.gate..(b).Schematic.cross.section.of.the.graphene.transistor..Note.that.
the.device.consists.of.two.parallel.channels.controlled.by.a.single.gate.in.order.to.increase.
the.drive.current.and.device.transconductance..(c).Measured.current.gain.h21.as.a.function.
of. frequency.of.a.GFET.with.LG.=.150.nm,. showing.a.cut-off. frequency.at.26.GHz..The.
dashed.line.corresponds.to.the.ideal.1/f.dependence.for.h21..(d).Measured.conductance.as.a.
function.of.back-gate.voltage,.VBG,.of.the.graphene.transistor.before.depositing.the.top-gate.
dielectric..The.inset.shows.the.same.device.after.the.deposition.of.Al2O3.by.ALD..The.two.
arrows.represent.the.sweeping.direction.of.the.gate.voltage..(From.Lin,.Y.-M.,.Jenkins,.K..A.,.
Valdes-Garcia,.A.,.Small,.J..P.,.Farmer,.D..B.,.and.Avouris,.P..2008..Operation.of.graphene.
transistors.at.gigahertz.frequencies..Nano Letters.9.(1):.422–426..Copyright.2008.American.
Chemical.Society..With.permission.)
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5.3.2   flexible Graphene-based transistor

Graphene. is.a.very.attractive.material. for.a. large. range.of.applications,. including.
displays,.sensors,.and.solar.cells.because.of.its.outstanding.mechanical,.optical,.and.
electrical. properties. [33–36]..For. these. reasons,.much. research.has.been.done.on.
graphene.transistors.with.respect.to.substrates,.electrodes,.and.dielectrics.[17,37–39]..
Since.the.problem.of.synthesizing.large-area,.high-quality.graphene.has.been.solved,.
graphene.films.can.now.be.considered.for.many.kinds.of.applications.such.as.FETs,.
transparent.electrodes,.and.flexible.and.stretchable.electrodes.[6,16,17].

Figure 5.9.shows.the.first.graphene.transistor.arrays.in.a.3-inch.wafer.size.with.
mobility. of. around. 2000. cm2/V·s. [18].. Generally,. there. are. two. ways. to. synthe-
size.high-quality.graphene.in.large.scale.for.FET.applications.[18,32,40]..The.first.
method.uses.graphene.grown.directly.on.a.SiC.wafer..The.second.method.involves.
transferring. graphene. films. synthesized. on. a. metal. catalyst. to. a. useful. substrate,.
such.as.a.flexible.substrate..The.latter.approach.is.attractive.in.terms.of.the.possibil-
ity.of.device.fabrication.over.large.areas,.flexible.substrates..Although.several.stud-
ies.have.been.reported.about.flexible.graphene.FETs.[41],.there.are.still.remarkable.
obstacles.in.fabricating.large-scale,.flexible.graphene.FETs.
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FIGURE 5.8 (a). Image.of. devices. fabricated. on. a. 2-inch.graphene. wafer. and. schematic.
cross-sectional.view.of.a.top-gated.graphene.FET..(b).Measured.small-signal.current.gain.∙h21∙.
as.a.function.of.frequency.f.for.a.240-nm-gate.(◇).and.a.550-nm-gate.(△).graphene.FET.at.
VD.=.2.5.V..Cutoff.frequencies,.fT,.were.53.and.100.GHz.for.the.550-nm.and.240-nm.devices,.
respectively.. (From.Lin,.Y.-M.,.Dimitrakopoulos,.C.,. Jenkins,.K..A.,.Farmer,.D..B.,.Chiu,.
H.-Y.,.Grill,.A.,.and.Avouris,.P..2010..100-GHz.transistors.from.wafer-scale.epitaxial.gra-
phene..Science.327.(5966):.662..Copyright.2010.American.Association.for.the.Advancement.
of.Science..With.permission.)
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To.fabricate.graphene.FETs,.a.high-capacitance.gate.dielectric.that.forms.a.good.
interface.with.graphene.films.is.required..Although.several.high-k.materials.includ-
ing.HfO2,.Al2O3,.and.ZrO2.have.been.applied.to.graphene.FETs,.they.are.not.avail-
able. for. flexible. devices. based. on. plastic. substrates. due. to. their. high. processing.
temperature. [29,32,42]..Therefore,. a. high-capacitance. gate. dielectric. that. forms. a.
good.interface.with.graphene.film.through.a.low-temperature.process.is.demanded..
This.problem.can.be.solved.by.a.high-capacitance,.solution.processable.ion-gel.gate.
dielectric.[43–45].

Figure 5.10.shows.the.process.for.fabricating.a.flexible.graphene.FET.on.a.poly-
ethylene. terephthalate. (PET). substrate. with. an. ion-gel. gate. dielectric. [46].. First.
of. all,. they. formed. source. and. drain. electrodes. with.Cr/Au. through. conventional.
photo.lithography..Graphene.film.synthesized.on.Cu.foil.was.transferred.and.isolated.
to.make.the.channel.region..Ion-liquid.with.gelating.triblock.copolymer.was.drop.
casted.to.form.an.ion-gel.dielectric.layer.followed.by.Au.deposition.using.a.shadow.
mask.to.form.the.gate.electrode.

Figure 5.11.illustrates.the.performance.of.the.flexible.graphene.FET..Figure 5.11(a).
is.an.image.of.the.bent.device.array..The.transfer.and.current-voltage.characteristics.
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FIGURE 5.9 Electrical.properties.of.graphene.FETs.and.strain.sensors..(a).Images.of.gra-
phene.FET.arrays.(∼16,200.devices).fabricated.on.a.3-inch.SiO2/Si.wafer..Source.and.drain.
electrodes.are.formed.by.100-nm-thick.Au..Inset.denotes.an.image.of.the.representative.tran-
sistor..(b).A.transfer.curve.of.the.transistor.whose.channel.length.and.width.are.both.5.μm..
Inset.denotes.a.schematic.cross.section.of.a.device..(c).Distribution.of.the.hole.and.electron.
mobility.of.graphene.FETs.. (From.Lee,.Y.,.Bae,.S.,.Jang,.H.,.Jang,.S.,.Zhu,.S.-E.,.Sim,.S..
H.,.Song,.Y..I.,.Hong,.B..H.,.and.Ahn,.J.-H..2010..Wafer-scale.synthesis.and.transfer.of.gra-
phene. films.. Nano Letters. 10. (2):. 490–493.. Copyright. 2010. American. Chemical. Society..
With.permission.)
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of.the.device.show.low-voltage.operation.and.high.on-current.(Figure 5.11[b])..This.
is. due. to. the. large. capacitance.of. the. ion-gel,.which. consists. of. a. room-tempera-
ture.ionic.liquid.and.a.gelating.triblock.copolymer.with.a.large.capacitance.value,.
as.high.as.5.17.μF/cm2..In.addition,.unlike.other.oxide-based.dielectric.materials,.
the. robust. flexibility. of. ion-gel. provides. higher. flexibility,. which. is. presented. in.
Figure 5.11(c),.and.stable.operation.of.the.device.with.a.small.bending.radius.up.to.
5.mm..Figure 5.11(d).shows.the.statistic.distribution.of.mobility.around.200.cm2/V·s.
and.100.cm2/V·s.for.hole.and.electron,.respectively..The.results.offer.opportunities.
for.graphene.in.devices.requiring.unusual.form.factors,.including.mechanical.flex-
ibility.and.stretchability.

Future.electronic.devices.require.good.mechanical.properties.as.well.as.optical.
transmittance..When.a.metal.film.is.applied.as.an.electrode,.it.is.impossible.to.build.a.
transparent,.flexible.device.system..Recently,.a.transparent.thin.film.transistor.(TFT).
has.been.developed.[47]. that.uses.graphene.as.a.conducting.electrode.and.single-
walled.carbon.nanotubes.(SWNTs).as.the.semiconducting.channel..These.SWNTs.
and.graphene.films.are.printed.on.flexible.plastic.substrates.using.a.printing.method..
The.resulting.devices.exhibit.excellent.optical.transmittance.and.electrical.proper-
ties..A.schematic. illustration.of.a. transparent.TFT.device.and. its.morphology.are.
presented.in.Figures 5.12(a).and.5.12(b),.respectively..The.photograph.of.the.devices.
(Figure 5.12[c]).demonstrates.excellent.optical.transmittance.and.mechanical.bend-
ability..The.resulting.TFT.devices.exhibit.mobility.of.~2.cm2/V·s.and.an.on/off.ratio.
of.~102,.and.the.performance.is.independent.on.each.channel.length.(Figure 5.12[d]).
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FIGURE 5.10 Schematic.diagram.of.the.steps.used.to.fabricate.the.ion-gel.gated.graphene.
transistor.array.on.a.plastic.substrate..(From.Kim,.B..J.,.Jang,.H.,.Lee,.S.-K.,.Hong,.B..H.,.
Ahn,.J.-H.,.and.Cho,.J..H..2010..High-performance.flexible.graphene.field.effect.transistors.
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FIGURE 5.11 Electrical.and.mechanical.properties.of. ion-gel.gated.graphene.FETs. fab-
ricated.on.a.flexible.plastic.substrate..(a).Optical.images.of.an.array.of.devices.on.a.plastic.
substrate.. (b).Transfer. characteristics.of.graphene.FETs.on.plastic. substrate.. In. the.output.
curve,.the.gate.voltage.was.varied.between.+2.and.−4.V.in.steps.of.−1.V..The.insert.is.the.
schematic. illustration.of.flexible.TFTs.. (c).Normalized.effective.mobility.(μ/μ0).as.a. func-
tion. of. the. bending. radius.. (d). Distribution. of. the. hole. and. electron. mobility. of. graphene.
FETs..(From.Kim,.B..J.,.Jang,.H.,.Lee,.S.-K.,.Hong,.B..H.,.Ahn,.J.-H.,.and.Cho,.J..H..2010..
High-performance.flexible.graphene.field.effect.transistors.with.ion.gel.gate.dielectrics..Nano 
Letters.10.(9):.3464–3466..Copyright.2010.American.Chemical.Society..With.permission.)
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5.4  TRANSPARENT ELECTRODES

In. addition. to. being. conductive. and. transparent,. the. next. generation. of. optoelec-
tronic.devices.requires.that.transparent.conductive.electrodes.are.lightweight,.flex-
ible,. cheap,. and.compatible.with. large-scale. fabricating.methods..Graphene.has.a.
great.potential.for.the.electrode.application.of.organic.electronic.devices.where.low.
sheet.resistance.and.high.transparency.are.essential..The.conventional.transparent.
electrode.for.optoelectronic.devices.is.indium.tin.oxide.(ITO).or.fluorine-doped.tin.
oxide,.which.suffer. from. the.scarcity.of. indium.reserves.and. the.brittle.nature.of.
metal.oxide.[12,48,49]..Carbon.nanotubes.and.nanowires.have.been.used.as.transpar-
ent.electrodes.for.optoelectronic.devices.as.alternative.materials.[50–52]..However,.
the.significant.roughness.of.such.films.imposes.serious.limitations.on.their.applica-
tion..For.example,.the.morphology.of.the.transparent.electrode.of.an.organic.photo-
voltaic.(OPV).is.very.important.in.order.to.reduce.the.possibility.of.leakage.current.
and.short.circuits.and.improve.performance..The.roughness.of.graphene.grown.by.
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Physics..With.permission.)
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CVD.is.less.than.1.nm,.which.is.comparable.to.that.of.commercial.ITO.and.much.
smoother.than.that.of.carbon.nanotubes.

The.optical.and.electrical.characterization.of.large-scale.graphene.film.is.shown.
in.Figure 5.13..The.randomly.stacked.graphene.layers.show.that.the.optical.transpar-
ency.proportionally.decreased.according.to.the.number.of.layers.[5,6,19,52,53]..The.
transmittance.of.1-.to.4-layer.graphene.film.is.distributed.from.97.4%.to.90.1%.at.
the.wavelength.of.550.nm.with.the.decrease.around.2.5%.per.layer..To.increase.the.
conductance.of.graphene.film,.doping.using.acid.such.as.HNO3.is.performed.after.
the. transfer. process.. This. doping. process. may. induce. little. decrease. in. transmit-
tance,.as.shown.in. the.graph. in.Figure 5.13(c)..Figure 5.13(b).shows. the. tendency.
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of.resistance.with.respect.to.an.increase.in.the.number.of.stacked.graphene.layers..
Because.the.defect.produced.during.the.transfer.process.is.corrected.when.another.
layer. is. stacked. on. it,. the. resistance. is. remarkably. decreased.. The. resistances. of.
graphene.films.that.are.transferred.using.different.methods.are.grouped.with.similar.
values.around.50.Ω/◻.when.graphene.is.stacked.in.4.layers,.which.is.independent.
of. the. transfer.method..Figure 5.13(c). summarizes. the. relationship.between. sheet.
resistance.and. transparency.of. ITO,.carbon.nanotubes,.and.graphene.prepared.by.
different.techniques..The.resistance.of.4-layer.graphene.is.lower.than.that.of.ITO.and.
carbon.nanotubes.at.transmittance.of.90%,.whether.it.is.doped.or.not,.as.shown.in.
Figure 5.13(c)..The.transparent.electrode.made.by.CVD.has.a.higher.transmittance.
in.the.visible.and.infrared.(IR).region.and.is.more.stable.under.bending,.compared.
with. ITO,.which.has. a. sheet. resistance.of. 5–60.Ω/◻. and.~85%. transmittance. in.
the. range. of. 400–900. nm.. To. replace. ITO. electrodes,. it. is. generally. agreed. that.
graphene.should.at. least.present.a.sheet. resistance.of. less. than.100.Ω/◻,.coupled.
with.a. transmittance.of.more. than.90%. in. the.visible. range. [52,54,55]..With. this.
result.we.can.argue.that.graphene.film.is.a.proper.material.to.replace.ITO.in.the.near.
future..Moreover,. the. calculated. resistance.value.of.graphene. is.much. lower. than.
roll-to-roll.doped.graphene.film..If.the.quality.of.graphene.and.the.transfer.process.
are.improved.continuously,.highly.conductive.transparent.electrodes.for.applications.
that.require.them.will.be.achieved.

5.4.1   touch-screen panels

A.representative.application.of.transparent.electrodes.is.the.touch.screen,.which.has.
been.adapted.to.many.kinds.of.electrical.devices,.such.as.cell.phones.and.monitors..
The.resistive.type.touch.screen.is.operated.by.short.transparent.electrodes.between.
the.top.and.bottom.that.are.activated.when.mechanical.force.is.applied.to.the.system.
[56]..This.type.of.touch.screen.requires.a.resistance.value.up.to.550.Ω/◻,.which.can.
be.fabricated.with.monolayer.graphene..The.area.of.graphene.electrodes.is.defined.
by.photolithography.or.shadow.masking.with.oxygen.plasma.etching.in.a.few.sec-
onds..After.screen.printing.(using.silver.paste).to.make.the.x-axis.and.y-axis.on.both.
the.top.and.bottom.graphene/PET.films,.the.UV.or.thermally.curable.spacer.dots.are.
coated.on.the.bottom.graphene.electrode.to.prevent.shorting.problems.between.lay-
ers..Before.attaching.the.top.and.bottom.films,.contact.via.a.hole.is.formed.to.extract.
a.signal..Finally,.the.graphene-based.touch.screen.is.finished.after.attaching.the.top.
and.bottom.films,.as.shown.in.Figure 5.14.[5].

Figure  5.15. shows. a. resistive. type. touch. screen. that. uses. graphene. elec-
trodes.. Figures  5.15(a). and. 5.15(b). represent. the. screen. printing. process. onto.
the. graphene. electrode. and. the. final. touch. screen. product. with. good. flexibility..
This.graphene-based.touch.screen.shows.reliable.operation.even.after.many.bend-
ing.tests,.due.to.the.outstanding.mechanical.properties.of.graphene.electrodes,.as.
shown.in.Figure 5.15(c)..A.comparison.of.resistance.change.according.to.bending.
strain.between.graphene.film.[5].and.ITO.[57].is.shown.in.Figure 5.15(d)..Resistance.
of.ITO.is.significantly.increased.under.a.strain.value.of.2~3%..Graphene.exhibits.
little.change.in.resistance.up.to.6%.strain..This.limitation.value.is.not.a.property.of.
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graphene,.but.is.instead.a.result.of.printed.silver.electrodes..This.demonstration.indi-
cates.that.the.flexible.graphene.electrode.is.close.to.being.used.in.real.applications.

5.4.2   electrodes for orGanic devices

As.indicated,.graphene.is.an.attractive.material.for.the.conductive.transparent.elec-
trodes.of.flexible.optoelectronic.devices,.such.as.OPVs.[8–13],.organic.light-emitting.
diodes.(OLEDs).[14,15],.and.bulk.heterojunction.polymer.memory.[58,59],.because.
of.its.unique.optical.transmittance.and.good.electric.conductivity..Researchers.have.
developed.various.methods.to.prepare.graphene.or.reduced.graphene.oxide.suspen-
sions.for.fabrication.of.transparent.conductive.electrodes.[6,16,17,60–69].

Recently,.graphene.films,.including.reduced.graphene.oxide.(GO).and.CVD.gra-
phene,.have.been.explored. for. application.as. transparent. conductive.electrodes. in.
solar.cells..In.dye-sensitized.solar.cells,.exfoliated.graphene.sheets.with.a.thickness.
of.10.nm.and.30.nm.were.used.as.electrodes.and.the.resulting.device.had.a.power.
conversion.efficiency.of.0.26%.[8].
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An.illustration.of.polymeric.P3HT:PCBM-based.bulk.heterojunction.organic.solar.
cells.is.presented.in.Figure 5.16(a),.in.which.the.architecture.of.the.device.is.substrate/
graphene.(or.GO)/.electron.blocking.layer.(normally,.PEDOT:PSS)/.active.layer/.hole.
blocking. layer. (e.g.,. LiF,. Ca,. and. Alq3,. etc.)/. metal.. Conventionally,. graphene. or.
GO.works.as.an.anode.and.light.can.pass.through.on.this.side..The.devices.using.
chemically.made.graphene.or.graphene.oxide.as.an.electrode.exhibit.rather.moder-
ate.performance.[9,70,71]..A.power.conversion.efficiency.(PCE).of.around.0.1%.is.
obtained.by.using.doped.reduced.graphene.oxide.films.as.electrodes.[9],.which.had.
a.sheet.resistance.of.40.kΩ/◻.and.a.transparency.of.64%..The.poor.performance.is.
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caused.by.the.huge.contact.resistance.of.small.graphene.flakes.and.the. insulating.
property.of.graphene.that.is.reduced.from.graphene.oxide..The.structural.defects.and.
lateral.disorder.of.such.exfoliated.graphene.negatively.affects.the.carrier.mobility.of.
the.film..A.nanocomposite.comprised.of.chemically.converted.graphene.and.carbon.
nanotubes.had.a.sheet.resistance.of.240.Ω/◻.at.86%.transmittance..The.OPV.devices.
constructed.with.this.kind.of.electrode.demonstrate.0.85%.PCE.[72].
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FIGURE 5.16 (a).Schematic.structure.of.OPVs.with.graphene.electrodes..(b).Energy.dia-
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CVD-grown. graphene. with. extremely. high. intrinsic. mobility. can. result. in.
improved. performance.. The. average. sheet. resistance. varied. from. 1350. Ω/◻. to.
210.Ω/◻.with.a.transparency.from.91%.to.72%.in.the.visible.range.for.6-.to.30-nm-
thick.graphene.grown.on.a.Ni.substrate.by.CVD.[11]..A.Ni.graphene.is.transferred.
to.the.substrate.and.used.as.an.anode..A.PEDOT:PSS.thin.film.of.40.nm.working.
as.a.hole.injecting.layer.of.the.device.is.spin.coated.and.annealed.at.140°C.for.10.
minutes.. The. third. layer. is. the. active. layer. of. bulk. heterojunction. composites. of.
P3HT:PCBM..Finally,.LiF.and.Al.are.deposited.as.a.hole.blocking.layer.and.cath-
ode,.respectively..The.current.density-voltage.characteristic.of.OPV.devices.is.pre-
sented.in.Figure 5.16..When.a.pristine.graphene.is.applied.as.an.anode,.the.device.
has.an.open-circuit.voltage. (Voc).of.0.32V,.a.short-circuit.current.density. (Jsc).of.
2.39mA/cm2,.a.fill.factor.(FF).of.27%,.and.overall.PCE.of.0.21%..The.poor.perfor-
mance.is.attributed.to. the.hydrophobic.property.of.graphene.film,.which.prevents.
the.spread.of.PEDOT:PSS.on.the.graphene.surface.from.being.uniform..After.being.
treated.by.UV/ozone,.the.graphene.electrode.changes.the.wettability.and.improves.
PCE.to.0.74%..A.self-assembled.pyrenebutanoic.acid.succinimidyl.ester.(PBASE).is.
performed.to.modify.the.surface.property.of.graphene..The.resulting.device.shows.
excellent.characteristics.of.Voc.=.0.55V,.Jsc.=.6.05A,.FF.=.51.3%,.and.overall.PCE.=.
1.71%,.which.is.about.55.2%.of.the.PCE.of.the.ITO.electrode.device.(3.1%)..It.should.
be.noted.that.the.self-assembled.PBASE.film.not.only.improves.the.hydrophilic.prop-
erty,.but.also.effectively.tunes.the.work.function.of.graphene.(Figure 5.16)..When.
a.CVD.multilayer.graphene.is.used.as.an.anode.and.a.hole.blocking.TiOx.layer.is.
inserted,.the.PCE.of.OPVs.is.enhanced.to.~2.6%.[13],.which.is.considerably.high.
efficiency.compared.with.other.OPVs.adopting.graphene.as.an.electrode.

For.bilayer.small-molecule.(CuPc/C60).OPV.devices,.moderate.PCE.of.less.than.
0.4%.is.obtained.when.solution.processed.graphene.oxide.films.are.applied.as.elec-
trodes.[10],.in.which.the.thickness.of.graphene.films.is.4–7.nm.and.the.correspond-
ing.sheet.resistance.and.transmittance.are.100–500k.Ω/◻.and.85–95%,.respectively..
The.PCE.value.in.this.work.is.just.half.of.ITO.electrode.devices..The.devices.with.
CVD-grown.graphene.as.electrodes.show.much.better.performance.[73]..For.pris-
tine.CVD-grown.graphene.electrode.OPV.devices,.the.overall.performance.is.only.
slightly.inferior.to.their.counterparts.with.ITO.electrodes,.which.is.supposed.to.be.
limited.by.the.high.sheet.resistance.and.hydrophobic.property.of.graphene..Much.
effort. has. been. devoted. to. exploring. ways. to. decrease. the. sheet. resistance. and.
improve.the.surface.wetting.property.between.graphene.and.the.hole-injecting.layer.
of.PEDOT:PSS.[74–76]..The.sheet.resistance.is.reduced.by.a.factor.of.3.after.chemi-
cal.doping.by.nitric.acid,.resulting.in.transparent.graphene.films.with.Rs.=.90.Ω/◻.
at.a.transmittance.of.80%.at.550.nm..AuCl3.was.found.to.be.a.wonderful.dopant.in.
both.cases..AuCl3.doping.on.graphene.can.significantly.reduce.the.sheet.resistance.
of.graphene.electrodes.and.change.the.graphene.surface.from.hydrophobic.to.hydro-
philic,.enabling.a.uniform.hole.blocking.layer.to.be.achieved..As.a.result,.the.PCE.of.
1.63%.is.observed.[73].for.AuCl3-doped.graphene.electrode.OPV.devices.

An. important. aspect. of. modern. optoelectronic. thin. film. devices. is. flexibility,.
which.is.also.a.critical.advantage.of.transparent.graphene.electrodes.compared.to.its.
ITO.counterpart..A.chemically.reduced.graphene.oxide.film.is.transferred.onto.a.PET.
substrate.and.the.resulting.flexible.transparent.film.is.used.as.an.electrode.for.flexible.
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polymeric.bulk.heterojunction.solar.cells.[77]..The.active.layer.of.P3HT:PCBM.is.
spin.coated.on.the.surface.of.graphene.films..The.device.performance.is.more.sensi-
tive.to.sheet.resistance.than.transmittance.of.graphene.electrodes..The.sheet.resis-
tance.of.graphene.films.can.be.controlled.by.thickness..The.obtained.graphene.films.
have.a.sheet.resistance.of.720.Ω/◻.with.a.corresponding.transmittance.of.40%.and.
16k.Ω/◻.with.transmittance.of.88%.when.the.thickness.is.28.nm.and.4.nm,.respec-
tively..The.lower.sheet.resistance.of.graphene.film.enhances.the.current.density.of.
devices.and.thus.the.overall.power.conversion.efficiency..The.best.PCE.of.0.78%.is.
achieved.for.flexible.OPVs.using.a.chemically.reduced.graphene.film.as.an.electrode..
Figure 5.17.depicts.the.performance.of.flexible.OPVs.changing.with.the.bending.test..
The.devices.present.excellent.stability.even.after.bending.a.thousand.times..As.men-
tioned,. the. sheet. resistance.of.graphene.electrodes. can.be. significantly.decreased.
when.using.CVD-grown.graphene. instead.of. reduced.graphene..The.CVD-grown.
graphene.shows.a.sheet.resistance.of.230.Ω/◻.at.72%.transparency..The.solar.cell.
devices.fabricated.with.such.CVD-grown.graphene.electrodes.exhibit.PCEs.of.1.18%.
for.small.molecule.(CuPc/C60).OPVs,.which.is.comparable.to.that.of.ITO.electrode.
devices.of.1.27%.[12]..Moreover,.the.stability.of.graphene.electrode.devices.is.proved.
by.applying.bending.conditions.up.to.138°,.which.completely.surpasses.that.of.ITO.
devices.that.just.survive.bending.conditions.at.36°.(Figure 5.17).

Solution-processed. [14]. and. CVD-grown. graphene. [15]. thin. films. are. also.
applied.in.organic.light-emitting.diodes..The.device.structure.is.substrate/graphene.
(or.ITO)/.PEDOT:PSS./.N,.N′-1-naphthyl-N,.N′-diphenyl-1,1′-biphenyl-4,.4′diamine.
(NPD)/. tris(8-hydroxyquinoline).aluminum.(Alq3)/.LiF/.Al,.as. shown. in. the. inset.
of. Figure  5.18(a).. OLED. devices. with. graphene. electrodes. result. in. current. drive.
and. light. emission. intensity. comparable. to. those. with. ITO. electrodes. in. the. low.
current.density.range.(<10mA/cm2)..In.addition,.the.turn-on.voltage.for.graphene-
electrode. and. ITO-electrode. OLEDs. is. 4.8V. and. 3.8,. respectively.. Figure  5.18(b).
depicts.the.external.quantum.efficiency.(EQE).and.luminous.power.efficiency.(LPE).
of.both.graphene-.and.ITO-electrode.OLEDs..The.remarkable.results.that.have.been.
achieved.indicate.that.the.EQE.and.LPE.for.graphene-based.OLEDs.nearly.matches.
ITO-based.devices.despite.the.fact.that.graphene.electrodes.have.a.sheet.resistance.
nearly.2.orders.of.magnitude.higher.than.the.ITO.electrode.

5.5  GRAPHENE-BASED GAS BARRIER FILM

One.of.most.important.concepts.in.the.future.electronics.market.is.flexible.electron-
ics..To.realize.this.aim,.many.researchers.have.attempted.to.solve.the.substrate.prob-
lem.. There. are. three. representative. candidates. for. flexible. electronics:. thin. glass,.
stainless.steel,.and.plastic.substrates..Thin.glass.substrates.have.advantages.such.as.
high.transparency.and.low.surface.roughness..Stainless.steel.also.has.benefits.such.
as.less.deformation.and.high.elastic.modulus..Although.both.substrates.have.benefits,.
plastic.substrates.are.likely.to.be.adopted.in.the.roll-to-roll.process,.which.is.a.low-
cost.production.process..However,.it.is.hard.to.realize.flexible.electronics.on.plastic.
substrates.at.this.moment.because.of.high.gas.permeation.behavior..A.high.gas.per-
meation.rate.results.in.degradation.of.device.performance.in.a.short.time,.so.the.reli-
ability.of.devices.will.be.poor..Table 5.1.shows.the.required.water.vapor.transmission.
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rate.(WVTR).value.for.different.applications.[78–80]..Electric.devices.using.organic.
materials. require. a.high. level.of. impermeability,. as.much.as.10−6.g/m2/day. level..
PET.film.represents.a.1.~.10.g/m2/day.value,.which.is.a.much.higher.value.than.that.
shown.in.the.table..Many.researchers.have.been.focused.on.reducing.this.effect..One.
representative.method.is.coating.multiple.layers.of.polymer.and.oxide.materials.in.a.
vacuum..Despite.the.fact.that.this.structure.can.reduce.the.WVTR.value.to.around.
~10−6.g/m2/day.level,.there.are.some.disadvantages,.such.as.deformation.under.strain.
and.high.process.cost.as.a.result.of.UHV.process.pressure.[80].
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FIGURE 5.17 (a).J-V.curves.of.device.after.applying.(i).400,.(ii).800,.and.(iii).1200.cycles.
of.bending..The.short-circuit.current.density.(Jsc),.overall.power.conversion.efficiency.(η),.
and.the.sheet.resistance.(RS).of.the.device.are.plotted.as.a.function.of.bending.cycles.in.(b)..
Inset. in. (a):. photograph. of. the. bending-relaxing. experiments. of. the. OPV. device.. Current.
density.vs..voltage.characteristics.of.CVD.graphene..(c).or.ITO.(d).photovoltaic.cells.under.
100.mW/cm2.AM1.5G.spectral.illumination.for.different.bending.angles..Insets.in.(c).and.(d).
show.the.experimental.setup.employed.in.the.experiments..([a].and.[b].reprinted.with.permis-
sion.from.Li,.S.-S.,.Tu,.K.-H.,.Lin,.C.-C.,.Chen,.C.-W.,.and.Chhowalla,.M..2010..Solution-
processable.graphene.oxide.as.an.efficient.hole.transport.layer.in.polymer.solar.cells..ACS 
Nano.4. (6):.3169–3174..Copyright.2010.American.Chemical.Society;. [c].and. [d]. reprinted.
with.permission.from.Gomez.De.Arco,.L.,.Zhang,.Y.,.Schlenker,.C..W.,.Ryu,.K.,.Thompson,.
M..E.,. and.Zhou,.C..2010..Continuous,.highly.flexible,.and. transparent.graphene.films.by.
chemical.vapor.deposition.for.organic.photovoltaics..ACS Nano.4.(5):.2865–2873..Copyright.
2010.American.Chemical.Society.)
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Graphene.has.a.2-dimensional.densely.packed.atomic.structure.with.short.atomic.
spacing. that. can. prohibit. the. diffusion. of. foreign. atoms. through. this. lattice. [34]..
Moreover,.there.is.a.report.introducing.gas.impermeability.for.smaller.gas.molecules.
such.as.He..Figure 5.19.shows.a.graphene.bubble.that.occurred.by.pressure.differ-
ence.between.two.parts.separated.by.a.graphene.membrane..This.bubble.can.stand.
in.−93.kPa.pressure.with.a.bubble.height.around.175.nm.[81]..This. suggests. that.
large-scale.graphene.film.has.potential.as.a.gas.barrier. layer.of.plastic.substrates..
Through.the.large-scale.synthesis.and.transfer.method.introduced.above,.large-scale.
randomly.stacked.graphene.can.be.formed.onto.any.kind.of.useful.plastic.substrate,.
and.the.optical.transparency.of.barrier.film.is.proportional.to.the.thickness.of.the.
graphene.film.
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FIGURE 5.18 (a).Current.density.and. luminance. level.of.both.OLED.based.on.solution-
processed.graphene.and.ITO..(b).Comparison.of.external.quantum.efficiency.and.luminous.
power. efficiency. for. solution-processed. graphene. electrode. OLED. and. ITO. electrodes..
(From.Wu,.J.,.Agrawal,.M.,.Becerril,.H..A.,.Bao,.Z.,.Liu,.Z.,.Chen,.Y.,.and.Peumans,.P..2009..
Organic. light-emitting.diodes.on. solution-processed.graphene. transparent. electrodes..ACS 
Nano.4.(1):.43–48..Copyright.2009.American.Chemical.Society..With.permission.)
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FIGURE 5.19 (a).Scheme.of.a.microchamber.created.by.graphene.membrane..The. inset.
image.denotes. the.graphene.membrane.suspended.on.440-nm.SiO2.with.an.area.of.4.75.×.
4.74.μm2..(b).Cross-sectional.view.of.microchamber..(c).AFM.image.of.multilayer.graphene.
drumhead.with.∆p.>.0..(d).The.AFM.image.of.graphene.membrane.of.(a).when.the.pressure.
difference.is.∆p.=.−93kPa..The.minimum.z.position.of.this.membrane.is.175.nm..(e).Change.
in.z.shape.of.graphene.membrane.with.respect.to.the.time.until.71.3.h.in.ambient.condition..
Inset.graph.denotes.the.center.position.of.the.graphene.membrane.according.to.time..(From.
Bunch,.J..S.,.Verbridge,.S..S.,.Alden,.J..S.,.van.der.Zande,.A..M.,.Parpia,.J..M.,.Craighead,.
H..G.,.and.McEuen,.P..L..2008..Impermeable.atomic.membranes.from.graphene.sheets..Nano 
Letters.8.(8):.2458–2462..Copyright.2008.American.Chemical.Society..With.permission.)

TABLE 5.1
Required Water Vapor Transmission 
Rate Value for Different Applications

Application WVTR (g/m2/day)

OLED 10–6

Solar.cell 10–4

LCD

10–2RFID.tag

EL.display
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Above.all,. large-scale.graphene.films.grown.on.Cu. foil.can.act.as.an.antioxi-
dation. layer. for. the.Cu. foil..This.possibility. can.be. easily.measured. through. the.
oxidation. level. with. certain. conditions. for. two. different. copper. foils. where. one.
has.a.graphene.layer.and.the.other.has.no.graphene.layer..These.samples.are.being.
exposed.to.air.in.two.months.with.ambient.pressure.and.room.temperature..The.Cu.
foil.with.graphene.on. the. surface. experiences. lower.oxidation,.while. the.Cu. foil.
without.graphene.experiences.remarkable.surface.change..The.result.indicates.the.
gas.impermeability.of.large-area.graphene.film.that.is.synthesized.using.the.CVD.
method.[82].

A.graphene.barrier.layer.with.dimensions.larger.than.10.×.10cm2.is.used.to.test.
WVTR..To.demonstrate.the.possibility.of.a.barrier.layer.using.graphene,.the.WVTR.
is.measured.via.tritiated.water.(3H2O),.which.can.be.detected.by.a.radioactive.analy-
sis.system,.as.shown.in.Figure 5.20(a)..The.tritiated.water. that.has.penetrated. the.
graphene.film.is.detected.by.a.beta-ray.detector.that.is.as.sensitive.as.10−6.g/m2/day..
Figure 5.20(b).shows. the.WVTR.result. for.6-layer.graphene.film.in.500.minutes..
The. initial.WVTR.value. is.around.10−4.g/m2/day,.which. is.comparable. to. that.of.
inorganic.barrier.coating.materials.such.as.Al2O3.and.SiO2.[83].

The.microcracks.induced.during.the.transfer.process.and.particles.result.in.the.
increase.of. the.WVTR.value.of. the.graphene.film.barrier. layer..After. enhancing.
the.technology.of.the.transfer.process,.the.quality.of.synthesis,.and.clean.environ-
ment,.the.gas.impermeability.of.graphene.films.may.be.improved..Graphene.film.has.
fascinating.benefits.such.as.high.transmittance,.which.is.essential.for.optoelectronic.
systems,.and.printable.process.for.roll-to-roll.process.compared.with.other.barrier.
materials..Considering.these.properties,.graphene.film.barriers.can.be.used.for.food.
packaging.and.flexible.electronic.systems.
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FIGURE 5.20 (a).Structure.and.principle.of.water.vapor.transmission.rate.(WVTR).mea-
surement.system..(b).WVTR.for.6-layer.graphene-covered.PET.film.within.500.minutes.
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5.6  CONCLUDING REMARKS

In. this.chapter.we.reviewed.some.recent.work. involving.graphene.films.for.high-.
performance. transistors.on.rigid.and.even.flexible.substrates..The.chemical.vapor.
deposition.approaches. for.producing.high-quality,. large-area.graphene.films.were.
discussed..These.materials.and.approaches.could.enable.high-performance.electron-
ics.on.plastic.substrates,.as.demonstrated.in.several.different.application.examples..
Successful.commercial.implementation.of.such.techniques.represents.a.significant.
engineering.challenge,.but.could.create.interesting.opportunities.for.developing.next-
generation. electronic. applications. such. as. flexible. OLED. displays,. touch. screens,.
and.high-speed.RF.transistors.
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6.1  INTRODUCTION

Graphene.can.be.regarded.as.a.flat.monolayer.of.carbon.atoms.tightly.packed.into.a.
two-dimensional.honeycomb.lattice,.and.a.basic.building.block.for.graphitic.materi-
als.of.all.other.dimensionalities..Despite.its.short.history,.graphene.has.attracted.con-
siderable.attention.and.significant.progress.has.been.made.in.both.academic.research.
and.application.studies,.because.of.its.exceptional.electronic.and.mechanical.prop-
erties..Among.numerous.widely. investigated.graphene-based.materials,.nanosized.
graphenes.represent.an.intriguing.class.of.compounds.that.are.somewhat.different.
from. the. infinite. graphene. sheet.. Generally. speaking,. nanosized graphene. is. the.
name.given.to.a.family.of.polycyclic.aromatic.hydrocarbons.(PAHs).with.average.
diameters.between.1.and.10.nm,.which.can.be. regarded.as. two-dimensional.gra-
phene.segments.consisting.of.all-sp2.carbons..Although.certain.types.of.nanosized.
graphenes.can.be.found.in.the.residue.of.domestic.and.natural.combustion.of.coal,.
wood,.and.other.organic.materials,.development.of.new.methods.toward.functional-
ized.nanosized.graphenes,.especially.for.aromatics.with.high.molecular.weights,.is.
crucial..The.history.of.synthesis.and.characterization.of.nanosized.graphenes.can.
be.dated.back.to.the.first.half.of.the.twentieth.century,.when.Scholl.et.al..(1910).and.
Clar.(1964).made.pioneering.contributions. to. this.area..Harsh.conditions.(such.as.
high.temperature.and.strong.oxidants.and.bases).were.inevitably.used.at.that.time,.
and.some.earlier.conclusions.have.gradually.proven.to.be.incorrect,.which.is.a.result.
of.the.limited.characterization.method.and.technique.

Currently,. nanosized. graphene. is. one. of. the. most. widely. studied. families. of.
organic.compounds..A.variety.of.synthetic.strategies.have.been.applied.to.prepare.
compounds.of.this.family..Many.inspiring.molecules.of.this.type.have.been.discov-
ered. and. more. are. waiting. to. be. explored.. Compared. with. other. graphene-based.
materials. (e.g.,. infinite. graphene. sheet. and. graphene. nanoribbon),. these. types. of.
molecules.possess.advantages.such.as.physical.processability,.structural.perfection,.
and.interesting.electronic.and.self-assembling.properties,.all.of.which.make.them.
promising.candidates.for.practical.applications.including.organic.electronic.devices,.
organic.dyes,.bioimaging,.and.so.on..Therefore,.a.comprehensive.review.on.the.syn-
thesis.and.application.of.nanosized.graphene.is.necessary.

The.basic.building.block.for.all.kinds.of.nanosized.graphenes.is.the.benzene.ring.
containing. six. delocalized. π-electrons. (also. called. the.aromatic sextet benzenoid 
ring)..As.shown.in.Figure 6.1,.fusion.of.benzene.rings.in.different.modes.leads.to.a.
variety.of.nanosized.graphenes.with.different.shapes.and.properties..For.example,.
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FIGURE 6.1 Nanosized.graphenes.by.fusion.of.benzene.rings.in.different.modes.
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linear.fusion.of.benzene.rings.results.in.a.series.of.molecules.called.acene,.while.
angular.annellation.gives.a. type.of.molecule.called.phene..Further.fusion.of.ben-
zene.rings.into.two-dimensional.(2D).structures.affords.large.PAHs.with.different.
edge.structures.and.physical.properties,.such.as.the.peri-fused.acenes.(periacenes),.
circularly.fused.acenes.(circumacenes),.the.all-benzenoid.PAHs.such.as.hexa-.peri-.
hexabenzocoronenes,. and. other. higher-order. nanosized. graphene. molecules.. This.
review.first. summarizes. the.modern. synthesis.of. these.nanosized.graphenes.with.
different. sizes,. shapes,. and. edge. structures. and. their. basic. physical. properties.. It.
is. important. to.understand.the.fundamental.structure–property.relationship.of. the.
nanosized.graphenes,.which.has.been.discussed.and.followed.by.an.introduction.to.
their.applications.in.materials.science.

6.2  CHEMICAL SYNTHESIS OF NANOSIZED GRAPHENES

6.2.1   linear acene

Acenes. are. a. class. of. PAHs. with. linearly. fused. benzene. rings.. According. to.
Clar’s. aromatic. sextet. rule,. only. one. aromatic. sextet. benzenoid. ring. (labeled. as.
a. six-.membered. ring.with.a.circle. inside).can.be.drawn.for. this. type.of.molecule.
(Figure 6.2)..As.a.result,.the.energy.gaps.of.acenes.as.well.as.their.stabilities.suc-
cessively.decease.upon. increasing. the.number.of. fused.benzene. rings..Acene.has.
gained. recognition. as. one. of. the. most. outstanding. classes. of. semiconductors. for.
electronic.devices.such.as.organic.field-effect.transistors.(OFETs).and.organic.light-
emitting.diodes.(OLEDs)..Benzene.and.the.first.two.members.of.the.acene.family.
(i.e.,.naphthalene,.anthracene).can.be.obtained.from.coal-tar.and.petroleum.distil-
lates. while. the. higher. homologues. can. only. be. prepared. by. multistep. synthesis..
Naphthacene.(also.known.as.tetracene).can.be.readily.prepared.by.reduction.from.
the.corresponding.naphthacenequinone.(Fieser.1931)..Herein,.we.will.mainly.dis-
cuss.the.challenging.synthetic.chemistry.of.pentacene.and.other.higher-order.acenes,.
which.were.successfully.achieved.in.recent.years.

6.2.1.1  Pentacene and Its Derivatives
Pentacene. (1,.Scheme.6.1),. the. largest. sufficiently.stable.acene. for.device.studies,.
stands.out.as.a.benchmark.among.organic.semiconductors,.exhibiting.charge.car-
rier.mobility.larger.than.3.cm2.V−1.s−1..The.general.method.to.obtain.pentacene.is.
base-mediated.fourfold.Aldol.condensations.of.o-phthalaldehyde.2 with.cyclohex-
ane-1,4-dione.3, followed.by.reduction.of.the.as-formed.6,13-pentacenedione.4 with.
Meerwein-Pondorff.reagent.(Scheme.6.1).(Bailey.et.al..1953)..The.as-formed.4 also.
can.undergo.nucleophilic.addition.reaction.with.aryl-.or.alkynyl.lithium.regents.or.
Grignard.reagents,.depending.on.the.nature.of.the.substrate,.followed.by.reductive.

n n

FIGURE 6.2 Structure.of.acene.
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aromatization.to.afford.6,13-substituted.pentacenes.5.(Miao.et.al..2006)..This.meso-
functionalization.approach.using.bulky.groups.significantly.improves.the.solubility.
and.stability.of.pentacene.derivatives,.which.has.been.envisioned.as.a.plausible.strat-
egy.to.achieve.stable.and.soluble.higher.acenes.with. tunable.electronic.properties.
(Bendikov.et.al..2004;.Anthony.2006.and.2008).

6.2.1.2  Hexacene, Heptacene, and Their Derivatives
Acenes.larger.than.pentacene.can.easily.degrade.under.ambient.conditions..Therefore,.
their.resistance.to.photo-oxidation.should.be.improved.by.chemical.functionaliza-
tion..The.synthesis.of.hexacene,.the.next.higher.homologue.of.pentacene,.was.firstly.
reported.in.1939..Clar.(1939).and.Marschalk.(1939).independently.found.that.treat-
ment.of.the.same.precursor.dihydrohexacene.7.with.copper.or.Pd/C.via.dehydrogena-
tion.formed.hexacene.6.(Scheme.6.2),.which.is.extremely.unstable,.however..Since.
then,. the.synthesis.of. stable.hexacene. turned.out. to.be.a.bottleneck.until.a. recent.
report. from. Anthony’s. group. (Payne. et. al.. 2005).. A. two-step. reaction. sequence.

O

O

1) lithium reaget or
Grignard reagent

2) dehydroxylation
and reductive aromatization

O

OH

O

R

R

R = Ar or Alkynyl

1
Al/HgCl2

base
+

CHO

CHO
2

3 4

5

SCHEME 6.1 General.synthesis.of.pentacene.and.its.derivatives.

O

7

8

6

9

O
n

(n = 0, 1)

1) R3SiCCLi

Clar: Cu powder

Marschalk: Pd/C

2) SnCl2/H2O

R = i-Pr, t-Bu, SiMe3

SiR3

SiR3
(n = 0, 1)

n

SCHEME 6.2 Synthesis.of.hexacene,.heptacene,.and.their.derivatives.
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containing. silylethynylation. and. subsequent. reductive. aromatization. was. used. to.
prepare.hexacene.derivatives.9.(n.=.0).from.the.corresponding.hexacenequinone.8.
(n.=.0,.Scheme.6.2)..The.introduction.of.bulky.acetylene.is.required.to.stabilize.the.
hexacene.and. improve. its.solubility.. In.particular,. this.synthetic.methodology.was.
further.extended.to.prepare.heptacene.derivatives.(9,.n.=.1).with.reasonable.stability.

Wudl.and.coworkers.applied.a.different.synthetic.method.to.synthesize.a.silyl-
ethynyl.and.phenyl-substituted.heptacene.derivative.10.through.twofold.Diels-Alder.
cycloaddition. between. bisanthracyne. and. diphenylisobenzofuran. 12,. followed. by.
reduction.of.the.cycloaddition.product.13 with.iron.powder.in.acetic.acid (Scheme.
6.3) (Chun.et. al.. 2008)..The.bisanthracyne. intermediate.was. in. situ.generated.by.
treatment.of.11.with.lithium.tetramethylpiperidide..Due.to.the.introduction.of.four.
phenyl.groups.and.two.bulky.triisopropylethynyl.groups,.the.obtained.heptacene.10 
is.more.stable.than.9.(n.=.1).and.its.presence.was.still.detectable.by.UV/Vis/NIR.
spectroscopy.in.degassed.toluene.after.41.hours.of.exposure.to.air.

Additional. progress. was. achieved. by. Miller’s. group. and. an. aryl. and. arylthio-.
substituted.heptacene.14.was.prepared.from.the.corresponding.tetraone.15.by.a.simi-
lar.synthetic.method.(Scheme.6.4).(Kaur.et.al..2009)..This.design.is.based.on.the.fact.
that.arylthio.groups.are.proved.to.be.good.substituents.to.enhance.the.photo-oxidative.
resistance.of.pentacene.(Kaur.et.al..2008)..The.combination.of.p-(tert-butyl)phenyl-
thio-substituents.at.positions.7.and.16.(i.e.,.arylthio.substituents.attached.to.the.most.
reactive. ring).and.o-dimethylphenyl.substituents.at.positions.5,.9,.14,.and.18.(i.e.,.
steric.resistance.on.neighboring.rings).make.heptacene.derivative.14 an.especially.
persistent.species.that.endures.for.weeks.as.a.solid,.1–2.days.in.solution.if.shielded.
from.light,.and.several.hours.in.solution.when.directly.exposed.to.both.light.and.air.

Very. recently,. Chi’s. group. successfully. synthesized. a. heptacene. derivative. 18 
substituted.with.four.electron-deficient.trifluoromethylphenyl.and.two.triisopropyl-
silylethynyl.(TIPSE).groups,.which.was.described.to.be.the.most.stable.heptacene.
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Br
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O O

R

R

Ph

Ph

PhPh

Ph PhR
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Fe, AcOH, 100°C
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SCHEME 6.3 Synthesis. of. phenyl-. and. triisopropylsilylethynyl-substituted. heptacene.
derivative.reported.by.Wudl.(Chan.et.al..2008).
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to.date.(Qu.et.al..2010)..Synthesis.of.trifluoromethylphenyl-.and.triisopropylsilyle-
thynyl-substituted.heptacene is.mainly.based.on.twofold.Diels-Alder.cycloaddition.
between. the. in. situ-generated. isonaphthofuran. 16. and. cyclohexa-2,5-diene-1,4-
dione,. followed.by.acid. treatment.with.p-toluenesulfonic. acid. (TsOH). to.give. the.
heptacenequinone.17. (Scheme.6.5)..Nucleophilic.addition.of.17.with. triisopropyl-
silylethynyl.magnesium.bromide.and.subsequent. reduction/aromatization.afforded.
the.desired.heptacene.derivative.18.

6.2.1.3  Octacene and Nonacene
The.preparation.of.unsubstituted.octacene.and.nonacene.was.reported.by.Bettinger’s.
group.by.using.a.cryogenic.matrix-isolation.technique.(Tönshoff.and.Bettinger.2010)..
The.approach.relies.upon.a.protecting-group.strategy.based.on.the.photochemically.
induced.bisdecarbonylation.of.bridged.diketones.(Scheme.6.6)..The.removal.of.dike-
tone.bridges.in.tetraketone.precursors.19.by.UV.irradiation.under.matrix-isolation.con-
ditions.can.afford.UV/Vis/NIR-detectable.unsubstituted.octacene.and.nonacene.20.

A.fully.characterized.nonacene.derivative.was.recently.reported.by.Miller’s.group.
(Kaur.et.al..2010)..As.shown.in.Scheme.6.7,.the.key.step.involved.the.Diels-Alder.reac-
tion.of.arylthio-substituted.1,4-anthracene.quinone.21 with.bis-o-.quinodimethane.

OO

O O

15 14

1)

Li

2) SnCl2/HCI
S

S S

S

SCHEME 6.4 Synthesis. of. aryl-. and. arylthio-substituted. heptacene. reported. by. Kaur.
et.al..(2009).
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SCHEME 6.5 Synthesis.of.trifluoromethylphenyl-.and.triisopropylsilylethynyl-substituted.
heptacene.reported.by.Qu.et.al.
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precursor. 22. to. produce. a. nonacene. skeleton. in. the. form. of. diquinone. (23)..
Nucleophilic.addition.of.23.with.aryl.lithium.reagent.followed.by.reduction/aroma-
tization.gave.the.substituted.nonacene.24.in.good.yield. Despite.the.narrow.optical.
energy.gap.(1.12.eV),.which.is.the.smallest.experimentally.measured.highest.occu-
pied.molecular.orbital–lowest.unoccupied.molecular.orbital.(HOMO–LUMO).gap.
for.any.acene,.the.nonacene.derivative.24.is.stable.as.a.solid.in.the.dark.for.at.least.
6.weeks.because.of.the.closed-shell.electronic.configuration.resulting.from.arylthio-
substituent.effects.and.it.was.fully.characterized.by.a.suite.of.solution-phase.tech-
niques,.including.1H.NMR,.13C.NMR,.UV-Vis-NIR,.and.fluorescence.spectroscopy.

6.2.2   phene and starphene

Phene.refers.to.a.type.of.polycyclic.aromatic.hydrocarbons.consisting.of.benzenoid.
rings.fused.in.an.angular.arrangement,.which.can.also.be.regarded.as.linearly.annel-
lated. benzologues. of. phenanthrene. (Figure  6.3).. Two. aromatic. sextet. benzenoid.
rings.can.be.drawn.for.each.phene.molecule,.and.as.a.result,.the.phene.shows.higher.
stability. in. comparison. to. the. corresponding. acene,. according. to. Clar’s. aromatic.
sextet.rule..The.absorption.spectra.of.phene.and.acene.are.also.very.different.from.
each.other.due.to.their.different.annellation.modes..The.acenes.give.spectra.in.which.
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O
O

UV
Ar, 30 K
–2CO
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19 (n = 0, 1)
20 (n = 0, 1)

SCHEME 6.6 Synthesis.of.parent.octacene.and.nonacene.by.a.cryogenic.matrix-isolation.
technique.
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all. three.groups.of.bands,.α-,.β-.and.p-bands,.show.regular.shifts. toward. the.red.
with.the.fusion.of.each.successive.ring..In.the.spectra.of.the.phenes,.only.the.α-.and.
β-bands.shift.in.the.same.way.toward.the.red,.while.the.p-bands.show.a.small.shift.
toward.shorter.wavelengths.(Clar.1964)..If.three.branches.are.annellated.to.a.central.
ring,.radiating.linearly.from.it,.benzologues.of.triphenylene.are.formed,.which.are.
called.starphenes.(starlike.phenes)..In.this.case,.only.two.branches.are.in.aromatic.
conjugation.during.the.time.of.light.absorption.and.the.two.longest.branches.deter-
mine. the. long. wave. part. of. the. spectrum. (Clar. and. Mullen. 1968).. The. synthesis.
of.phenes.(up.to.nonaphene).and.starphenes.(up.to.decastarphene).have.been.well.
developed.by.Clar.and.co-workers.(1964);.however,.the.synthesis.and.material.appli-
cations.of.their.functional.derivatives.have.rarely.been.studied.

Very.recently,.Wu’s.group.reported.a.series.of.electron-deficient.triphenylene.car-
boximides. 26 and. trinaphthylene. carboximides. 28. by. using. a. different. approach.
(Scheme.6.8)..The.synthesis. relies.on.Diels-Alder.cycloaddition. reaction.of. the. in.
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Starphene
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p

FIGURE 6.3 Structures.of.phene.and.starphene.
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situ-generated.reactive.radialenes.(from.25.and.27).with.maleimides.followed.by.an.
aromatization.process (Yin.et.al..2009). These. imide-substituted. triphenylenes.26 
and.trinaphthylenes.28.display.high.electron.affinity.and.long-range.ordered.colum-
nar.stacking,.making.them.promising.n-type.semiconductors.in.electronic.devices.
such.as.field-effect.transistors.

6.2.3   peri-condensed nanosized Graphenes with ziGzaG edGes

Two. main. types. of. edges. exist. in. nanographene:. armchair. and. zigzag.. The. band.
gap.of.a.nanosized.graphene.molecule.is.dependent.on.not.only.the.molecular.size,.
but.also. the.edge.structure..The.zigzag-edged.nanosized.graphenes.with.a.smaller.
amount.of.aromatic.sextet.benzenoid.component.would.show.a.low.band.gap..Recent.
theoretical.studies.have.proven.that.diradical.structures.do.exist.in.some.nanosized.
graphenes.and.the.unpaired.electrons.are.predominantly.located.at.the.zigzag.edges.
(Jiang.2007a,.Jiang.et.al..2008)..In.this.section,.the.focus.is.on.the.recent.synthesis.
and.properties.of.peri-condensed.nanosized.graphenes.with.zigzag.edges,.including.
rylene,.bisanthene,.teranthene,.bistetracene,.bispentacene,.and.circumacenes.

6.2.3.1  Rylene and Its Derivatives
In.pursuit.of.stable.dyes.with.high.extinction.coefficients.and.long-wavelength.absorp-
tion/emission,.rylenes.have.received.a.great.deal.of.attention..Rylenes.are.large.poly-
cyclic.aromatic.hydrocarbons.in.which.two.or.more.naphthalene.units.are.peri-fused.
together.by.single.bonds..Only.one.aromatic.sextet.benzenoid.ring.can.be.drawn.for.
each.naphthalene.unit.and.two.zigzag.edges.exist.at.the.terminal.naphthalene.units.
(Figure 6.4)..Perylene.29a,.the.first.member.of.the.perylene.series.(n.=.0),.has.been.
intensively. studied. due. to. its. outstanding. chemical,. thermal,. and. photochemical.
inertness,.its.nontoxicity,.and.its.low.cost..Extension.of.the.conjugation.length.along.
the.long.molecular.axis.of.perylene.by.incorporation.of.additional.naphthalene.units.
to.form.its.higher.homologue.has.proven.to.be.an.effective.method.to.obtain.long-
wavelength.absorbing.rylene.dyes..For.example,. terrylene.29b.(n.=.1).(Avlasevich.
et.al..2006).and.quaterrylene.29c (Bohnen.et.al..1990) absorb.in.the.visible.region.
with.absorption.maxima.at.560.nm.and.662.nm,.respectively..In.search.of.mild.con-
ditions.to.synthesize.higher.rylenes,.a.variety.of.intramolecular.cyclodehydrogena-
tion.methods.have.been.developed..These. include.oxidative.cyclodehydrogenation.
using.FeCl3,.or.a.combination.of.CuCl2-AlCl3.as.Lewis.acid.as.well.as.oxidant,.and.
reductive.cyclodehydrogenation.via.anion.radical.mechanism.promoted.by.base..A.
typical.example.involving.both.processes.is.the.synthesis.of.a.quaterrylene.derivative.

29a n = 0, Perylene
29b n = 1, Terrylene
29c n = 2, Quaterrylene
29d n = 3, Pentarylene
29e n = 4, Hexarylenen n

FIGURE 6.4 A.general.structure.of.rylene.molecules.
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30..Singly.linked.precursor.31.successively.underwent.reductive.cyclodehydrogena-
tion.to.generate.partially.cyclized.intermediate.32.and.subsequent.oxidative.cyclode-
hydrogenation.to.give.final.quaterrylene.30.(Koch.and.Müllen.1991)..Four.tert-butyl.
groups. were. designed. to. resolve. the. solubility. problem. resulting. from. the. strong.
tendency.of.this.ladder-type.molecule.to.form.aggregates.(Scheme.6.9).

Since.higher-order.rylenes.are.electron-rich.π-systems.and.are.relatively.unsta-
ble.upon.exposure.to.air,.electron-withdrawing.groups.such.as.dicarboxylic. imide.
are.introduced.to.the.reactive.peri-positions.to.improve.their.chemical.and.photo-
stability..The.rylene.bis(dicarboximide)s.33a-f.(Figure 6.5).were.found.to.be.more.
stable.than.the.unmodified.rylenes.and.additional.bathochromic.shift.in.absorption.
was. observed. due. to. intramolecular. donor–acceptor. interaction.. The. presence. of.
imide.moiety.also.provided.opportunities.to.introduce.bulky.groups.for.the.purpose.
of.increasing.solubility.by.suppressing.aggregation.in.solution..Furthermore,.a.more.
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FIGURE 6.5 Structure.of.rylene.bis(dicarboximide)s.
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SCHEME 6.9 Synthesis.of.quaterrylene.derivative.30.
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increased. solubility. can. be. achieved. in. the. case. of. bay-brominated. rylene. imide.
by.means.of.nucleophilic.substitution.with.bulky.phenoxy.groups..The.increase.in.
solubility. makes. the. preparation. of. higher. rylene. bisimides,. namely. pentarylene.
bisimide,. hexarylene. bisimide,. heptarylene. bisimide,. and. octarylene. bisimide,.
practically. possible. (Pschirer. et. al.. 2006).. In. common. with. rylenes,. extension. of.
the.conjugation.length.along.the.long.molecular.axis.of.rylene.imide.to.form.higher.
homologues.not.only.promotes.their.absorption.into.longer.spectral.regions.but.also.
significantly.enhances.their.extinction.coefficients..The.major.challenge.for.the.syn-
thesis.of.rylene.imide.is.the.intramolecular.ring.cyclization.of.the.singly.linked.pre-
cursor,.which.usually.can.be.prepared.by.transition.metal-catalyzed.intermolecular.
coupling.reactions.(e.g.,.Suzuki,.Yamamoto.couplings).between.appropriate.build-
ing.blocks..Different.cyclodehydrogenation.methods.are.then.required.to.be.used.to.
promote.cyclization.depending.on.the.electronic.properties.of.respective.units.in.the.
singly.linked.precursor..Substitution.by.bulky.phenoxy.groups.at.the.bay.positions.
effectively.improves.solubility.and.processability.of.the.higher.rylene.dyes.and.also.
results. in. a.moderate. bathochromic. shift. of. their. absorption. spectra..The.highest.
rylene.compound.reported.to.date.is.the.octarylene.bisimide.33f (Qu.et.al..2008).

A. different. strategy. recently. developed. to. construct. rylene. backbone. is. based.
on.fused.N-annulated.perylene.analogues.(Jiang.2008)..Poly(peri-N-annulated.per-
ylene).34.(Li.and.Wang.2009,.Y..Li.et.al..2010).and.its.carboximide.derivative.35.
(Jiao.et.al..2009).can.be.regarded.as.perfect.nanosized.graphene.ribbons.containing.
nitrogen.atoms.annulated.onto.the.armchair.edge.(Figure 6.6)..Due.to.the.different.
electronic.properties.of.building.blocks.in.34 and.35,.the.DDQ/Sc(OTf)3.system.has.
been.used.in.the.former.to.promote.the.last-step.cyclization.considering.the.electron-
rich.property.of.the.N-annulated.perylene.core..Conversely,.a.reductive.cyclodehy-
drogenation.strategy.by.mild.base.was.applied.in.the.latter.owing.to.the.introduction.
of.electron-withdrawing.carboximide.groups.in.35, which.lowers.the.HOMO.energy.
level.(n.=.0).and.makes.35 very.stable.upon.exposure.to.the.light.as.well.as.oxygen.
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FIGURE 6.6 N-annulated.rylene.and.rylene.bis(dicarboximide)s.
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(Jiao.et.al..2009)..Moreover,.compound.35 emits.strong.fluorescence.with.quantum.
yield.up. to.55%.in.dichloromethane..Such.a.high.quantum.yield.for.near-infrared.
(NIR).dyes.are.remarkable.given.that.many.NIR-absorbing.dyes.usually.exhibit.low.
fluorescence.quantum.yields.

Another.family.of. triply. linked.oligo-perylene.bisimides.(Figure 6.7),. reported.
by. Wang’s. group,. also. can. be. regarded. as. expanded. rylene. derivatives.. Related.
nanosized.graphenes.36–40.(Qian.et.al..2005,.Qian.et.al..2007,.Zhen.2010).can.be.
obtained.by.copper-involved.condensation.of.tetrabromo.(chloro)-perylene.bisimides.
along.the.bay.region.under.different.conditions..Due. to. the. two.possible.coupling.
positions,.there.are.structural.isomers.for.higher.analogues..These.fully.conjugated.
graphene-type.compounds.display.broad.and.red-shifted.absorption.and.strong.elec-
tron-accepting.ability.

Higher.acenes.(e.g.,.tetracenes).have.been.incorporated.into.the.rylene.skeleton.
(Figure 6.8)..Synthesis.of.the.dibenzopentarylene.bis(dicarboximide).41.also.applied.
the.sequential.Suzuki.cross-coupling.reaction.and.two-step.oxidative.and.reductive.
cyclodehydrogenation.(Avlasevich.et.al..2006)..It.should.be.noted.that.the.combina-
tion.of.Pd2(dba)3.with.DPEPhos.(bis(2-(diphenylphosphino).phenyl)ether).as.a.ligand.
was.required.during.the.process.of.Suzuki.cross-coupling.for.the.steric.reason..Also.
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noteworthy.is. that. the. introduced.tetracene.subunit.on.one.hand.helps. to.result. in.
remarkably.red-shifted.absorption.bands.with.absorption.maximum.at.1037.nm..On.
the.other.hand,.it.has.a.negative.effect.on.the.stability.of.the.obtained.dye.41.owing.
to. the. twisted.structures. resulting.from.steric. repulsion.between. the.perylene.and.
tetracene.units.

6.2.3.2  Zethrene and Its Derivatives
Zethrenes,.which.are.not.as.well.investigated.as.the.other.aromatic.compounds.such.
as.acenes.and.rylenes,.can.be.regarded.as.an.interesting.class.of.nanosized.graphenes.
in.which.the.two.naphthalene.units.are.fused.with.one.or.more.hexagonal.rings.into.a.
Z-shape.(Figure 6.9)..This.type.of.hydrocarbon.has.fixed.double.bonds.(highlighted.
in.bold.form).between.the.naphthalene.units,.and.depending.on.the.number.of.fixed.
double. bonds,. the. molecules. are. accordingly. called. zethrene,. heptazethrene,. and.
octazethrene..Theoretical.calculations.predicted.that.zethrenes.also.have.diradical.
character.at.ground.state.(Figure 6.9).and.they.will.show.interesting.nonlinear.opti-
cal.properties.and.near-infrared.absorption.(Nakano.et.al..2007,.Désilets.et.al..1995)..
However,.successful.syntheses.of.zethrene.and.its.derivatives.were.seldom.reported.
due.to.their.low.accessibility.and.high.sensitivity.in.the.presence.of.oxygen.and.light,.
especially.in.a.dilute.solution.

The. first. synthesis. of. zethrene. was. reported. by. Clar. (Clar. et. al.. 1955),. and. a.
more. convenient. access. to. zethrene. was. found. accidently. by. Staab. (Staab. et. al..
1968). and.Sondheimer. (Mitchell. and.Sondheimer.1970).during. their. independent.
attempts.to.synthesize.tetradehydrodinaphtho[10]annulene,.which.was.highly.unsta-
ble.and.could.be.automatically.transformed.into.zethrene.via.transannular.cycliza-
tion.. It. was. not. until. 2009. that. pure. tetradehydrodinaphtho[10]annulene. (44),. the.
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X = 4-(t-octyl) phenoxy41
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FIGURE 6.8 Dibenzopentarylene.bis(dicarboximide).

Zethrene
Heptazethrene

Octazethrene

FIGURE 6.9 Structure.of.zethrene,.heptazethrene,.and.octazethrene.
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precursor.to.zethrene,.was.first.isolated.by.Tobe’s.group.(Umeda.et.al..2009);.they.
also.managed.to.synthesize.stable.7,14-disubstituted.zethrene.derivatives.such.as.45.
(Scheme.6.10)..The.synthetic.route.began.with.in.situ.desilylation.and.Sonogashira-
Hagihara.coupling.reaction.between.42.and.desilylated.43.to.afford.intermediate.44.
in.22%.yield,.which.further.underwent.transannular.cyclization.with.iodine.followed.
by.Sonogashira-Hagihara.coupling.reaction.with.phenylacetylene.to.give.the.stable.
zethrene.derivative 45 (Scheme.6.10).

New.and.exciting.progress.in.the.synthesis.of.zethrene.was.made.in.2010.by.Y.-T..
Wu’s.group.(Y.-T..Wu.et.al..2010)..They.explored.a.metal-catalyzed.annulation.reac-
tion.of.haloarenes.46. to.prepare.zethrenes.47 with.varied.substitutions.blocked.at.
7,14-.positions.in.up.to.73%.yields.(Scheme.6.11).

In. parallel. to. this. work,. J.-S.. Wu’s. group. independently. reported. dicarboxylic.
imide.groups.substituted.zethrene.derivative.48 (Sun.et.al..2010).based.on one.pot.
reaction. of. Stille. cross-coupling. between. 49 and. bis(tri-n-butylstannyl)acetylene.
50, followed.by simultaneous.transannular.cyclization.of. the.dehydro[10]annulene.
intermediate. compound. (Scheme. 6.12).. The. attachment. of. electron-withdrawing.
groups.is.supposed.to.improve.the.chemical.and.photo.stability.of.reactive.zethrene.
species.by. lowering. the.HOMO.energy. level. and.also. red. shifting. the.absorption.
spectra.to.the.far-red.and.NIR.region.due.to.the.acceptor-donor-acceptor.structure..
As.expected,.the.obtained.zethrene.bisimide.48.displays.advantages.over.unmodi-
fied. zethrene,. including. good. chemical. stability. and. photostability. with. half-life.
times. determined. as. 4320. minutes. under. irradiation. of. ambient. light,. red-shifted.
absorption,.and.enhanced.fluorescence.quantum.yield..Attempted.bromination.at.the.
7,14-positions.by.N-bromosuccinimide.(NBS). in.dimethylformamide.(DMF).gave.
the.oxidized.product.zethrenequinone.51.due.to.the.butadiene.character.of.the.central.

TMS TMS

Pd(PPh3)4, Cul

DBU, NaOH

+ 1) I2

2) PhCCH, [Pd]-Cul

42
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44 45

SCHEME 6.10 Synthesis.of.7,14-diphenyl.zethrene.reported.by.Tobe’s.group.(Umeda.et.al..
2009).

R

Pd(OAc)2, Ag2CO3

P(2-furyl)3

R = Ar or aliphatic chain

R
R

46
47

SCHEME 6.11 Synthesis.of.7,14-substituted.zethrenes.by.Pd-catalyzed.annulation.reaction.
reported.by.Y.-T..Wu.et.al..(2010).
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fixed.double.bonds..The.synthesis.of.heptazethrene.(Clar.and.Macpherson.1962).and.
octazethrene. (Erünlü.1969).was.also.attempted..However,. they.both.showed.very.
high.reactivity.and.analytically.pure.compounds.were.not.obtained.and.identified.

6.2.3.3  Bisanthene and Teranthene
Extension. of. conjugation. along. the. long. molecular. axis. of. perylene. to. its. higher.
homologue.is.well.known.and.such.an.extension.yields.the.higher-order.rylene.mole-
cules.with.longer.absorption.in.wavelength..Theoretical.calculations.indicate.that.lat-
erally.extended.perylene.derivatives.(also.called.as.periacene),.namely.bisanthene,.
peritetracene,.and.peripentacene.(Scheme.6.13),.would.also.lead.to.good.candidates.
for.NIR.absorbing.dyes.(Désilets.et.al..1995,.Zhao.et.al..2008)..Only.two.aromatic.
sextet.benzenoid.rings.can.be.drawn.for.periacenes,.thus.the.higher-order.periacenes.
are.expected.to.have.a.high.chemical.reactivity.
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+
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SCHEME 6.12 Synthesis.of.zethrene.bis(dicarboximide).and.its.quinone.reported.by.Sun.
et.al..(2010).
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SCHEME 6.13 Structure.of.bisanthene,.peritetracene.and.peripentacene.and.the.improved.
synthesis.of.bisanthene.
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The. synthesis. of. bisanthene. was. first. reported. by. Clar. and. co-workers. (Clar.
1948a). and. the. improved. synthesis. was. recently. developed. by. Bock’s. and. Wu’s.
groups.(Saïdi-Besbes.et.al..2006,.Zhang.et.al..2009,.J..Li.et.al..2010)..The.synthetic.
route.began.with.the.homocoupling.of.anthracen-10(9H)-one.52 in.the.presence.of.
pyridine.N-oxide.and.a.catalytic.amount.of.FeSO4 to.yield bisanthracenequinone 53, 
which.was.subsequently.photo-cyclized.by.UV.light.irradiation.to.afford.the.bisan-
thenequinone.54.(Scheme.6.13)..Treatment.of.54.with.Zn.dust.in.quinoline.followed.
by.oxidative.dehydrogenation.with.nitrobenzene.provided.the.target.bisanthene.55. 
The.parent.bisanthene was.a.blue.colored.compound.with.absorption.maximum.at.
662. nm. in. benzene.. However,. it. showed. very. poor. stability. due. to. its. high-lying.
HOMO.energy.level,.allowing.the.addition.reaction.with.singlet.oxygen.at.the.active.
meso-positions.to.occur.(Arabei.and.Pavich.2000).

The. necessary. research. to. obtain. stable. bisanthene. derivatives. was. systemati-
cally.conducted.by.Wu’s.group.applying.different.strategies.(Yao.et.al..2009,.Zhang.
et.al..2009,.J..Li.et.al..2010)..The.first.method.is.the.attachment.of.electron-with-
drawing.dicarboxylic.imide.groups.onto.the.zigzag.edges.(Scheme.6.14),.which.are.
capable.of.lowering.the.relatively.high-lying.HOMO.level.in.bisanthene.(Yao.et.al..
2009)..The.key.intermediate.compound.56.was.first.prepared.from.anthracene.by.
a. stepwise. Friedel-Crafts. reaction,. oxidation,. bromination. and. imidization. reac-
tions.. Compound. 56 then. underwent. a. Ni(COD)2-mediated. Yamamoto. homocou-
pling.reaction.to.give.anthracene.dicarboxylic.imide.dimer.57..After.base-promoted.
cyclization.by.t-BuOK.and.1,5-diazabicyclo(4.3.0)non-5-ene.(DBN),.the.fully.fused.
bisanthene. bis(dicarboximide). 58 was. successfully. synthesized. in. moderate. yield.
(Scheme.6.14)..Compared.with. the.parent. bisanthene.55,. compound.58 displayed.
good.photostability.and.no.significant.change.could.be.observed.as.a.solution.of.58 
was.exposed.to.air..In.addition,.a.significant.red.shift.of.170.nm.at.absorption.maxi-
mum.was.observed.for.58.compared.with.55.

The.second.method.is.to.introduce.aryl.or.alkyne.substituents.onto.the.most.reac-
tive.meso-positions.of. the.bisanthene. (Figure 6.10). so.as. to.not.only. stabilize. the.
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SCHEME 6.14 Synthesis.of.bisanthene.bis(dicarboximide).reported.by.Wu.(Yao.et.al..2009)
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active.bisanthene.core.but.also.cause.an.additional.bathochromic.shift.to.the.NIR.
spectral.region.(J..Li.et.al..2010)..Based.on.these.considerations,.Wu’s.group.syn-
thesized. three. meso-substituted. bisanthenes. 59a–c. using. nucleophilic. addition. of.
aryl.or.alkyne.Grignard.reagent.to.the.bisanthenequinone.54 followed.by.reduction/.
aromatization.of. the.as-formed.diol..This.synthetic.strategy.was.also.used.to.pre-
pare.quinoidal.bisanthene.60. (Figure 6.10),.which.can.be. regarded.as.a. rare.case.
of.soluble.and.stable.nanosized.graphene.with.a.quinoidal.character.(Zhang.et.al..
2009)..Owing.to.the.extended.π-conjugation.of.the.bisanthene.core.through.the.aryl.
and.triisopropylsilylethynyl.(TIPSE).moieties.in.59.and.the.quinoidal.character.in.
60,. the.absorption.maxima.of.59.and.60 more.or.less.shift.to.longer.wavelengths..
Furthermore,.solutions.of.59 and 60 are.stable.for.weeks.under.ambient.conditions,.
showing.higher.stability.than.their.parent.bisanthene.55.

When.three.anthracene.units.are.fused.together.via.three.single.bonds.between.
neighboring. anthryls,. the. obtained. structure. is. called. as. teranthene,. which. is.
expected.to.be.even.less.stable.than.the.reactive.bisanthene..Very.recently,.Kubo’s.
group.reported.the.first.successful.synthesis.of.a.teranthene.derivative.66 (Konishi.
et.al..2010)..As.shown.in.Scheme.6.15,.nucleophilic.addition.of.lithium.reagent.61 
to. 1,5-dichloroanthraquinone. 62. followed. by. reductive. aromatization. with. NaI/
NaH2PO2.gave. the. teranthryl.derivative.63..Cyclization.combined.with.demethyl-
ation. of.63 was. carried.out.with. KOH/quinoline. to. give. the.partially. ring-closed.
quinone.64,.which.was.treated.with.mesitylmagnesium.bromide.in.the.presence.of.
CeCl3.and.further.underwent.reductive.aromatization.to.generate.partially.cyclized.
compound.65..The. last. cyclization.was.promoted.by.DDQ/Sc(OTf)3,. followed.by.
quenching.the.reaction.with.hydrazine.to.give.66 as.a.dark.green.solid..It.is.notewor-
thy.that.this.molecule.is.considered.to.possess.a.prominent.singlet.biradical.character.
in. the.ground. state.due. to. the. stabilization.effect.of. the. six.aromatic. sextet. rings.
(Scheme.6.15).

6.2.3.4  Peritetracene and Peripentacene
Theoretical.calculations.by.Jiang.et.al..(2007).point.out.that.size.is.critical,.which.is.
correlated.to.the.small.HOMO–LUMO.gap.for.the.closed-shell.state,.for.periacene.
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FIGURE 6.10 Meso-substituted.bisanthene.and.extended.bisanthenequinone.
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and.peritetracene..Below.the.critical.size,.periacenes.have.a.closed-shell.nonmagnetic.
ground.state,.while.beyond.the.critical.size,.periacenes.have.an.antiferromagnetic.
ground. state. and. resemble. infinite. zigzag-edged. graphene. nanoribbons.. HOMO–
LUMO. gap. changes. for. the. periacenes. drop. quickly. with. increases. in. molecular.
sizes. from.1.87. eV. for. perylene. to.0.08. eV. for. peripentacene..As. a. consequence,.
synthesis.of.higher.periacenes.is.extremely.challenging.and.little.chemistry.has.been.
developed.for.this.purpose.

The.preliminary. studies. toward.peripentacene.were. carried.out. in.Wu’s.group.
(Zhang. et. al.. 2010a,. 2010b).. As. shown. in. Scheme. 6.16,. the. bispentacenequinone.
68,. obtained. from. dimerization. of. pentacenyl. monoketone. 67,. was. subjected. to.
nucleophilic.addition.of.triisopropyl.silylethynyl.lithium.reagent.followed.by.reduc-
tive. aromatization. with. NaI/NaH2PO2. to. give. the. cruciform. 6,6′-dipentacenyl. 69 
(Zhang.et.al..2010a)..Compound.69 exhibits.two.face-to-face.π-stacking.axes.in.a.
single.crystal.and.this.allows.two-directional.isotropic.charge.transport..Field-effect.
transistor. (FET).mobilities.up. to.0.11.cm2.V−1. s−1.were.obtained.based.on.vapor-
deposited.thin.films..In.addition,.fused.bispentacenequinone.70 (Zhang.et.al..2010b),.
which.can.be.regarded.as.a.precursor.for.synthesis.of.peripentacene.derivatives,.was.
prepared.with.formation.of.two.new.C–C.bonds.via.oxidative.photocyclization.of.68..
However,.the.subsequent.nucleophilic.reaction.of.compound.70 with.excess.Grignard.
reagent. of. 1-bromo-3,5-di-tert-butylbenzene. in. anhydrous. tetrahydrofuran. (THF).
followed.by. acidification. in. air. did.not. generate. the.desired.1,. 2-addition. adduct..
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Alternatively,. an. unexpected. Michael. 1,4-. addition. product. 71. was. obtained. and.
confirmed.by.single-crystal.analysis..Further.treatment.of.71.with.excess.Grignard.
reagent.followed.by.acidification.in.air.gave.the.tetraaryl-substituted.fused.bispen-
tacenequinone. 72.. Single-crystal. analysis. reveals. that. there. are. α,. β-unsaturated.
ketone.structures.in.the.fused.bispentacenequinones.70.and.71,.which.may.explain.
the.unusual.Michael.additions..So.far,.synthesis.of.peritetracene.derivatives.has.not.
been. reported. and. only. one. potential. precursor,. i.e.,. monobromo-tetracene. dicar-
boximide,.was.reported.by.Wu’s.group.(Yin.et.al..2010).

6.2.3.5  Circumacenes
The.annellation.of.two.extra.benzenoid.rings.to.the.bay.sides.of.periacenes.leads.to.
another.interesting.type.of.nanosized.graphene.called.circumacenes.(Figure 6.11)..
The.name.comes.from.the.feature.that.the.central.acene.unit.(including.the.benzene.
ring).is.circularly.annellated.with.benzene.rings.and.accordingly,.the.molecules.are.
called.circumbenzene.(i.e.,.coronene),.circumnaphthalene.(i.e.,.ovalene),.circuman-
thracene,. and. so. on.. Three. aromatic. sextet. rings. can. be. drawn. for. coronene. and.
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SCHEME 6.16 Synthesis.of.cruciform.6,6′-dipentacenyl.and.fused.bispentacenequinone.
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FIGURE 6.11 Structure.of.circumacenes.
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four.aromatic.sextet.rings.can.be.drawn.for.higher-order.circumacenes.(Figure 6.11)..
In.contrast,.only.two.aromatic.sextet.benzenoid.rings.can.be.drawn.for.periacenes.
(Scheme.6.13)..As.a.result,.circumacene.usually.has.a.larger.HOMO–LUMO.energy.
gap.and.a.higher.stability.than.the.respective.periacene,.which.can.be.explained.by.
Clar’s.aromatic.sextet.rule..Some.widely.investigated.members.in.this.family.include.
coronene,.ovalene,.and.circumanthracene.

Coronene.is.the.smallest.homologue.of.benzene.with.sixfold.symmetry,.which.has.
a.unique.electronic.structure.due.to.the.perfect.delocalization.of.aromaticity.between.
the.six.outer.rings..In.the.crystalline.state,.coronene.tends.to.form.a.bidimensional.
array.of.parallel.columns..The.chemical.modifications.of.coronene.core.made.by.
attaching. different. substituents. are. able. to. tune. its. electronic. properties. and. self-
assembly..The. interest.of.coronene.as.a.particularly.good.candidate. for.obtaining.
columnar. liquid-crystalline. self-assembly. over. wide. temperature. ranges. is,. there-
fore,.not.surprising..The.typical.method.toward.unmodified.coronene.75.was.devel-
oped.by.Clar. (Clar. and.Zander.1957). as. shown. in.Scheme.6.17..Commercialized.
perylene 29a.was.treated.with.maleic.anhydride.under.oxidative.conditions.to.obtain.
the. corresponding. carboxylic. anhydrides. 73. followed. by. a. soda-lime. (Ca(OH)2–

NaOH–KOH–H2O).triggered.decarboxylation.to.yield.74,.which.underwent.another.
oxidative.Diels-Alder.reaction.and.decarboxylation.to.form.coronene.75.

Since. perylene. has. a. diene. character. at. the.bay-positions,. the. oxidative. Diels-
Alder.reaction.taking.place.along.the.bay-positions.of.perylene.by.using.different.
electron-withdrawing. dienophiles. therefore. allows. easy. access. to. numerous. coro-
nene.derivatives.76 (Rao.and.George.2010),.77,.and.78.(Alibert-Fouet.et.al..2007).
with.varied.electronic.and.self-assembling.properties.(Figure 6.12).
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SCHEME 6.17 Synthesis.of.coronene.from.perylene.
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An.alternative.strategy.applied. to. synthesize.coronene.compounds. is.based.on.
the.Sonogashira-Hagihara.coupling.reaction.of.dibrominated.perylene.bisimide.79.
followed.by.cyclization.reaction.in.the.presence.of.a.strong.yet.nonnucleophilic.base.
such.as.1,8-diazabicyclo[5.4.0]undec-7-ene.(DBU).(Scheme.6.18).(Rohr.et.al..1998)..
Using.this.synthetic.method,.varied.substitutions.are.able.to.be.directly.attached.to.
the.coronene.core.(Rohr.et.al..2001).

Ovalene,.which.contains.a.fully.circularly.benzannellated.naphthalene.subunit,.
is.the.second.member.of.the.circumacene.family.(Figure 6.13)..The.first.synthesis.
of.ovalene.was.reported.by.Clar.(1948b).following.a.strategy.similar.to.that.for.syn-
thesizing. coronene.. Twofold. Diels-Alder. cycloaddition. of. bisanthene. with. maleic.
anhydride.followed.by.soda-lime-triggered.decarboxylation.gave.ovalene.82.in.good.
yield.. A. series. of. ovalene. derivatives. 83 (Saïdi-Besbes. 2006). and. 84. (Fort. et. al..
2009).were.obtained.by.twofold.oxidative.Diels-Alder.reactions.with.different.elec-
tron-withdrawing.dienophiles.

Although. in.1956.Clar. reported. the.synthesis.of.circumanthracene.via.a.“con-
trolled.graphitization”.process,.his.group.published.corrections.25.years. later.and.
claimed. that. the. compound. prepared. earlier. was. not. the. desired. circumanthra-
cene. (Clar. et. al.. 1981).. The. first. successful. preparation. of. circumanthracene. was.
described.by.Diederich.et.al..(Broene.and.Diederich.1991)..According.to.their.report,.
the.fourfold.photocyclization.of.86.to 87.produced.an.excellent.yield.under.UV.light.
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SCHEME 6.18 Synthesis.of.coronene.bisimides.by.base-mediated.cyclization.
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irradiation.(Scheme.6.19)..Further.cyclization.triggered.by.2,3-dichloro-5,6-dicyano-
1,4-benzoquinone.(DDQ).in.the.dark.afforded.an.insoluble.crystalline.precipitate.as.
the.expected.circumanthracene.85.

6.2.4   nanosized Graphenes with arMchair edGe 
and all-benzenoid character

The. previous. research. disclosed. that. nanosized. graphenes. with. a. fully. armchair.
edge. structure. usually. exhibit. high. stability. but. a. large. band. gap. (Jiang. 2008)..
Consequently,. this. type.of.PAH.molecule.has. an. all-benzenoid. structure..Among.
the.nanosized.graphenes.with.armchair.edges,.hexa-peri-hexabenzocoronene.(HBC).
and.its.derivatives.have.to.be.mentioned.as.the.most.famous.armchair-edged.nano-
sized.graphenes..According.to.Clar’s.aromatic.sextet.rule,.HBC.belongs.to.an.all-
benzenoid. polycyclic. aromatic. hydrocarbon. because. seven. aromatic. benzenoid.
aromatic.sextet.rings.can.be.drawn.for.HBC.and.no.additional.isolated.double.bond.
exists.in.this.structure.(Figure.6.14)..This.feature.results.in.high.stability.compared.
to.other.linear.and.meta-annulated.aromatics.such.as.acene.and.phene..In.addition,.
the. intrinsic. self-organization. behavior. and. outstanding. electronic. properties. of.
HBC.makes.it.attractive. in.organic.electronic.devices.(detailed.discussion.will.be.
given.in.the.next.section)..A.troublesome.issue.for.HBC.molecules.is.their.extremely.
low.solubility.due.to.the.strong.intermolecular.π–π.interaction..Therefore,.the.ratio-
nal.design.of.HBC.derivatives.with.appropriate.molecular.size.and.sufficient.solu-
bilizing.groups. is. highly.desirable..Two.comprehensive. reviews.have. covered. the.
syntheses.and.characterizations.of.all-benzenoid.polycyclic.aromatic.hydrocarbons.
with.armchair.edge.structures.(Wu.and.Müllen.2006,.Wu.et.al..2007).and.thus.only.
a.brief.overview.will.be.given.here.

With. the. development. of. modern. chemistry,. synthetic. breakthroughs. have.
been. achieved. that. make. possible. the. selective. and. effective. synthesis. of. a. series.
of.HBC.derivatives.under.mild.conditions..A.widely.used.approach. to.HBCs.with.
sixfold.symmetry.was.developed.by.Müllen’s.group.(Herwig.et.al..1996,.Wu.et.al..
2007)..Substituted.hexaphenyl.benzene.89.was.synthesized.by.Co2(CO)8-promoted.
cyclotrimerization.of.R-substituted.diphenylacetylene.88,.which.subsequently.under-
went.oxidative.cyclodehydrogenation.to.give.the.fused.HBC.derivatives.90.in.high.
yields.(Scheme.6.20)..In.principle,.three.types.of.reagents.can.be.used.in.the.last.step.
to.promote.intramolecular.ring.closure,.including.CuCl2/AlCl3.or.Cu(OTf)2/AlCl3.in.
CS2,.or.FeCl3.in.nitromethane..Various.solubilizing.flexible.chains.are.introduced.at.

86 87 85

hv DDQ

SCHEME 6.19 Synthesis.of.circumanthracene.
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the.peripheries.of.the.HBC.core.to.increase.its.solubility.and.processability.on.one.
hand,.and.on. the.other.hand. to. facilitate. the. formation.of.a.columnar. liquid.crys-
talline.phase,.which. is.governed.by.both.flexible. side.chains.and. the.π–π. stacked.
HBC.molecules.

The.HBC.derivatives.94.with.low.symmetry.were.synthesized.by.an.alternative.
route,. following. a. synthetic. route. containing. Diels-Alder. cycloaddition. between.
tetraphenylcyclopentadienone. derivatives. 91. and. diphenylacetylene. derivatives.
92, and. subsequent. oxidative. cyclodehydrogenation. of. precursor. 93 with. FeCl3.
(Scheme.6.21)..Based.on.this.synthetic.strategy,.HBCs.possessing.solubilizing.chains.
and.one.or.several.bromine.atoms.with.different.symmetries.were.synthesized.(Ito.
et.al..2000)..The.presence.of.bromine.atoms.allowed.further.functionalizations.by.
transition.metal-catalyzed.coupling. reactions. such.as.Kumada,.Suzuki,.Hagihara,.
Negishi,.and.Buchwald.coupling.reactions..The.attachment.of.different.functional-
ities.allows.more.exact.control.of.the.order.of.HBC.molecules.in.the.bulk.state,.the.
alignment.of.the.discs.on.the.surface,.and.the.intramolecular.binary.energy/electron.
transport..These.will.be.discussed.in.Section.6.3.2.

By.employing. the. two.well-known.synthetic.strategies.mentioned.previously,.a.
series. of. large. all-benzenoid. nanosized. graphenes. with. different. molecular. sizes,.
symmetries,.and.peripheries.were.obtained..The.largest.graphene-like.molecule.to.
date. containing.222.carbons. (99). and.other. all-benzenoid.nanographenes. such.as.
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95–98.with.triangle.shape,.linear.shape,.cordate.shape,.and.square.shape.(Figure 6.15).
have.been.successfully.synthesized.and.successively.reported.(Wu.et.al..2007).

6.3  MATERIAL APPLICATIONS

6.3.1   orGanic dyes

Dye.chemistry.is.believed.to.be.one.of.the.most.explored.areas.in.industrial.organic.
chemistry..Recent.developments. in. the.field.of.electronics.and. in. the.area.of.bio-
imaging.have.boosted.interest.in.the.development.of.next-generation.functional.dyes..
There.is.a.very.comprehensive.range.of.common.dyes.(e.g.,.BODIPYs,.fluoresceins,.

Hexa-peri-hexabenzocoronene (HBC)

FIGURE 6.14 Structure.of.hexa-peri-hexabenzocoronene.
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rhodamines).that.are.now.known,.some.of.which.have.even.been.commercialized..
Certain. nanosized. graphenes. (e.g.,. rylenes,. circumacenes),. however,. have. gained.
recognition.as.being.some.of.the.most.versatile.dyes,.and.the.number.of.them.has.
steadily. increased. over. the. last. two. decades.. There. is. increased. interest. recently.
in.the.design.and.synthesis.of.dyes.that.function.in.the.NIR.spectral.region.due.to.
their.promising.applications.for.organic.solar.cells,.bioimaging,.and.nonlinear.optics.
(Fabian.et.al..1992,.Qian.and.Wang.2010,.Jiao.and.Wu.2010).

6.3.1.1  NIR Dyes
Compared.with. commercialized.dyes,. nanosized.graphenes.usually. exhibit. excel-
lent.chemical.stability.and.photostability..However,.most.nanosized.graphenes.are.
only. capable. of. capturing. UV. or. visible. light.. For. practical. applications. such. as.
solar.cells,. the.materials.should.have.good.light-harvesting.capability,.not.only. in.
the. UV-Vis. spectral. range,. but. also. in. the. NIR. range. because. 50%. of. the. radia-
tion.energy. in.sunlight. is. in. the. infrared.region..Promotion.of. the.absorption.and.
emission.of.nanosized.graphene-based.dyes. into. the.NIR. region.can.normally.be.
achieved.by.extension.of. the.π-conjugation,.or.by.constructing.a.push-pull.motif,.
or.in.rare.cases.by.quinoidization.(Jiao.and.Wu.2010),.all.of.which.will.produce.a.
decrease.in.the.HOMO-LUMO.band.gaps,.and.concomitant.bathochromic.shift.of.
their.absorption.and.emission.bands.

Although.the.absorption.of.acenes.significantly.red.shifts.with.an.increase.in.the.
number.of.six-membered.rings,. they.are.seldom.or.never.used.as.dyes.because.of.
the.poor.stabilities.of. their.higher.homologues.and. their. relatively. low.absorption.
intensities.in.the.long-wavelength.region..A.representative.family.in.dye.chemistry.
is.rylene.and.its.derivatives..For.instance,.perylene.bisimide.has.a.brilliant.red.color.
with. an. absorption. maximum. at. 540. nm. and. terrylene. bisimide. was. reported. to.
have.a.green.color.with.absorption.maximum.at.650.nm.(Hortrup.et.al..1997)..For.
their.higher.homologues,.the.absorptions.are.bathochromically.shifted.into.the.NIR.
region.with.large.molar.extinction.coefficients.(Quante.and.Müllen.1995,.Pschirer.
et.al..2006)..The.successful.preparation.of.octarylene.diimide.with.an.absorption.
maximum.at.1066.nm.is.noteworthy.(Qu.2008).

Periacenes.were.also.calculated.to.be.good.candidates.for.near-infrared.absorbing.
dyes..However,. structural.modification. to.stabilize. these.compounds. is.necessary,.
which. includes. attachment. of. the. electron-withdrawing. groups. and. blocking. the.
most.active.positions.as.mentioned.in.Section.6.2.3.3..The.recently.synthesized.bisan-
thene.derivatives.58–60.by.Wu’s.group.can.serve.as.stable.and.soluble.NIR.dyes.
(Yao.et.al..2009,.J..Li.2010,.Zang.et.al..2009).

6.3.1.2  Bioimaging
In.the.NIR.region,.biological.samples.have.low.background.fluorescence.signals,.and.
a.concomitant.high.signal-to-noise.ratio..Moreover,.NIR.light.can.penetrate.deeply.
into.sample.matrices.due.to.low.light.scattering..Thus,.in.vivo.and.in.vitro imaging.
of. biological. samples. using. NIR.dyes. are. promising. and. attractive. (Kiyose. et. al..
2008)..To.take.full.advantage.of.organic.NIR.dyes.in.the.biological.field,.the.design.
of.the.dyes.is.not.just.directed.toward.color.tuning;.photostability,.biocompatibility,.
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and.sufficient.water.solubility.are.also.some.of.the.key.issues.that.should.be.taken.
into.consideration.

Design.and.synthesis.of.nanosized.graphenes.with.NIR.absorption.and.emission.
properties. is.attainable,.and.tuning.of. their.photostability.and.binding.ability. to.a.
single.analyte.are.also.feasible.through.chemical.modifications.of.the.dye.molecules..
Sufficient.water.solubility,.however,.limits.the.number.of.biological.applications.that.
can.involve.nanosized.graphenes..Nanosized.graphenes.intrinsically.have.a.hydro-
phobic.nature.because.of.the.highly.π-conjugated.hydrocarbon.structures..Gaining.
solubility. in. aqueous. solutions. is. usually. achieved. by. linking. water-solubilizing.
groups.such.as.sulfonic.acid.moieties,.quaternized.amine.groups,.crown.ethers,.poly-
ethylene.oxide,.and.peptide.chains.to.the.nanosized.graphene.core..The.presence.of.
highly. hydrophilic. groups. usually. makes. the. dye. molecules. water. soluble,. but. in.
many.cases.these.nanosized.graphenes.show.almost.no.fluorescence.in.water.due.to.
their.strong.tendency.to.form.aggregates.in.a.polar.environment..Consequently,.the.
appropriate.choice.of.water-solubilizing.groups.while.maintaining.a.high.fluores-
cence.quantum.yield.is.of.great.importance.for.applications.in.bioimaging..Exciting.
progress.has.been.made. in. the. last.6.years.based.on.perylene.bisimides.100–101.
(Qu.et.al..2004,.Peneva.et.al..2008a).and.terrylene.bisimide.102–103 (Peneva.et.al..
2008b,.Jung.et.al..2009).(Figure 6.16)..Through.chemical.modifications,.these.rylene.
dyes.combine.the.exceptional.photophysical.properties.of.the.rylene.bisimide.dyes.
and. a. recognition. unit. for. site-specific. labeling. of. proteins,. and. meet. all. the. cri-
teria.for.bioimaging:. (1).good.water.solubility,.which.was.achieved.by. the.attach-
ment.of.the.solubilizing.groups.at.the.bay-positions;.(2).high.fluorescence.quantum.
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yield,.which.was.maintained.at.a.high.level.despite.the.structural.modification;.(3).
high.chemical.and.photostability,.which.is.considered.to.be.one.of.the.advantages.of.
rylene.dyes;.(4).nontoxicity;.(5).good.biocompatibility;.and.(6).possible.commercial.
viability.and.scalable.production,.which.are.attributed.to.the.high.yields.in.each.step.

6.3.2   charGe transportinG Materials

6.3.2.1  Control of Liquid Crystal (LC) Phase
Organic.electronic.devices.have.developed.rapidly.since.their.discovery.in.the.mid-
1980s..In.organic.electronic.devices,. the.efficiency.of. the.charge.carrier. transport.
through.the.organic.molecules.is.one.of.the.key.factors.determining.device.perfor-
mance..The.materials.with.efficient.charge-carrier. transport.properties.are.highly.
desirable.in.many.electronic.devices..In.principle,.charge-carrier.transport.proper-
ties.are.considered.to.depend.on.both.the.intrinsic.electronic.properties.of.the.mate-
rials.and.microscopic.and.macroscopic.order.of.the.molecules.in.solid.state..As.a.
result,.control.of.the.degree.of.the.molecular.order.and.organization.is.necessary.

The.alkyl.chain-substituted.nanosized.graphenes,.particularly.the.all-benzenoid.
PAHs,.can.form.self-assembled.one-dimensional.columnar.structures..This. is.due.
to.strong.π–π.interactions.between.the.rigid.aromatic.core.and.the.nanoscale.phase.
separation. between. the. rigid. core. and. the. flexible. alkyl. chains. at. the. periphery..
Therefore,.the.overlap.of.π-orbitals.between.neighboring.planes.is.maximized.and.
charge.carriers.can.easily.travel.along.the.one-dimensional.columns..Furthermore,.
alkyl.chain-substituted.nanosized.graphenes.are.able.to.self-heal.structural.defects.
due. to. their. liquid. crystalline. (LC). character,. and. can. be. processed. from. solu-
tion. because. of. their. high. solubility.. All. of. these. advantages. inspire. researchers.
to. rationally.control. the.LC.mesophases.of.nanosized.graphenes..For.example,.as.
very. promising. organic. semiconductors. in. recent. years,. a. great. number. of. HBC.
derivatives.have.been.developed.with.different.sizes,.symmetries,.and.substitutions..
Three.major.methods.have.been.utilized.to.tune.their.LC.phase..The.first.method.
is.a.well-developed.way.in.which.the.length.and.branching.of.the.alkyl.chains.are.
adjusted..The.long.and.branched.chains.tend.to.decrease.the.phase.transition.tem-
perature..As.shown.in.Figure 6.17,.the.isotropic.temperatures.are.higher.than.450°C.
for. the.n-alkyl-substituted.HBCs.104a. (Herwig.et.al..2006).while. the.dove-tailed.
chain-substituted.HBC.104b (Pisula.et.al..2006).shows.isotropic.temperature.below.
46°C.. The. second. method. is. to. tune. the. molecular. size.. A. wide-range. columnar.
liquid.crystalline.phase.from.room.temperature.up.to.>400°C.was.observed.in.the.
dodecylphenyl-substituted.HBC. 104c. (Fechtenkötter. et. al.. 1999),.whereas. further.
increasing.the.size.of.the.core.to.96.and.97.results.in.broader.columnar.liquid.crys-
talline.phases,.which.cannot.become.isotropic.when.melted.below.600°C..The.third.
method.is. to. introduce.functional.groups.or.additional.noncovalent. interactions.at.
the.side.chains..For.instance,.additional.hydrogen.bonding.units.were.introduced.in.
105,.which.significantly.enhanced.the.self-assembling.abilities.of.the.HBC.and.thus.
endowed.it.with.excellent.gelation.ability.(Dou.et.al..2008)..Compound.106.is.also.
interesting,.in.which.the.local.dipoles.are.presented.(Feng.et.al..2008)..As.a.result,.
the.solution.processing.onto.a.substrate.resulted. in. the.formation.of.exceptionally.
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long.fibrous.microstructures..The.rational.control.of. the.LC.phase.is.beneficial. to.
enhance.the.charge.transporting.properties.of.materials,.qualifying.them.as.promis-
ing.semiconductors.for.organic.electronic.devices.such.as.field-effect.transistors.

6.3.2.2  Field-Effect Transistors
Organic.semiconductors.are.normally.classified.as.p-type.or.n-type,.depending.on.
which.type.of.charge.carrier.is.more.efficiently.transported.through.the.materials,.
or.ambipolar-type,.in.which.both.hole.and.electron.can.be.efficiently.transported..
Over. the. past. 20. years,. organic. field-effect. transistors. (OFETs). based. on. nano-
sized. graphenes. have. attracted. enormous. interest. for. the. realization. of. organic.
electronic.devices.

A.key. family.of.nanosized.graphenes. for.OFETs. is.acene.with.pentacene.as.a.
representative..Pentacene.is.a.benchmark.for.FETs.exhibiting.charge.carrier.mobil-
ity.larger.than.3.cm2.V−1.s−1.(Roberson.et.al..2005)..Its.excellent.charge.transport.is.
claimed. to.be.due. to. the.extended.conjugated.system,. the.efficient. intermolecular.
π–π.overlaps,.and.the.appropriate.HOMO.energy.level.for.hole.injection.and.trans-
port..General.problems.for.pentacenes.are.their.poor.stability.and.solubility,.which.
can. be. alleviated. by. the. introduction. of. functional. groups. at. 6,. 13-positions.. For.
example,. the. triisopropylsilylethynyl-substituted.pentacene.(5).exhibited.FET.hole.
mobility.of.1.42.cm2.V−1.s−1.for.its.single.crystal.nanowires.with.enhanced.stability.
(Kim.et.al..2007)..Apart.from.pentacene,.other.acenes.also.received.much.interest.in.
OFETs.(Wu.2007)..For.instance,.rubrene,.a.tetracene.derivative,.still.has.the.highest.
record.for.OFETs.with.mobility.approaching.15–40.cm2.V−1.s−1.(da.Silva.Filho.et.al..
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2005)..However,.higher.acenes.such.as.hexacene.and.heptacene.have.not.been.used.
for.OFETs.due.to.their.synthetic.difficulties.and.poor.stability.

In.the.case.of.HBC-based.OFETs,.control.of.the.alignment.of.these.discotic.mate-
rials.is.the.key.issue.and.the.discs.need.to.be.aligned.in.the.direction.that.is.parallel.to.
the.surface..A.uniaxial.edge-on.alignment.of.the.HBC.molecules.between.the.source.
and.drain.electrodes.was.achieved.by.zone-casting.techniques.or.by.using.preori-
ented.substrates,.which.allows.efficient.charge.transport.in.macroscopic.thin.films..
The.FET.mobility.of.the.oriented.films.is.commonly.between.0.0001–0.01.cm2.V−1.s−1.
(Pisula.et.al..2005).

The.development.of.n-type.materials.is.still.lagging.behind.p-type.semiconduc-
tors.due.to.the.low.stability.of.most.n-type.conductors. in.the.air.as.well.as. insta-
bility.of.the.electrodes.used.for.n-type.materials..One.effective.method.for.n-type.
organic.semiconductors. is. to.convert.p-type.semiconductors. into.n-type.materials.
by. introducing. certain. strong. electron-withdrawing. groups.. This. will. lower. the.
LUMO.energy.level.of.materials,.thus.facilitating.electron.injection.and.transport..
For. example,. an. electron. mobility. of. 10−5. cm2. V−1. s−1. was. first. reported. for. per-
ylene.bisimide.107a.(Figure 6.18).(Horowitz.et.al..1996)..In.fact,.perylene.bisimide.
is.one.of.the.most.promising.electron-deficient.cores.among.nanosized.graphenes.for.
the.design.of.n-type.OFET.materials..Further,.introduction.of.electron-withdrawing.
groups.makes.it.possible.to.tune.their.charge.transporting.properties,.the.degree.of.
molecular.organization,.and.stability..For. instance,.cyano.group–substituted.107b.
has.good.air.stability.and.exhibits.electron.mobility.of.0.1.cm2.V−1.s−1,.while.107c.
with.fluoroalkyl.end.substitution.displays.electron.mobility.as.high.as.0.64.cm2.V−1.s−1.
because. of. the. increased. intermolecular. π–π. overlaps. induced. by. the. fluoroalkyl.
substitution. in. the. latter. (Jones. et. al.. 2004)..The.perchlorinated.perylenebisimide.
108.showed.high.electron.mobility.around.0.91.cm2.V−1.s−1,.although.it.has.a.highly.
twisted.structure.(Gsänger.et.al..2010).

6.3.3   orGanic solar cells

6.3.3.1  Bulk-Heterojunction (BHJ) Solar Cells
Solar.cells,.also.called.photovoltaics,.are.electronic.devices.that.can.directly.convert.
solar.energy.into.electricity..The.performance.of.an.organic.solar.cell.is.determined.
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by. a. broad. parameter. set,. such. as. the. HOMO. and. LUMO. energy. levels. of. the.
donor.and.acceptor,. the.absorption.behavior.and.charge. transport.property.of. the.
organic.compounds,.morphology,.and.so.on..Solar.cells.are. roughly.grouped. into.
bilayer. solar. cells,. bulk-heterojunction. (BHJ). solar. cells,. and.dye-sensitized. solar.
cells.(DSSC).based.on.the.device.architecture..Our.focus.is.on.the.BHJ.solar.cells.
and. the.DSSCs,. which.usually. show. higher. power. conversion. efficiency. than. the.
bilayer.photovoltaics.

To.improve.the.efficiency.of.bilayer.solar.cells,.one.possibility.is.to.enlarge.the.
donor–acceptor.interfacial.area..In.BHJ.cells,.both.donor.and.acceptor.phases.are.
intimately.intermixed.so.that.the.excitons.can.readily.access.the.interface.and.fur-
ther. dissociate. to. holes. and. electrons. at. the. donor–acceptor. interface.. Since. the.
first.report.on.organic.solar.cells.by.Tang.applying.perylene.dibenzimidazole.as.an.
acceptor.(Tang.1986),.perylene.with.strong.electron-withdrawing.groups.has.been.
widely.used.as.an.acceptor.part.in.BHJ.cells.due.to.the.fact.that.they.have.high.elec-
tron.affinities.and.thus.can.accept.electrons.from.most.donor.compounds..However,.
a.general.drawback.of.the.BHJ.cells.is.that.the.transport.and.collection.of.charges.
in.a.disordered.nanoscale.blend.can.be.hindered.by.phase.boundaries.and.disconti-
nuities..One.way.to.overcome.this.drawback.is.by.covalently.linking.the.donor.and.
acceptor.in.a.single.polymer.chain..For.this.purpose,.perylene.derivatives.have.been.
linked.to.other.electron-donating.units.to.form.donor-accepter.co-oligomers.or.copo-
lymers..For.example,.Janssen’s.group.first.reported.two.new.copolymers.109 and.110.
(Figure 6.19).consisting.of.alternating.oligophenylenevinylene.donor.and.perylene.
bisimide.acceptor.segments.with.satisfactory.open-circuit.voltages.around.1–1.2.V.
(Neuteboom.et.al..2003)..However,.short-circuit.current.densities.were.found.below.
0.012.mA.cm−2.under.AM1.5.conditions,.which.is.due.to.the.fast.geminate.recom-
bination.and.poor.transport.characteristics.resulting.from.face-to-face.orientations.
of.oligophenylenevinylene.and.perylene.segments.in.alternating.stacks..Remarkably.
enhanced.power.conversion.efficiency.was.achieved.by.using.111.(Figure 6.19).as.
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the.electron.acceptor.and.another.polythiophene.polymer.as.donor.to.construct.BHJ.
cells. (Zhan. et. al.. 2007).. In. common. with. low-band. polymers,. the. blend. demon-
strated.very.broad.absorptions.between.250.and.850.nm.with.power.conversion.effi-
ciency.approaching.1.5%.

Other.nanosized.graphenes.have.seldom.been.used.in.BHJ.cells.owing.to.their.
limited. absorption. behavior.. A. thiophene-fluorene. co-oligomer-substituted. HBC.
112.(Figure 6.20).exhibited.broader.absorption.between.250.and.550.nm.and.BHJ.
devices.fabricated.with.112 as.an.electron.donor.and.[6,6]-phenyl-C61-.butyric.acid.
methyl.ester.(PCBM).as.an.electron.acceptor.showed.good.performance.with.power.
conversion.efficiency.of.2.5%.(Wong.et.al..2010)..This.is.attributed.to.the.enhanced.
light-harvesting.property.as.well.as.the.formation.of.an.ordered.morphology.in.solid.
state.induced.by.the.self-assembly.of.the.HBC.molecules.

6.3.3.2  Dye-Sensitized Solar Cell (DSSC)
DSSCs.were.the.first.organic.photovoltaic.products.to.enter.the.market.because.of.
their.high.efficiency.and.stability..In.organic.DSSCs,.photons.are.collected.by.organic.
dyes.that.are.covalently.linked.to.a.nanostructured.metal.oxide.electrode.(e.g.,.TiO2)..
Improvement.of. the.device’s.performance.has.been.limited.by.the. light-harvesting.
capability.of.state-of-the-art.dyes,.which.lack.strong.absorption.in.the.far-red/NIR.
region..Rylene.dyes.are.believed.to.be.ideal.candidates.as.sensitizers.in.DSSCs.due.
to.their.excellent.light-harvesting.properties.and.available.reactive.positions,.which.
allow.fine.chemical.modifications.to.tune.the.energy.level,.band.gap,.and.anchoring.
group..Representative.is.the.perylene.monoanhydride.113.(Figure 6.21).with.a.push-
pull. motif,. showing. power. conversation. efficiency. around. 3.2%. (Edvinsson. et. al..
2007)..A.breakthrough.was.achieved.by. introducing. two.phenyl.thio.groups. in. the.
1,6-positions.of.the.perylene.core.to.form.dye.114 (Li.et.al..2008)..This.allows.fine.
tuning.of.the.HOMO.and.LUMO.energy.levels.and.the.absorption.of.the.dye,.giving.
an.efficiency.up.to.6.8%.of.standard.AM.1.5.solar.conditions.

Construction.of.solid-state.DSSCs.with.a.solid.organic.hole-transporting.material.
has.gained.considerable.attention.as.an.attractive.alternative. to. traditional.DSSCs.
with.liquid.electrolytes..In.this.case,.some.disadvantages.such.as.solvent.leakage.and.
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evaporation.are.prevented..Using.dye 115.(Figure 6.21),.which.possesses.a.carboxylic.
acid. as. the. anchoring. group,. solid-state. DSSCs. exhibited. an. efficiency. of. 3.2%,.
whereas.a.poor.efficiency.as.low.as.1.2%.was.obtained.for.115.in.a.liquid-electrolyte-
based. DSSC. (Cappel. et. al.. 2009).. Higher. rylenes. exhibiting. a. larger. π-elongated.
system.and.a.concomitantly.better.light-harvesting.property,.such.as.terrylene.mono-
imide.derivate.116,.have.also.been.tested.in.DSSCs.(Edvinsson.et.al..2008)..Despite.
a.remarkably.broad.photocurrent.action.spectrum.arising.from.its.absorption.behav-
ior,.a.moderate.efficiency.of.2.4%.has.been.achieved,.which.is.attributed.to.the.low.
voltage.caused.by.the.dye’s.incompatibility.with.additives.

6.4  CONCLUDING REMARKS

It.is.obvious.that.nanosized.graphenes.play.very.important.roles.in.materials.science..
The.success.of.using.nanosized.graphenes.as.active.materials. is.ascribed. to. their.
unique.properties,.including.good.self-assembling.and.charge.transporting.proper-
ties,.and.unusual.absorption.and.emission.behavior.

Despite. encouraging. achievements. by. previous. and. current. contributors,. low.
solubility.for.larger.nanosized.graphenes.is.inherent..Thus,.preparation.of.larger.nano-
sized.graphenes.still.suffers.from.limitations.such.as.poor.solubility..Furthermore,.
due. to. the.narrow.band.gap.and. the. relatively.high-lying.HOMO.energy. level. for.
some.members. (e.g.,.higher-order.acenes.and.periacenes),. there. is.an.urgent.need.
to. final. a. way. to. stabilize. them. by. rational. chemical. modifications.. Synthesis. in.
some.cases.is.also.restricted.by.the.multiple.steps.and.overall.low.yields,.which.limit.
their. practical. applications.. Current. research. into. applications. that. use. nanosized.
graphenes.is.focused.on.pentacene,.perylene,.and.HBC.derivatives;.applying.other.
nanosized. graphenes. has. received. less. attention.. In. this. respect,. attention. should.
be.turned.toward.the.other.nanosized.graphenes.and.considerable.effort.should.go.
into.the.systematic.modification.of.their.architectures.to.endow.them.with.appropri-
ate.qualifications.

Specifically,. tuning. the. water. solubility. and. preserving. the. fluorescence. of.
nanosized.graphenes.are. the.key. issues. for.bioimaging.applications..One. trend. is.
to.embed. the.dye.molecules. into.a.hydrophilic.shell,.which.functions.as.a.carrier.
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to.deliver.the.dye.into.biotargets..This.strategy.is.still.in.its.infancy.for.nanosized.
graphene-based.dyes;.however,.it.provides.an.alternative.way.to.exploit.applications.
of.nanosized.graphenes.for.biological.systems.

Discotic. LCs. have. been. used. as. charge-transporting. materials. in. electronic.
devices,.and.the.control.of.the.degree.of.molecular.order.and.organization.as.well.
as.the.alignment.of.the.columnar.structure.is.beneficial.to.improving.device.perfor-
mance..As.aspects.including.design.strategies.and.packing.manners.are.becoming.
clear,.it.is.conceivable.that.numerous.disc-like.nanosized.graphenes.such.as.HBC,.
perylene,.coronene,.and.ovalene.have.the.potential.to.achieve.excellent.device.per-
formance.after.further.optimization.

In.photovoltaics,.the.exploitation.of.perylene.dyes.for.organic.solar.cells.has.been.
widely.developed..Compared.with.other.organic.dyes.(e.g.,.porphyrin.in.DSSCs,.a.low-
band-gap.polymer.in.BHJ.cells),.there.is.still.plenty.of.room.for.device.enhancement..
Perylene.dyes.based.on.the.donor–acceptor.concept. turn.out. to.be.quite.successful.
in.the.design.of.highly.efficient.dyes.for.photovoltaics..The.push-pull.effect.not.only.
improves.the.light-harvesting.ability.of.dyes.but.further.facilitates.electron.injection.to.
the.electrode,.thus.improving.the.performance.of.the.solar.cell.device..Furthermore,.
higher.rylenes.and.other.nanosized.graphenes.with.NIR.absorptions.should.receive.
much.more.attention.in.the.future.due.to.their.better.light-harvesting.properties.

In. short,. it. seems. inevitable. that. more. and. more. nanosized. graphenes. will. be.
attainable.by.state-of-the-art.chemistry,.and.their.physical.and.chemical.properties.
are.adjustable.for.different.applications.in.material.science.

ABBREVIATIONS

BHJ:. bulk.heterojunction
BODIPY:. 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
COD:. cis,.cis-1,5-cyclooctadiene
DBN:. 1,5-diazabicyclo(4.3.0)non-5-ene
DBU:. 1,8-diazabicyclo[5.4.0]undec-7-ene
DDQ:. 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DSSC:. dye-sensitized.solar.cell
FETs:. field-effect.transistors
HBC:. hexa-peri-hexabenzocoronene
HOMO:. highest.occupied.molecular.orbital
LC:. liquid.crystalline.(crystal)
LUMO:. lowest.unoccupied.molecular.orbital
NIR:. near.infrared
NMR:. nuclear.magnetic.resonance
OFETs:. organic.field-effect.transistors
PAHs:. polycyclic.aromatic.hydrocarbons
TIPSE:. triisopropylsilylethynyl
Tf:. trifluoromethanesulfonyl
Vis:. visible
UV:. ultraviolet
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This.chapter.deals.with.graphene-reinforced.metals.and.ceramic.nanocomposites,.
their.synthesis.techniques,.and.potential.applications..A.classification.of.composite.
preparation.techniques.has.been.made.based.on.the.mechanism..Future.scope.and.
potential.of.these.nanocomposites.is.also.discussed.

7.1  INTRODUCTION

Graphene.is.one.of.the.most.attractive.materials.being.widely.researched.in.recent.
times..The.increased.popularity.of.graphene.originates.from.its.wondrous.proper-
ties,.which. include,.but. are.not. limited. to,. excellent. electron.mobility. through. its.
atom-thick.sp2.bonded.2-D.structure,.its.high.current.density,.excellent.mechanical.
properties,.optical.transmittance,.and.thermal.conductivity.[1–5]..Table 7.1.presents.
the.salient.properties.of.graphene..These.intrinsic.properties.of.graphene.have.found.
potential.in.myriad.applications,.for.example,.electronic.devices,.field.emitters,.bat-
teries,. solar.cells,.electronic.displays,. sensors,. thermally.and.electrically.conduct-
ing. composites,. and. structural. composites. with. enhanced. mechanical. properties..
Graphene-based.composites.have.thus.generated.enormous.interest.. In.addition.to.
the.excellent.properties.of.graphene,.another.aspect.of.its.popularity.is.its.easy.avail-
ability..As.has.been.commented.by.Professor.Kotov,.“When.carbon.fibers.just.won’t.
do,.but.nanotubes.are.too.expensive,.where.can.cost-conscious.materials.scientists.
go. to.find. a.practical. conductive. composite?.The. answer. could. lie.with.graphene.
sheets”.[6].

7.5. Comparison.of.Graphene.and.Carbon.Nanotubes.as.Reinforcement.to.
Composites....................................................................................................224

7.6. Metal/Ceramic.Graphene.Composite.Fabrication.at.Macroscale.for.
Structural.Applications.................................................................................. 226

7.7. Summary.......................................................................................................227
References...............................................................................................................228

TABLE 7.1
Important Physical and Mechanical Properties 
of Graphene

Property Graphene Reference

Electron.Mobility 15000.cm2V−1s−1 [1]

Resistivity 10−6.Ω-cm [1]

Thermal.Conductivity 4.84–5.3.×.103.Wm−1K−1 [4]

Coefficient.of.Thermal.Expansion −6.×.10−6/K [5]

Elastic.Modulus 0.5–1.TPa [2]

Tensile.Strength 130.GPa [4]

Transmittance >95%.for.2.nm.thick.film
>70%.for.10.nm.thick.film

[2]
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Figure 7.1.presents.a.chronological.trend.of.publications.on.graphene–polymer,.
graphene–metal,. and. graphene–ceramic. composites. that. clearly. shows. the. grow-
ing.research. interest. in. the.field..Closer.observation.of.Figure 7.1.reveals. increas-
ing.interest.for.graphene-containing.composites.of.all.three.types;.that.is,.polymer,.
ceramic,.and.metal.matrices..But.the.number.of.studies.is.larger.for.polymer-based.
composites. than. for. the. other. two. categories.. This. trend. is. similar. to. the. initial.
period.of.development.in.carbon.nanotube.(CNT)-reinforced.composites.[7–8]..The.
reason.for.this.trend.could.be.the.easy.fabrication.route.of.polymer-based.composites.
as.they.do.not.generally.involve.high.temperature.and.pressure..Thus,.it.is.easier.to.
retain.the.homogeneous.dispersion.and.structural.integrity.of.graphene..On.the.other.
hand,.the.successful.processing.of.metal–.and.ceramic–graphene.composites.poses.
lots.of.challenges..A.couple.of.detailed.review.articles.have.also.been.published.on.
polymer–graphene.composites.with.comprehensive.discussions.on.their.properties.
and.potential.applications.[4,9].

Polymer-based.composites.are.not.suitable.for.applications.requiring.higher.tem-
perature.and.strength..This. is.where.metal-.or.ceramic-based.composites.become.
important..Taking.into.account.the.reviews.already.available.on.polymer–graphene.
systems,.and.also.considering.the.potential.of.metal–.and.ceramic–graphene.com-
posites,.the.focus.of.this.chapter.is.graphene-reinforced.metal-.and.ceramic-based.
composite.systems..The.composite.fabrication.processes.are.classified.based.on.the.
synthesis.mechanism..The.proposed.applications.of.metal-.and.ceramic-based.gra-
phene.composites,.studied.to.date.are.in.electronic.devices,.sensors,.or.similar.fields..
Since.most.of. these.studies.are.for.nonstructural.applications,. the. interface.bond-
ing.between.graphene.and.the.matrix.for.effective.load.transfer.is.not.given.much.
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importance..However,.considering.the.excellent.elastic.modulus.and.tensile.strength.
of.graphene.(see.Table 7.1),.the.mechanical.properties.of.graphene-reinforced.com-
posites.could.be.another. interesting.area.of. research. to.explore. their.potential. for.
structural.applications..To.date.there.is.only.one.publication.on.ceramic-based.com-
posites.that.has.attempted.to.evaluate.mechanical.properties.of.graphene.reinforce-
ment.[10]..No.study.exists.on.metal–graphene.composites.at.the.time.of.this.writing..
It.must.be.noted.that.the.effect.of.graphene.addition.on.the.mechanical.properties.of.
polymers.has.been.addressed.[4,9–11].

Carbon.nanotubes.(CNTs).have.been.actively.researched.in.the.last.15.years.as.
a.potential.reinforcement.for.composites..A.brief.section.in.this.chapter.includes.a.
comparison.of.CNT.and.graphene.as.reinforcements.used.in.some.ceramic.and.poly-
mer. matrix. composite. systems. [11–15].. Scientific. predictions. about. the. effective-
ness.of.graphene.reinforcement.with.respect.to.CNTs.have.also.been.made..A.brief.
discussion.is.presented.on.the.potential.processing.routes.for.synthesizing.graphene-
reinforced.metal.and.ceramic.composites.at.macroscale.for.structural.applications..
In.summary,.the.future.of.graphene-based.nanocomposites.has.been.touched.upon.
with.a.mention.of.challenges.and.areas.requiring.attention..All.the.studies.available.
on.metal–.and.ceramic–graphene.composites.are.summarized.in.Tables 7.2.and.7.3,.
for.the.benefit.of.readers.and.future.researchers.

7.2  CERAMIC-GRAPHENE COMPOSITES

The.studies.on.ceramic–graphene.composites.have.explored.a.large.variety.of.ceram-
ics.including.SiO2.[16],.TiO2.[17–21],.NiO.[22–24],.Co3O4.[24–26],.ZnO.[22,27–29],.
Al2O3.[13,30–31],.Cu2O.[32],.SnO2.[14,33–34],.MnO2.[35–37],.and.other.compounds,.
including.Si3N4.[15],.Si–O–C.[38],.and.LiFePO4.[39]..The.proposed.applications.of.
these.composites.are.mainly.in.electronic.devices.for.field.emitters.[29],.Li-ion.bat-
teries.[14,25,32–35,38–40],.solar.cells.[21],.super.capacitors.[26,28,36,41],.and.photo.
catalysts.[12,19–20,27]..Graphene.is.mostly.used.as.reinforcement.for.the.ceramic.
matrix.to.enhance.its.performance.in.electronic.applications..But.there.are.few.stud-
ies.in.which.graphene.has.been.used.as.the.major.element.or.the.matrix.of.the.com-
posite.with.ceramic.particles.as.the.second.phase.[26,36]..The.following.subsections.
focus. on. the. major. processing. techniques. and. applications. of. ceramic–graphene.
composite.systems.

7.2.1   processinG techniques

Several.processing.techniques.have.been.adopted.for.fabricating.ceramic–graphene.
composites.with.the.main.aim.of.having.uniform.distribution.of.ceramic.and.gra-
phene.phases..Like.CNTs,.graphene.sheets.tend.to.agglomerate.and.form.clusters..
Thus,.their.uniform.distribution.in.the.matrix.remains.a.challenge.during.composite.
fabrication.. The. applications. of. these. composites. proposed. so. far. are. mainly. for.
electronic.devices.and.not.in.structural.components..Thus,.the.interfacial.bonding.
between.ceramic.and.graphene.leading.to.strengthening.has.not.been.investigated.
to.a.significant.extent..The.following.subsections.present.the.classification.of.major.
processing.techniques.to.fabricate.ceramic–graphene.composites.



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 191

TA
B

LE
 7

.2
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

Si
O

2–
G

ra
ph

en
e.

(6
.6

.w
t..

%
)–

co
m

po
si

te
.

fil
m

.o
f.

20
–3

0.
nm

.th
ic

kn
es

s

G
O

.e
xf

ol
ia

te
d.

in
.w

at
er

/e
th

an
ol

;.A
dd

in
g.

te
tr

am
et

hy
l.o

rt
ho

si
lic

at
e.

in
.d

is
pe

rs
io

n.
to

.f
or

m
.

so
l;.

sp
in

.c
oa

te
d.

on
.b

or
os

ili
ca

te
.g

la
ss

.o
r.

si
lic

on
;.

ex
po

se
d.

in
.s

at
ur

at
ed

.v
ap

or
.o

f.
hy

dr
az

in
e.

m
on

oh
yd

ra
te

.to
.c

he
m

ic
al

ly
.r

ed
uc

e.
G

O
.to

.
gr

ap
he

ne
.s

he
et

;.t
he

rm
al

ly
.tr

ea
te

d.
at

.4
00

°C
.to

.
fo

rm
.c

on
so

lid
at

ed
.s

ili
ca

.fi
lm

s.

N
A

E
le

ct
ri

ca
l.c

on
du

ct
iv

ity
:

3.
w

t.%
.G

O
:.8

.×
.1

0−
4 .S

/c
m

11
.w

t.5
.G

O
:.0

.4
5.

S/
cm

T
ra

ns
m

itt
an

ce
:

0.
w

t.%
.G

O
:.0

.9
86

11
.w

t.%
.G

O
.0

.9
4–

0.
96

.

T
ra

ns
pa

re
nt

.e
le

ct
ri

ca
l.

co
nd

uc
to

r.
fo

r.
so

la
r.

re
fle

ct
iv

e.
w

in
ds

hi
el

d,
.

se
lf

-c
le

an
in

g.
w

in
do

w
,.e

le
ct

ro
st

at
ic

.
ch

ar
ge

–d
is

si
pa

tin
g.

co
at

in
g,

.s
ol

ar
.c

el
l,.

se
ns

or
.d

ev
ic

es
,.e

tc
.

[1
6]

T
iO

2–
G

ra
ph

en
e

T
iO

2.
co

llo
id

al
.s

us
pe

ns
io

n.
pr

ep
ar

ed
.b

y.
ad

di
ng

.
tit

an
iu

m
.is

op
ro

po
xi

de
.in

.e
th

an
ol

.a
nd

.s
tir

ri
ng

.
vi

go
ro

us
ly

;.g
ra

ph
ite

.o
xi

de
.p

ow
de

r.
is

.m
ix

ed
.in

.
th

e.
su

sp
en

si
on

;.U
V

-i
nd

uc
ed

.p
ho

to
ca

ta
ly

tic
.

re
du

ct
io

n.
of

.g
ra

ph
en

e.
ox

id
e.

to
.g

ra
ph

en
e.

is
.

ca
rr

ie
d.

ou
t.b

y.
U

V
.ir

ra
di

at
io

n.
of

.th
e.

su
sp

en
si

on
.

w
hi

le
.p

as
si

ng
.n

itr
og

en
.th

ro
ug

h.
it.

N
A

E
le

ct
ri

ca
l.r

es
is

tiv
ity

:
B

ef
or

e.
re

du
ct

io
n.

of
.G

O
:.2

33
.K
Ω

A
ft

er
.r

ed
uc

tio
n.

of
.G

O
.f

or
.2

.h
:.

30
.5

.K
Ω

O
pt

oe
le

ct
ro

ni
c.

an
d.

en
er

gy
.c

on
ve

rs
io

n.
de

vi
ce

s

[1
7]

N
i/N

iO
–

G
ra

ph
en

e.
an

d.
Z

nO
–G

ra
ph

en
e.

co
m

po
si

te
s

C
ol

lo
id

al
.d

is
pe

rs
io

n.
of

.N
i-

Z
n;

.a
ni

on
ic

.c
la

y.
an

d.
a.

se
pa

ra
te

.d
is

pe
rs

io
n.

of
.G

O
.is

.a
dd

ed
.in

.d
ro

ps
.in

.
de

ca
rb

on
at

ed
.w

at
er

.to
.m

ix
;.a

ci
d.

le
ac

hi
ng

.in
.H

C
l.

fo
r.

24
.h

;.h
ea

t.t
re

at
ed

.f
or

.1
.h

.(
30

–6
00

°C
).

.1
..

A
ci

d.
le

ac
hi

ng
.(

H
C

l)
.to

.f
or

m
.G

ra
ph

en
e–

Z
nO

.
co

m
po

si
te

.w
ith

.N
i.a

nd
.N

iO
.n

an
op

ar
tic

le
s

.2
..

B
as

e.
le

ac
hi

ng
.(

N
aO

H
).

fo
r.

G
ra

ph
en

e–
N

iO
.

an
d.

G
ra

ph
en

e–
N

i.c
om

po
si

te
s

N
A

N
A

N
A

[2
2]

C
on

ti
nu

ed



192	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.2
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

Z
nO

–G
ra

ph
en

e
G

O
.m

ad
e.

by
.H

um
m

er
.p

ro
ce

ss
;.r

ed
uc

ed
.u

si
ng

.
hy

dr
az

in
e.

m
on

oh
yd

ra
te

;.p
as

te
d.

on
.in

di
um

.ti
n.

ox
id

e.
gl

as
s.

(I
T

O
).

su
bs

tr
at

e;
.u

ltr
as

on
ic

.s
pr

ay
.

py
ro

ly
si

s.
at

.a
.f

re
qu

en
cy

;.1
.6

5.
M

H
z,

.4
20

°C
,.

5.
m

in
.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ta

nc
e

Z
nO

-G
ra

ph
en

e.
(I

T
O

):
.1

1.
3.

F/
g

Z
nO

-(
IT

O
):

.0
.7

.F
/g

G
ra

ph
en

e-
.(

IT
O

):
.3

.F
/g

Pr
om

is
in

g.
re

ve
rs

ib
le

.c
ha

rg
e/

di
sc

ha
rg

e.
ab

ili
ty

.w
ith

.ty
pi

ca
l.s

up
er

ca
pa

ci
to

r.
be

ha
vi

or
.

Su
pe

rc
ap

ac
ito

r
[2

8]

Si
3N

4,
.A

l 2
O

3,
.

Y
2O

3–
G

ra
ph

en
e.

(3
.w

t..
%

)
**

C
om

pa
re

d 
w

ith
 

C
N

T-
re

in
fo

rc
ed

 
co

m
po

si
te

s

C
om

po
si

te
.p

ow
er

.p
re

pa
re

d.
by

.a
ttr

ito
r.m

ill
in

g.
in

.
di

st
ill

ed
.w

at
er

;.u
ni

ax
ia

l.d
ry

.p
re

ss
in

g,
.2

20
.M

Pa
;.

ga
s.

pr
es

su
re

.s
in

te
ri

ng
,.1

70
0°

C
,.2

.M
Pa

,.n
itr

og
en

.

N
A

E
le

ct
ri

ca
l.c

on
du

ct
iv

ity
Si

3N
4.

–.
G

ra
ph

en
e.

–.
in

su
la

to
r.

–.
ov

er
lo

ad
ed

.(
10

.M
.Ω

.m
ea

su
re

m
en

t.
lim

it
Si

3N
4.

–.
M

W
C

N
T

.–
.2

.9
5.

S/
m

Si
3N

4.
–.

SW
N

T
.–

.1
5.

27
.S

/m

N
A

[1
5]

Z
nO

.n
an

ow
ir

e–
G

ra
ph

en
e.

Sh
ee

t.
C

om
po

si
te

Z
nO

.n
an

ow
ir

e.
gr

ow
n.

on
.S

i.s
ub

st
ra

te
.b

y.
va

po
r.

ph
as

e.
de

po
si

tio
n;

.N
i.n

an
op

ar
tic

le
.is

.c
oa

te
d.

on
.

Z
nO

.n
an

ow
ir

e.
by

.m
ag

ne
tr

on
.s

pu
tte

ri
ng

;.
gr

ap
he

ne
.s

he
et

.g
ro

w
n.

on
.c

oa
te

d.
Z

nO
.n

an
ow

ir
e.

in
.r

ad
io

.f
re

qu
en

cy
.P

E
C

V
D

.

N
A

T
ur

n.
on

.fi
el

d:
Z

nO
-G

ra
ph

en
e:

.1
.3

.V
/μ

m
Z

nO
:.2

.5
.V

/μ
m

Fi
el

d.
en

ha
nc

em
en

t.f
ac

to
r.

(β
)

Z
nO

–g
ra

ph
en

e:
.1

.5
.×

.1
04

Z
nO

:.7
.4

.×
.1

03

Fi
el

d.
E

m
itt

er
s

[2
9]

T
iO

2–
G

ra
ph

en
e.

Sh
ee

t
C

om
po

si
te

.s
yn

th
es

iz
ed

.u
si

ng
.te

tr
ab

ut
yl

.ti
ta

na
te

.
an

d.
gr

ap
he

ne
.s

he
et

.b
y.

so
l-

ge
l.m

et
ho

d.
N

A
Ph

ot
oc

at
al

yt
ic

.a
ct

iv
ity

.–
.h

yd
ro

ge
n.

ev
ol

ut
io

n.
ra

te
.b

y.
w

at
er

.
ph

ot
o-

sp
lit

tin
g

T
iO

2–
gr

ap
he

ne
:.8

.6
.μ

m
ol

.h
−

1

T
iO

. 2:
.4

.5
.μ

m
ol

.h
−

1

[1
9]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 193

Si
O

C
–G

ra
ph

en
e.

N
an

os
he

et
.

(4
-2

5.
w

t.%
)

C
om

po
si

te
.f

ab
ri

ca
te

d.
by

.d
is

pe
rs

in
g.

G
O

.p
ow

de
r.

in
to

.p
ol

ys
ilo

xa
ne

.(
pr

ec
ur

so
r.

liq
ui

d.
fo

r.
Si

O
C

).
fo

llo
w

ed
.b

y.
cr

os
s.

lin
ki

ng
.a

nd
.p

yr
ol

ys
is

;.t
he

.
co

m
po

si
te

.p
ow

de
r.

is
.m

ix
ed

.w
ith

.a
ce

ty
le

ne
.b

la
ck

.
po

w
de

r.
an

d.
po

ly
flu

or
te

tr
ae

th
yl

en
e.

an
d.

et
ha

no
l.

to
.m

ak
e.

sl
ur

ry
;.t

he
.s

lu
rr

y.
is

.s
pu

rr
ed

.o
n.

st
ai

nl
es

s.
st

ee
l.s

ur
fa

ce
.a

nd
.r

ol
le

d.
to

.th
in

.d
is

c.
fo

r.
fit

tin
g.

in
.

co
in

.ty
pe

.b
at

te
ry

.

N
A

In
iti

al
.d

is
ch

ar
ge

.c
ap

ac
ity

Si
O

C
–G

ra
ph

en
e.

(2
5.

w
t.%

):
.

11
41

.m
A

hg
−

1

Si
O

C
:.6

56
.m

A
hg

−
1

G
ra

ph
en

e:
.5

40
.m

A
hg

−
1

R
ev

er
si

bl
e.

di
sc

ha
rg

e.
ca

pa
ci

ty
.a

ft
er

.
20

.c
yc

le
s

Si
O

C
–G

ra
ph

en
e.

(2
5.

w
t.%

):
.

35
7.

m
A

hg
−

1

Si
O

C
:.1

48
.m

A
hg

−
1

G
ra

ph
en

e:
.3

50
.m

A
hg

−
1

L
i-

io
n.

ba
tte

ry
.a

no
de

[3
8]

T
iO

2–
re

du
ce

d.
gr

ap
he

ne
.o

xi
de

T
iO

2–
G

O
.c

om
po

si
te

.p
re

pa
re

d.
by

.h
yd

ro
ly

si
s.

of
.

T
iF

4.
at

.6
0°

C
.f

or
.2

4.
h.

in
.p

re
se

nc
e.

of
.a

qu
eo

us
.

di
sp

er
si

on
.o

f.
G

O
;.f

or
.r

ed
uc

tio
n.

of
.G

O
,.

hy
dr

az
in

e.
hy

dr
at

e.
is

.a
dd

ed
.to

.T
iO

2-
G

O
.

su
sp

en
de

d.
in

.D
I.

w
at

er
;.s

tir
re

d.
at

.1
00

°C
.f

or
.2

4.
h.

N
A

N
A

N
A

[1
8]

C
u 2

O
–G

ra
ph

en
e

G
O

.a
nd

.c
op

pe
r.

ac
et

at
e.

di
sp

er
se

d.
in

.e
th

an
ol

;.
so

ni
ca

te
d,

.c
en

tr
if

ug
ed

,.a
nd

.w
as

he
d.

an
d.

dr
ie

d;
.

th
e.

m
ix

tu
re

.is
.m

ix
ed

.in
.e

th
yl

en
e.

gl
yc

ol
,.

so
ni

ca
te

d,
.a

nd
.h

ea
te

d.
up

.to
.1

60
°C

.f
or

.2
.h

;.
ce

nt
ri

fu
ge

d,
.w

as
he

d,
.a

nd
.d

ri
ed

;.C
u 2

O
.p

ar
tic

le
s.

fo
rm

.in
.s

itu
.f

ro
m

.a
bs

or
be

d.
co

pp
er

.a
ce

ta
te

.o
n.

G
O

.a
nd

.r
ed

uc
es

.G
O

.to
.g

ra
ph

en
e.

N
A

Te
st

ed
.f

or
.L

i-
io

n.
ba

tte
ry

.a
no

de
N

o.
co

m
pa

ri
so

n.
fo

r.
pr

op
er

tie
s

L
ow

.s
pe

ci
fic

.c
ap

ac
ity

.c
om

pa
re

d.
to

.
ot

he
r.

an
od

e.
m

at
er

ia
ls

L
i-

io
n.

ba
tte

ry
.a

no
de

,.
hy

dr
og

en
.p

ro
du

ct
io

n,
.

so
la

r.
en

er
gy

,.
ca

ta
ly

si
s

[3
2]

A
l 2

O
3–

G
ra

ph
en

e.
(5

.v
ol

..%
)

A
lu

m
in

a.
an

d.
na

tu
ra

l.g
ra

ph
ite

.p
ow

de
r.

ba
ll.

m
ill

ed
.

in
.e

th
an

ol
.(

25
0.

rp
m

,.3
0.

h)
.;.

sp
ar

k.
pl

as
m

a.
si

nt
er

in
g,

.1
40

0°
C

,.3
.m

in
.s

oa
ki

ng
,.6

0.
M

Pa
,.

he
at

in
g.

ra
te

;.8
0–

10
0°

C
/m

in
,.v

ac
uu

m
.

N
A

N
A

N
A

[3
1]

C
on

ti
nu

ed



194	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.2
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

Si
O

C
–G

ra
ph

en
e

Po
ly

si
la

ne
.a

nd
.p

ol
ys

ty
re

ne
.(

1:
1.

w
ei

gh
t.r

at
io

).
di

ss
ol

ve
d.

in
.to

lu
en

e;
.p

yr
ol

iz
ed

.a
t.1

00
0°

C
.in

.A
r.

fo
r.

1.
h.

N
A

Fi
rs

t.l
ith

ia
tio

n.
an

d.
de

lit
hi

at
io

n.
ca

pa
ci

tie
s.

ar
e.

86
7.

an
d.

60
8.

m
A

hg
−

1 ,.
re

sp
ec

tiv
el

y.
Fi

rs
t.C

ou
lo

m
bi

c.
ef

fic
ie

nc
y:

.7
0%

L
i-

io
n.

ba
tte

ry
.a

no
de

.
m

at
er

ia
l

[4
0]

T
iO

2–
G

ra
ph

en
e.

Sh
ee

t
G

ra
ph

en
e.

sh
ee

t.s
us

pe
ns

io
n.

sy
nt

he
si

ze
d.

by
.

ch
em

ic
al

.r
ed

uc
tio

n.
of

.e
xf

ol
ia

te
d.

G
O

;.f
or

.
T

iO
2–

gr
ap

he
ne

.c
om

po
si

te
.c

ol
lo

id
.ti

ta
ni

um
.

bu
to

xi
de

.is
.a

dd
ed

.to
.g

ra
ph

en
e.

sh
ee

t.s
us

pe
ns

io
n;

.
co

m
po

si
te

.fi
lm

.o
n.

IT
O

.g
la

ss
.is

.p
re

pa
re

d.
by

.
el

ec
tr

op
ho

re
tic

.d
ep

os
iti

on
.

N
A

E
le

ct
ri

ca
l.r

es
is

tiv
ity

T
iO

2–
G

ra
ph

en
e:

.3
.6

.±
.1

.1
.×

.1
02 .

Ω
.c

m
T

iO
2:

.2
.1

.±
.0

.9
.X

.1
05 .

Ω
.c

m
Fo

r.
ph

ot
ov

ol
ta

ic
.c

el
l

Po
w

er
.e

ffi
ci

en
cy

T
iO

2–
G

ra
ph

en
e:

.1
.6

8%
T

iO
2:

.0
.3

2%

D
ye

.s
en

si
tiz

ed
.s

ol
ar

.
ce

lls
[2

1]

T
iO

2.
(P

25
)–

.
G

ra
ph

en
e

T
iO

2.
(P

25
).

an
d.

G
O

.s
us

pe
ns

io
n.

in
.d

is
til

le
d.

w
at

er
.

an
d.

et
ha

no
l.w

er
e.

tr
ea

te
d.

at
.1

20
°C

.f
or

.3
.h

.to
.

re
du

ce
.G

O
.a

nd
.s

im
ul

ta
ne

ou
sl

y.
de

po
si

t.T
iO

2.
on

.
ca

rb
on

.s
ub

st
ra

te
.

N
A

D
eg

ra
da

tio
n.

of
.m

et
hy

l.b
lu

e.
in

.~
.1

.h
T

iO
2–

G
ra

ph
en

e:
.8

5%
T

iO
2–

C
N

T
:.7

0%
T

iO
2:

.2
5%

B
et

te
r.

lig
ht

.a
bs

or
pt

io
n.

ra
ng

e.
an

d.
ch

ar
ge

.s
ep

ar
at

io
n.

an
d.

tr
an

sp
or

ta
tio

n.

Ph
ot

oc
at

al
ys

t.f
or

.
pu

ri
fic

at
io

n.
of

.w
at

er
.

an
d.

ai
r

[1
2]

Z
nO

–G
ra

ph
en

e
G

O
.a

nd
.z

in
c.

ac
et

yl
ac

et
on

at
e.

di
sp

er
se

d.
in

.
hy

dr
az

in
e.

hy
dr

at
e;

.h
ea

te
d.

at
.1

80
°C

.f
or

.1
6.

h.
in

.
au

to
cl

av
e;

.p
ro

du
ct

.is
ol

at
ed

.b
y.

ce
nt

ri
fu

gi
ng

,.
w

as
he

d,
.d

ri
ed

.

N
A

C
ou

ld
.im

pr
ov

e.
U

V
-v

is
.a

bs
or

pt
io

n.
of

.
Z

nO
.

Po
llu

ta
nt

.
de

co
m

po
si

tio
n.

by
.

ph
ot

oc
at

al
ys

is

[2
7]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 195

A
l 2

O
3–

G
ra

ph
en

e.
na

no
sh

ee
t

E
xp

an
de

d.
gr

ap
hi

te
–A

l 2
O

3.p
ow

de
r.

ba
ll.

m
ill

ed
.f

or
.

30
.h

.w
ith

.N
-m

et
hy

l-
py

ro
lli

do
ne

.a
s.

m
ed

ia
;.s

pa
rk

.
pl

as
m

a.
si

nt
er

ed
,.h

ea
tin

g.
ra

te
.1

40
°C

/m
in

,.
13

00
°C

,.3
.m

in
.D

w
el

l,.
60

.M
Pa

,.v
ac

uu
m

.

N
A

E
le

ct
ri

ca
l.c

on
du

ct
iv

ity
.in

cr
ea

se
s.

w
ith

.
gr

ap
he

ne
.c

on
te

nt
.a

nd
.a

ls
o.

lin
ea

rl
y.

w
ith

.te
m

pe
ra

tu
re

.f
or

.s
am

e.
gr

ap
he

ne
.

co
nt

en
t.

C
on

du
ct

iv
e.

ce
ra

m
ic

s
[1

3]

Sn
O

2–
G

ra
ph

en
e.

(2
.4

.w
t..

%
)

G
O

.a
nd

.S
nC

l 2
.2

H
2O

.a
dd

ed
.in

.a
qu

eo
us

.H
C

l.(
35

.
w

t.%
).

m
ed

iu
m

;.s
tir

re
d.

fo
r.

2.
h;

.th
e.

pr
od

uc
t.

ob
ta

in
ed

.b
y.

ce
nt

ri
fu

gi
ng

,.w
as

hi
ng

,.r
ed

is
pe

rs
in

g,
.

an
d.

sp
ra

y.
dr

yi
ng

;.s
pr

ay
.d

ri
ed

.p
ow

de
rs

.a
nn

ea
le

d.
at

.4
00

°C
.in

.A
r.

fo
r.

2.
h.

N
A

C
ap

ac
ity

.a
ft

er
.3

0.
cy

cl
es

Sn
O

2:
.2

64
m

A
h/

g.
(3

1%
)

Sn
O

2–
G

ra
ph

en
e:

.8
40

.m
A

h/
g.

(8
6%

)

L
i-

io
n.

ba
tte

ry
.a

no
de

.
m

at
er

ia
ls

[3
3]

M
nO

2–
G

ra
ph

en
e.

(3
2.

&
.8

0.
w

t.%
)

R
ed

ox
.r

ea
ct

io
n;

.g
ra

ph
en

e.
in

.w
at

er
.s

us
pe

ns
io

n;
.

K
M

nO
4.a

dd
ed

;.s
tir

re
d;

.h
ea

te
d.

in
.m

ic
ro

w
av

e.
(2

45
0.

M
H

z,
.7

00
.W

).
fo

r.
5.

m
in

;.d
ep

os
it.

w
as

he
d.

in
.d

is
til

le
d.

w
at

er
.a

nd
.a

lc
oh

ol
;.d

ri
ed

.a
t.1

00
°C

,.
12

.h
.in

.v
ac

uu
m

.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ta

nc
e

M
nO

2:
.1

03
.F

g−
1

G
ra

ph
en

e:
.1

04
.F

g−
1

M
nO

2–
G

ra
ph

en
e.

(3
2%

):
.2

28
.F

g−
1

C
ap

ac
ita

nc
e.

re
te

nt
io

n.
ra

tio
.a

t.
10

0.
m

V
s−

1

M
nO

2:
.3

3%
M

nO
2–

G
ra

ph
en

e.
(3

2%
):

.8
8%

C
ap

ac
ita

nc
e.

re
te

nt
io

n.
ra

tio
.is

.v
er

y.
hi

gh
.a

t.a
.w

id
e.

ra
ng

e.
of

.s
ca

n.
ra

te
s.

C
ap

ac
ita

nc
e.

de
cr

ea
se

s.
on

ly
.4

.6
%

.o
f.

in
iti

al
.v

al
ue

.a
ft

er
.1

5,
00

0.
cy

cl
es

.

[3
6]

δ-
M

nO
2–

G
ra

ph
en

e

R
ed

ox
.r

ea
ct

io
n;

.g
ra

ph
en

e.
in

.w
at

er
.s

us
pe

ns
io

n;
.

K
M

nO
4.a

dd
ed

;.s
tir

re
d;

.h
ea

te
d.

in
.m

ic
ro

w
av

e.
(2

45
0.

M
H

z,
.7

00
.W

).
fo

r.
5.

m
in

;.d
ep

os
it.

w
as

he
d.

in
.d

is
til

le
d.

w
at

er
.a

nd
.a

lc
oh

ol
;.d

ri
ed

.a
t.1

00
°C

,.1
2.

h.
in

.v
ac

uu
m

.

N
A

N
i.i

on
.a

ds
or

pt
io

n.
ca

pa
ci

ty
M

nO
2:

.3
0.

63
.m

g.
g−

1

G
ra

ph
en

e:
.3

.m
g.

g−
1

M
nO

2–
G

ra
ph

en
e:

.4
6.

55
.m

g.
g−

1

E
nd

ot
he

rm
ic

.r
ea

ct
io

n;
Sp

on
ta

ne
ou

s.
ad

so
rp

tio
n.

pr
oc

es
s.

an
d.

ca
n.

be
.r

eu
se

d.
fo

r.
5.

tim
es

.w
ith

.9
1%

.
re

co
ve

ry
.r

at
e.

R
em

ov
al

.o
f.

N
i.i

on
.

fr
om

.w
as

te
.w

at
er

[3
7]

C
on

ti
nu

ed



196	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.2
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

C
o 3

O
4–

G
ra

ph
en

e
G

O
.is

.s
us

pe
nd

ed
.in

.u
ltr

ap
ur

e.
w

at
er

.a
nd

.
am

m
on

ia
;.c

ob
al

t.p
ht

ha
lo

cy
an

in
e.

m
ol

ec
ul

es
.a

re
.

ad
de

d.
by

.u
ltr

as
on

ic
at

io
n.

fo
r.

3.
h;

.h
yd

ra
zi

ne
.

so
lu

tio
n.

is
.a

dd
ed

.a
t.4

0°
C

.a
nd

.s
tir

re
d.

fo
r.

12
.h

;.
pr

ec
ip

ita
te

.is
.c

ol
le

ct
ed

.a
nd

.h
ea

te
d.

at
.4

00
°C

.in
.

ai
r.

to
.f

or
m

.C
o 3

O
4–

G
ra

ph
en

e.
co

m
po

si
te

..

N
A

R
ev

er
si

bl
e.

ca
pa

ci
ty

.–
.A

ft
er

.fi
rs

t.c
yc

le
Pu

re
.C

o 3
O

4:
.9

00
.m

A
hg

−
1

C
om

m
er

ci
al

.C
o 3

O
4:

.7
91

.m
A

hg
−

1

G
ra

ph
en

e:
.3

72
.M

A
hg

−
1

C
o 3

O
4–

G
ra

ph
en

e:
.7

54
.m

A
hg

−
1

R
ev

er
si

bl
e.

ca
pa

ci
ty

.–
.A

ft
er

.2
0.

cy
cl

es
C

o 3
O

4:
.3

88
.m

A
hg

−
1

C
o 3

O
4–

G
ra

ph
en

e:
.7

60
.m

A
hg

−
1

A
no

de
.m

at
er

ia
l.f

or
.

L
i-

io
n.

ba
tte

ry
[2

5]

Z
nO

–G
ra

ph
en

e
Sn

O
2–

G
ra

ph
en

e
G

ra
ph

en
e.

is
.m

ix
ed

.w
ith

.e
th

yl
.c

el
lu

lo
se

.a
nd

.
te

rp
in

eo
l;.

co
at

ed
.o

n.
gr

ap
hi

te
.s

he
et

s.
by

.s
cr

ee
n.

pr
in

tin
g;

.h
ea

te
d.

at
.1

00
°C

.f
or

.1
.h

;.Z
nO

.a
nd

.S
nO

2.
de

po
si

te
d.

on
to

.g
ra

ph
en

e.
fil

m
.b

y.
ul

tr
as

on
ic

.s
pr

ay
.

py
ro

ly
si

s.
fr

om
.0

.3
.M

.z
in

c/
tin

.a
ce

ta
te

.a
qu

eo
us

.
so

lu
tio

n,
.a

t.4
30

°C
.f

or
.5

.m
in

.w
ith

.c
ar

ri
er

.g
as

.
(a

ir
).

flo
w

.r
at

e.
of

.2
.m

l/m
in

.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ta

nc
e

G
ra

ph
en

e:
.6

1.
7.

F/
g

Z
nO

–G
ra

ph
en

e:
.4

2.
7.

F/
g

Sn
O

2–
G

ra
ph

en
e:

.3
8.

9.
F/

g
C

ha
rg

e.
tr

an
sf

er
.r

es
is

ta
nc

e
G

ra
ph

en
e:

.2
.5

.Ω
Z

nO
–G

ra
ph

en
e:

.0
.6

.Ω
Sn

O
2–

G
ra

ph
en

e:
.1

.5
.Ω

Po
w

er
.d

en
si

ty
G

ra
ph

en
e:

.2
.5

.k
W

/k
g

Z
nO

–G
ra

ph
en

e:
.4

.8
.k

W
/k

g
Sn

O
2–

G
ra

ph
en

e:
.3

.9
.k

W
/k

g

Su
pe

rc
ap

ac
ito

r
[4

1]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 197

C
o 3

O
4–

G
ra

ph
en

e.
(7

5.
6.

w
t.%

)
G

O
.is

.d
is

pe
rs

ed
.in

.w
at

er
;.c

ob
al

t.n
itr

at
e.

he
xa

hy
dr

at
e.

an
d.

ur
ea

.a
re

.a
dd

ed
.b

y.
m

ag
ne

tic
.

st
ir

ri
ng

;.h
ea

te
d.

in
.m

ic
ro

w
av

e.
ov

en
.(

24
50

.M
H

z,
.

70
0.

W
).

fo
r.

10
.m

in
;.p

re
ci

pi
ta

te
.is

.fi
lte

re
d.

an
d.

w
as

he
d.

w
ith

.w
at

er
.a

nd
.a

bs
ol

ut
e.

al
co

ho
l;.

dr
ie

d.
at

.
10

0°
C

.f
or

.1
2.

h.
in

.v
ac

uu
m

;.c
al

ci
ne

d.
in

.a
.m

uf
fle

.
fu

rn
ac

e.
at

.3
20

°C
.f

or
.1

.h
.in

.a
ir.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ta

nc
e

G
ra

ph
en

e:
.1

69
.3

.F
/g

C
o 3

O
4–

G
ra

ph
en

e:
.2

43
.2

.F
/g

E
xc

el
le

nt
.lo

ng
.c

yc
le

.li
fe

.w
ith

.9
5.

6%
.

sp
ec

ifi
c.

ca
pa

ci
ta

nc
e.

re
ta

in
ed

.a
ft

er
.

20
00

.c
yc

le
.te

st
s.

Su
pe

rc
ap

ac
ito

r
[2

6]

L
iF

eP
O

4–
G

ra
ph

en
e

G
ra

ph
en

e.
is

.s
us

pe
nd

ed
.in

.D
I.

w
at

er
;.a

qu
eo

us
.

so
lu

tio
n.

of
.(

N
H

4)
2F

e(
SO

4)
26

H
2O

.a
nd

.N
H

4H
2P

O
4.

is
.a

dd
ed

;.L
iO

H
.is

.a
dd

ed
.w

ith
.b

lo
w

in
g.

ni
tr

og
en

.
ga

s;
.d

ep
os

it.
is

.w
as

he
d.

w
ith

.D
I.

an
d.

se
pa

ra
te

d.
by

.
ce

nt
ri

fu
gi

ng
;.d

ep
os

it.
pu

t.i
n.

pe
lle

ts
;.h

ea
te

d.
at

.
12

0°
C

.f
or

.5
.h

.a
nd

.a
t.7

00
°C

.f
or

.1
8.

h;
.g

ri
nd

in
g.

th
e.

re
su

lti
ng

.p
ro

du
ct

.to
.o

bt
ai

n.
th

e.
co

m
po

si
te

.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ty

L
iF

eP
O

4:
.1

13
.m

A
hg

−
1

L
iF

eP
O

4–
G

ra
ph

en
e:

.1
60

.m
A

hg
−

1

A
ft

er
.8

0.
cy

cl
es

,.9
7%

.o
f.

in
iti

al
.

ca
pa

ci
ty

.is
.r

et
ai

ne
d.

in
.th

e.
co

m
po

si
te

.
st

ru
ct

ur
e.

L
ith

iu
m

.s
ec

on
da

ry
.

ba
tte

ri
es

[3
9]

T
iO

2–
G

ra
ph

en
e.

(1
,.5

.&
.1

0.
w

t..
%

)

G
O

.is
.d

is
so

lv
ed

.in
.e

th
an

ol
;.s

od
iu

m
.b

or
oh

yd
ri

de
.

is
.a

dd
ed

.to
.r

ed
uc

e.
G

O
.to

.g
ra

ph
en

e;
.g

ra
ph

en
e.

is
.

w
as

he
d.

w
ith

.D
I.

w
at

er
.a

nd
.d

ri
ed

;.g
ra

ph
en

e.
is

.
di

sp
er

se
d.

in
.e

th
an

ol
;.t

et
ra

bu
ty

l.t
ita

na
te

.is
.a

dd
ed

;.
ac

et
ic

.a
ci

d.
gl

ac
ia

l.a
nd

.D
I.

w
at

er
.is

.a
dd

ed
;.

ob
ta

in
ed

.s
ol

.is
.d

ri
ed

.a
t.8

0°
C

.f
or

.1
0.

h;
.th

e.
pr

ec
ur

so
r.

is
.a

nn
ea

le
d.

in
.a

ir
/n

itr
og

en
.a

t.4
50

°C
.

fo
r.

2.
h.

N
A

H
yd

ro
ge

n.
ev

ol
ut

io
n.

ra
te

T
iO

2:
.4

.5
.μ

m
ol

.h
−

1

T
iO

2–
G

ra
ph

en
e:

.8
.6

.μ
m

ol
.h

−
1

H
yd

ro
ge

n.
ev

ol
ut

io
n.

fr
om

.w
at

er
.

ph
ot

oc
at

al
yt

ic
.

sp
lit

tin
g

[2
0]

C
on

ti
nu

ed



198	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.2
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

Sn
O

2–
G

ra
ph

en
e.

(<
40

.w
t.%

)
Sn

C
l 2

..2
H

2O
.w

as
.d

is
so

lv
ed

.in
.H

C
l.a

nd
.G

O
.

di
sp

er
se

d.
in

.D
I.

w
at

er
.a

nd
.b

ot
h.

th
e.

so
lu

tio
ns

.a
re

.
m

ix
ed

.w
ith

.v
ig

or
ou

s.
st

ir
ri

ng
;.t

he
.p

ro
du

ct
.is

.
se

pa
ra

te
d.

by
.c

en
tr

if
ug

in
g.

an
d.

w
as

he
d.

in
.

di
st

ill
ed

.w
at

er
;.t

he
.p

re
ci

pi
ta

te
.is

.d
ri

ed
.a

t.8
0°

C
.

ov
er

ni
gh

t;.
re

du
ct

io
n.

of
.G

O
.to

.g
ra

ph
en

e.
is

.d
on

e.
by

.tr
ea

tin
g.

at
.3

00
°C

.f
or

.2
.h

.in
.A

r.

N
A

Sp
ec

ifi
c.

ca
pa

ci
ty

.a
ft

er
.fi

rs
t.c

yc
le

Sn
O

2:
.8

38
.m

A
hg

−
1

G
ra

ph
en

e:
.4

62
.m

A
hg

−
1

Sn
O

2–
M

W
C

N
T

:.7
20

.m
A

hg
−

1

Sn
O

2–
G

ra
ph

en
e:

.7
86

.m
A

hg
−

1

Sp
ec

ifi
c.

ca
pa

ci
ty

.a
ft

er
.5

0.
cy

cl
es

Sn
O

2:
.1

37
.m

A
hg

−
1

G
ra

ph
en

e:
.1

97
.m

A
hg

−
1

Sn
O

2–
M

W
C

N
T

:.4
40

.m
A

hg
−

1

Sn
O

2–
G

ra
ph

en
e:

.5
58

.m
A

hg
−

1

C
ap

ac
ity

.r
et

en
tio

n.
af

te
r.

50
.c

yc
le

s
Sn

O
2:

.1
8%

G
ra

ph
en

e:
.4

3%
Sn

O
2–

M
W

C
N

T
:.6

0%
Sn

O
2–

G
ra

ph
en

e:
.7

1%

A
no

de
.m

at
er

ia
ls

.f
or

.
L

i-
io

n.
ba

tte
ri

es
[1

4]

N
iO

–G
ra

ph
en

e
G

O
.is

.d
is

pe
rs

ed
.in

.D
I.

w
at

er
;.a

m
m

on
ia

.is
.a

dd
ed

.
to

.a
dj

us
t.p

H
.to

.1
0;

.n
ic

ke
l.c

hl
or

id
e.

an
d.

hy
dr

az
in

e.
hy

dr
at

e.
is

.a
dd

ed
.w

ith
.s

tir
ri

ng
;.t

he
.p

ro
du

ct
.is

.
is

ol
at

ed
.b

y.
ce

nt
ri

fu
gi

ng
.a

nd
.w

as
he

d.
w

ith
.w

at
er

.
an

d.
et

ha
no

l;.
dr

ie
d.

in
.v

ac
uu

m
.a

t.4
5°

C
.f

or
.2

4.
h;

.
an

ne
al

ed
.a

t.5
00

°C
.f

or
.5

.h
.in

.n
itr

og
en

.

N
A

N
A

N
A

[2
3]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 199

M
nO

2–
G

ra
ph

en
e.

(r
ed

uc
ed

.G
O

)
G

O
.a

nd
.p

ol
y(

so
di

um
.4

-s
ty

re
ne

.s
ul

fo
na

te
).

m
ix

ed
.

in
to

.d
is

til
le

d.
w

at
er

.b
y.

st
ir

ri
ng

.a
t.9

0°
C

.f
or

.5
.h

;.
M

nS
O

4.
H

2O
.is

.a
dd

ed
.b

y.
st

ir
ri

ng
.f

or
.1

.h
;.N

H
3.

an
d.

H
2O

2.
ad

de
d.

in
.s

eq
ue

nc
e;

.r
efl

ux
ed

.a
t.b

oi
lin

g.
po

in
t.f

or
.6

.h
;.h

yd
ra

zi
ne

.h
yd

ra
te

.is
.a

dd
ed

.w
ith

.
co

ns
ta

nt
.s

tir
ri

ng
;.a

ft
er

.c
oo

lin
g.

.s
us

pe
ns

io
n.

is
.

fil
te

re
d.

w
as

he
d.

w
ith

.d
is

til
le

d.
fil

te
r.

an
d.

dr
ie

d.
in

.
va

cu
um

.a
t.1

00
°C

.

N
A

M
nO

2-
.r

ed
uc

ed
.G

O
.c

om
po

si
te

.c
au

se
s.

ox
yg

en
.r

ed
uc

tio
n,

.b
ut

.o
nl

y.
R

G
O

.
ca

nn
ot

.
T

he
.r

ed
uc

tio
n.

of
.o

xy
ge

n.
by

.M
nO

2.
–r

ed
uc

ed
.G

O
.is

.a
.d

if
fu

si
on

.
co

nt
ro

lle
d.

pr
oc

es
s.

A
lk

al
in

e.
fu

el
.c

el
ls

,.
m

et
al

/a
ir

.b
at

te
ri

es
[3

5]

Sn
O

2–
G

ra
ph

en
e

G
ra

ph
en

e.
na

no
sh

ee
ts

.a
re

.p
ro

du
ce

d.
by

.a
rc

.
di

sc
ha

rg
e.

ev
ap

or
at

io
n.

of
.g

ra
ph

ite
.in

.N
H

3;
.H

e.
at

m
os

ph
er

e;
.N

aO
H

.is
.a

dd
ed

.to
.a

qu
eo

us
.s

ol
ut

io
n.

of
.S

nC
l 4

.u
nd

er
.s

tir
ri

ng
;.r

es
ul

tin
g.

hy
dr

os
ol

.is
.

m
ix

ed
.w

ith
.g

ra
ph

en
e.

di
sp

er
se

d.
in

.e
th

yl
.a

lc
oh

ol
.

H
2S

O
4.

is
.a

dd
ed

;.t
he

.p
re

ci
pi

ta
te

.is
.s

ep
ar

at
ed

.
us

in
g.

ce
nt

ri
fu

gi
ng

;.h
ea

te
d.

at
.4

00
°C

.f
or

.2
.h

.in
.A

r.

N
A

In
iti

al
.c

ap
ac

ity
:

G
ra

ph
en

e:
.3

39
.m

A
hg

−
1

Sn
O

2–
G

ra
ph

en
e:

.6
73

.m
A

hg
−

1

A
no

de
.m

at
er

ia
l.f

or
.

L
i-

io
n.

ba
tte

ri
es

[3
4]

A
l 2

O
3–

G
ra

ph
en

e.
(2

.w
t.%

).
G

O
.is

.e
xf

ol
ia

te
d.

in
.w

at
er

;.g
ra

du
al

ly
.d

ri
pp

ed
.in

.
al

um
in

a.
su

sp
en

si
on

.in
.w

at
er

.w
ith

.m
ec

ha
ni

ca
l.

st
ir

ri
ng

;.r
ed

uc
ed

.b
y.

hy
dr

az
in

e.
m

on
oh

yd
ra

te
.a

t.
60

°C
.f

or
.2

4.
h;

.s
pa

rk
.p

la
sm

a.
si

nt
er

in
g.

at
.1

30
0°

C
.

fo
r.

3.
m

in
,.5

0.
M

Pa
.in

.A
r.

at
m

os
ph

er
e.

Fr
ac

tu
re

.
To

ug
hn

es
s

A
l 2

O
3.–

.3
.4

.
M

Pa
.m

0.
5

A
l 2

O
3.

–.
G

ra
ph

en
e.

–.
5.

21
.

M
Pa

.m
0.

5

E
le

ct
ri

ca
l.c

on
du

ct
iv

ity
A

l 2
O

3–
G

ra
ph

en
e:

.1
31

.S
.m

−
1 .

(1
3.

or
de

rs
.o

f.
m

ag
ni

tu
de

.h
ig

he
r.

th
an

.
pu

re
.A

l 2
O

3)

N
A

[3
0]

C
on

ti
nu

ed



200	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.2
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f C
er

am
ic

–G
ra

ph
en

e 
C

om
po

si
te

s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

C
oO

/C
o 3

O
4/

N
iO

–G
ra

ph
en

e
C

et
yl

tr
im

et
hy

la
m

m
on

iu
m

.(
C

TA
)-

in
te

rc
al

at
ed

.G
O

.
is

.p
re

pa
re

d.
by

.s
tir

ri
ng

.G
O

.in
.a

n.
aq

ue
ou

s.
so

lu
tio

n.
of

.c
et

yl
tr

im
et

hy
l.a

m
m

on
iu

m
.b

ro
m

id
e.

fo
r.

3.
da

ys
;.t

he
.s

ol
id

.p
ro

du
ct

.is
.w

as
he

d.
w

ith
.

w
at

er
.to

.p
H

.~
7.

an
d.

dr
ie

d.
at

.6
5°

C
;.c

ol
lo

id
al

.
di

sp
er

si
on

.o
f.

G
O

-C
TA

.b
y.

so
ni

ca
tin

g.
in

.b
ut

an
ol

;.
m

on
ol

ay
er

.c
ol

lo
id

al
.d

is
pe

rs
io

n.
of

.N
i-

O
H

-D
S/

C
o-

O
H

-D
S.

by
.s

on
ic

at
io

n.
in

.b
ut

an
ol

.f
or

.3
0.

m
in

;.
th

e.
co

llo
id

al
.d

is
pe

rs
io

ns
.o

f.
G

O
-C

TA
.a

nd
.

M
-O

H
-D

S.
ar

e.
m

ix
ed

.a
nd

.s
on

ic
at

ed
.f

or
.3

0.
m

in
;.

sl
id

.p
ro

du
ct

.(
G

O
-i

nt
er

ca
la

te
d.

a-
hy

dr
ox

id
es

).
ar

e.
w

as
he

d.
w

ith
.w

at
er

.a
nd

.d
ri

ed
;.s

ub
je

ct
ed

.to
.

is
ot

he
rm

al
.h

ea
tin

g.
in

.a
ir

/n
itr

og
en

.a
t.3

00
°C

.fo
r.2

.h
.

N
A

N
A

N
A

[2
4]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 201

TA
B

LE
 7

.3
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f M
et

al
–G

ra
ph

en
e 

C
om

po
si

te
s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

Pt
–G

ra
ph

en
e.

C
hl

or
op

la
tin

ic
.a

ci
d.

he
xa

hy
dr

at
e.

is
.a

dd
ed

.to
.

aq
ue

ou
s.

di
sp

er
si

on
.g

ra
ph

en
e;

.m
et

ha
no

l.i
s.

ad
de

d;
.s

od
iu

m
.c

ar
bo

na
te

.is
.a

dd
ed

.to
.a

dj
us

t.t
he

.
pH

.to
.7

;.k
ep

t.a
t.8

0°
C

.f
or

.9
0.

m
in

.w
ith

.c
on

st
an

t.
st

ir
ri

ng
;.f

ew
.d

ro
ps

.o
f.

di
lu

te
d.

su
lf

ur
ic

.a
ci

d.
so

lu
tio

n.
ar

e.
ad

de
d.

to
.p

re
ci

pi
ta

te
.P

t–
G

ra
ph

en
e;

.
pr

ec
ip

ita
te

.r
in

se
d.

w
ith

.w
at

er
.a

nd
.m

et
ha

no
l;.

dr
ie

d.
at

.7
0°

C
.f

or
.1

5.
m

in
.

N
A

C
ap

ac
ita

nc
e

G
ra

ph
en

e:
.1

4.
F/

g
Pt

–G
ra

ph
en

e:
.2

69
.F

/g

Su
pe

rc
ap

ac
ito

r,.
fu

el
.

ce
ll

[5
2]

A
u/

Pd
/P

t–
G

ra
ph

en
e

G
O

.is
.d

is
pe

rs
ed

.in
.w

at
er

;.e
th

yl
en

e.
gl

yc
ol

.a
nd

.
m

et
al

.p
re

cu
rs

or
.(

H
A

uC
l 4

.3
H

2.O
/K

2P
dC

l 4
/

K
2P

tC
l 4

).
w

at
er

.s
ol

ut
io

n.
ar

e.
ad

de
d.

by
.m

ag
ne

tic
.

st
ir

ri
ng

;.h
ea

te
d.

to
.1

00
°C

.f
or

.6
.h

;.s
ep

ar
at

ed
.f

ro
m

.
so

lu
tio

n.
by

.c
en

tr
if

ug
in

g.
an

d.
w

as
he

d.
w

ith
.D

I.
w

at
er

;.d
ri

ed
.in

.v
ac

uu
m

.a
t.6

0°
C

.f
or

.1
2.

h.

N
A

A
ct

s.
as

.c
at

al
ys

t.f
or

.m
et

ha
no

l.
ox

id
at

io
n.

M
et

ha
no

l.f
ue

l.c
el

l
[4

6]

Pt
–G

ra
ph

en
e.

(5
5.

w
t.%

)
G

O
.is

.d
is

pe
rs

ed
.in

.w
at

er
;.H

2P
tC

l 6
.is

.a
dd

ed
.u

nd
er

.
st

ir
ri

ng
;.p

H
.is

.a
dj

us
te

d.
to

.1
0.

w
ith

.N
aO

H
;.

N
aB

H
4.

is
.a

dd
ed

.s
lo

w
ly

;.c
ol

le
ct

ed
.a

ft
er

.w
as

hi
ng

.
w

ith
.D

I.
w

at
er

.a
nd

.e
th

an
ol

;.v
ac

uu
m

.d
ri

ed
.a

t.
40

°C
.

N
A

E
le

ct
ro

ch
em

ic
al

ly
.a

ct
iv

e.
su

rf
ac

e.
ar

ea
Pt

–V
ul

ca
n:

.3
0.

1.
m

2 g
−

1

Pt
–G

ra
ph

en
e:

.4
4.

6.
m

2 g
−

1

C
ur

re
nt

.d
en

si
ty

.f
or

.m
et

ha
no

l.
el

ec
tr

o-
ox

id
at

io
n

Pt
–V

ul
ca

n:
.1

01
.2

.m
A

.m
g−

1

Pt
–G

ra
ph

en
e:

.1
99

.6
.m

A
.m

g−
1

C
at

al
ys

t.c
ar

ri
er

.in
.

el
ec

tr
oc

at
al

ys
is

.a
nd

.
fu

el
.c

el
ls

[5
1]

C
on

ti
nu

ed



202	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.3
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f M
et

al
–G

ra
ph

en
e 

C
om

po
si

te
s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

A
u–

G
ra

ph
en

e
N

A
.(

m
os

tly
.M

D
.s

im
ul

at
io

n)
N

A
D

N
A

.g
et

s.
ad

so
rb

ed
.o

n.
A

u-
G

ra
ph

en
e.

su
rf

ac
e.

m
uc

h.
fa

st
er

.th
an

.o
nl

y.
A

u.
su

rf
ac

e

B
io

se
ns

or
s,

.b
io

de
vi

ce
s.

an
d.

D
N

A
.s

eq
ue

nc
in

g
[5

4]

C
o ..

–G
ra

ph
en

e
G

O
.is

.s
us

pe
nd

ed
.in

.u
ltr

ap
ur

e.
w

at
er

.a
nd

.
am

m
on

ia
;.c

ob
al

t.p
ht

ha
lo

cy
an

in
e.

m
ol

ec
ul

es
.a

re
.

ad
de

d.
by

.u
ltr

as
on

ic
at

io
n.

fo
r.

3.
h;

.h
yd

ra
zi

ne
.

so
lu

tio
n.

is
.a

dd
ed

.a
t.4

0°
C

.a
nd

.s
tir

re
d.

fo
r.

12
.h

;.
pr

ec
ip

ita
te

.is
.c

ol
le

ct
ed

.a
nd

.p
yr

ol
iz

ed
.a

t.8
00

°C
.

in
.A

r..

N
A

N
A

A
no

de
.m

at
er

ia
l.f

or
.

L
i-

io
n.

ba
tte

ry
[2

5]

A
u–

G
ra

ph
en

e
G

ra
ph

en
e.

sh
ee

ts
.a

re
.d

is
pe

rs
ed

.in
.d

is
til

le
d.

w
at

er
;.

ca
st

.o
n.

gl
as

sy
.c

ar
bo

n.
(G

C
).

el
ec

tr
od

e.
su

rf
ac

e.
an

d.
dr

ie
d.

to
.f

or
m

.a
.fi

lm
;.A

u.
is

.e
le

ct
ro

de
po

si
te

d.
on

.th
e.

gr
ap

he
ne

.n
an

os
he

et
.(

on
.G

C
).

th
ro

ug
h.

el
ec

tr
od

ep
os

iti
on

.f
ro

m
.a

qu
eo

us
.s

ol
ut

io
n.

of
.

H
A

uC
l 4

.p
re

cu
rs

or
..

N
A

A
u–

G
ra

ph
en

e.
co

m
po

si
te

.s
ho

w
s.

hi
gh

er
.p

ea
ks

.in
.v

ol
ta

m
m

og
ra

m
s.

of
.

el
ec

tr
oc

at
al

yt
ic

.r
ed

uc
tio

n.
of

.o
xy

ge
n.

an
d.

gl
uc

os
e.

ox
id

at
io

n.
th

an
.o

nl
y.

A
u.

an
d.

on
ly

.g
ra

ph
en

e.

Fu
el

.c
el

l.a
nd

.
bi

oe
le

ct
ro

an
al

yt
ic

al
.

ch
em

is
tr

y

[5
0]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 203

Si
–G

ra
ph

en
e.

(5
0.

w
t..

%
)

M
ix

in
g.

of
.n

an
os

iz
ed

.S
i.a

nd
.g

ra
ph

en
e.

in
.m

or
ta

r.
N

A
C

ap
ac

ity
.–

.fi
rs

t.c
yc

le
Si

:.3
02

6.
m

A
hg

−
1

Si
–G

ra
ph

en
e:

.2
15

8.
m

A
hg

−
1

C
ap

ac
ity

.a
ft

er
.3

0.
cy

cl
es

Si
:.3

46
.m

A
hg

−
1

Si
–G

ra
ph

en
e:

.1
16

8.
m

A
hg

−
1

C
ou

lo
m

bi
c.

ef
fic

ie
nc

y—
fir

st
.c

yc
le

Si
:.5

8%
Si

–G
ra

ph
en

e:
.7

3%
C

ou
lo

m
bi

c.
ef

fic
ie

nc
y.

af
te

r.
30

.c
yc

le
s

Si
–G

ra
ph

en
e:

.9
3%

A
no

de
.m

at
er

ia
l.f

or
.

L
i-

io
n.

ba
tte

ry
[5

3]

A
u–

G
ra

ph
en

e-
H

or
se

ra
di

sh
.

pe
ro

xi
da

se
..

.(
H

R
P)

-C
hi

to
sa

n.
(C

S)
-.

G
ra

ph
en

e.
an

d.
H

R
P.

ar
e.

co
-i

m
m

ob
ili

ze
d.

on
.C

S;
.

ca
st

ed
.o

n.
a.

gl
as

sy
.c

ar
bo

n.
(G

C
).

el
ec

tr
od

e.
su

rf
ac

e;
.A

u.
is

.e
le

ct
ro

de
po

si
te

d.
on

.it
.

N
A

T
he

.la
rg

es
t.c

at
ho

di
c.

pe
ak

.is
.o

bs
er

ve
d.

fo
r.

co
m

po
si

te
.w

ith
.g

ra
ph

en
e.

A
t.s

am
e.

co
nc

en
tr

at
io

n.
of

.H
2O

2.–
.A

u/
G

ra
ph

en
e/

H
R

P/
C

S.
/G

C
.e

le
ct

ro
de

.
sh

ow
s.

3.
tim

es
.h

ig
he

r.c
ur

re
nt

.re
sp

on
se

.
th

an
.A

u/
H

R
P/

C
S/

G
C

.e
le

ct
ro

de
.a

nd
.

20
.ti

m
es

.h
ig

he
r.t

ha
n.

H
R

P/
C

S/
G

C
.

el
ec

tr
od

e.

H
2O

2.b
io

se
ns

or
[4

9]

A
u–

G
ra

ph
en

e
G

O
.is

.s
us

pe
nd

ed
.in

.w
at

er
.a

nd
.e

xf
ol

ia
te

d;
.c

as
te

d.
on

.g
la

ss
y.

ca
rb

on
.(

G
C

).
el

ec
tr

od
e;

.d
ri

ed
.u

nd
er

.
in

fr
ar

ed
.la

m
p;

.G
O

.is
.r

ed
uc

ed
.to

.E
R

-G
O

.b
y.

el
ec

tr
oc

he
m

ic
al

.r
ed

uc
tio

n.
m

et
ho

d;
.th

e.
E

R
-G

O
/

G
C

.e
le

ct
ro

de
.is

.im
m

er
se

d.
in

.H
A

uC
l 4

.–
.f

or
.

ab
so

rp
tio

n.
of

.A
uC

l 4
– .

;.r
ed

uc
tio

n.
is

.p
er

fo
rm

ed
.b

y.
po

te
nt

io
dy

na
m

ic
.e

le
ct

ro
de

po
si

tio
n.

N
A

E
le

ct
ro

ac
tiv

e.
su

rf
ac

e.
ar

ea
E

R
-G

O
/G

C
.e

le
ct

ro
de

:.0
.1

09
.c

m
2

A
u/

E
R

-G
O

/G
C

.e
le

ct
ro

de
:.0

.1
52

.c
m

2

E
le

ct
ro

n.
tr

an
sf

er
.r

es
is

ta
nc

e.
re

du
ce

s.
in

.
A

u-
E

R
-G

O
/G

C
.e

le
ct

ro
de

.m
or

e.
th

an
.

A
u/

E
R

-G
O

.e
le

ct
ro

de
.

E
le

ct
ro

ch
em

ic
al

.
de

te
ct

io
n.

fo
r.

D
N

A
.

sp
ec

ifi
c.

se
qu

en
ce

[4
7]

C
on

ti
nu

ed



204	 Graphene:	Synthesis	and	Applications

TA
B

LE
 7

.3
 (

co
nt

in
ue

d)
Su

m
m

ar
y 

of
 S

tu
di

es
 o

f M
et

al
–G

ra
ph

en
e 

C
om

po
si

te
s

C
om

po
si

ti
on

Pr
oc

es
si

ng
 T

ec
hn

iq
ue

M
ec

ha
ni

ca
l 

Pr
op

er
ti

es
O

th
er

 P
ro

pe
rt

ie
s

Po
te

nt
ia

l 
A

pp
lic

at
io

ns
R

ef
er

en
ce

A
u–

G
ra

ph
en

e
P

ol
yv

in
yl

py
rr

ol
id

on
e.

(P
V

P
)-

pr
ot

ec
te

d.
gr

ap
he

ne
.

is
.s

ta
bi

li
ze

d.
in

.a
n.

aq
ue

ou
s.

so
lu

ti
on

.o
f.

ch
it

os
an

;.
th

e.
so

lu
ti

on
.is

.d
ro

pp
ed

.o
n.

gl
as

sy
.c

ar
bo

n.
(G

C
).

el
ec

tr
od

e.
su

rf
ac

e.
an

d.
dr

ie
d;

.c
yc

li
c.

vo
la

m
m

et
ry

.
(C

V
).

sc
an

.o
f.

th
e.

el
ec

tr
od

e.
in

.K
A

uC
l 4

.s
ol

ut
io

n;
.

ri
ns

in
g.

th
e.

el
ec

tr
od

e.
in

.w
at

er
.

N
A

A
pp

ar
en

t.e
le

ct
ro

de
.a

re
a

G
C

:.0
.0

16
4.

cm
2

G
ra

ph
en

e-
C

hi
to

sa
n-

G
C

:.0
.1

49
.c

m
2

A
u-

G
ra

ph
en

e-
C

hi
to

sa
n-

G
C

:.
0.

73
7.

cm
2

T
he

.s
en

si
tiv

ity
.o

f.A
u–

G
ra

ph
en

e.
co

m
po

si
te

.e
le

ct
ro

de
.a

t.l
ow

er
.H

g.
co

nc
en

tr
at

io
n.

is
.7

08
.3

.μ
A

/p
pb

E
nv

ir
on

m
en

ta
l.

m
on

ito
ri

ng
.

–.
de

te
ct

io
n.

of
.

m
er

cu
ry

[4
8]



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 205

7.2.1.1  Reduction of GO (Graphene Oxide) to Graphene 
after Chemical Mixing with Ceramic

Most.of.the.studies.on.ceramic–graphene.composites.have.followed.this.route.using.
graphene.oxide.(GO).as.the.starting.material.[12,14,16–18,22–27,30,32–33,35,38,40]..
This.process.is.also.referred.to.as.the.in-situ.composite-forming process.because.the.
reduction.of.GO.to.graphene.and.the.formation.of.metallic.oxide.from.metallic.salt.
take.place.simultaneously..Graphene.oxide.is.used.as.the.starting.material.because.it.
is.easy.to.disperse.GO.uniformly.in.distilled.water,.which.also.helps.in.maintaining.
its.dispersion.in.the.composite.at.the.final.stage..Graphene-containing.composites.
with.SiO2.[16],.TiO2.[12,7–18],.NiO.[22–23],.SiOC.[38–40],.Cu2O.[32],.ZnO.[27,41],.
Co3O4. [24–26],. SnO2. [14,33,41],. MnO2. [35],. and. Al2O3. [30]. have. been. processed.
through.this.route.

Most.of.the.research.studies.in.this.processing.category.use.graphene.oxide.pro-
duced.by.the.Hummers.method.[42],.which.is.exfoliated.in.water.to.produce.a.stable.
suspension.of.individual.graphene.oxide.sheets..The.metallic.salt.is.then.added.to.the.
suspension.to.form.a.sol.in.many.of.the.cases..The.final.stage.of.composite.formation.
can.be.of.three.different.types.

. 1..The.metallic.salt.is.in-situ.oxidized.by.GO.to.form.a.composite.of.graphene.
and.metallic.oxide.[14,32–33].

. 2..GO. is.chemically. reduced. (mostly.using.hydrazine.monohydrate). to.gra-
phene.sheets.in.the.composite.[16,18,23,25,27,30,35].

. 3..The.composite. is.pyrolized.or.decomposed.at.high. temperature. to. trans-
form.GO.into.graphene.[12,22,24,26,38].

The.composite. is. sometimes.consolidated.by. thermal. treatment. at.higher. tem-
perature.[16]..Watcharotone.et.al..published.the.first.ever.work.on.ceramic–graphene.
composite.film.in.2007.[16]..Tetramethyl.orthosilicate.was.used.to.form.a.sol.with.
GO.followed.by.reduction.using.hydrazine.monohydrate.and.thermal.consolidation.
at.400°C.in.inert.atmosphere..Watcharotone.et.al..also.observed.in-plane.orientation.
of.graphene.oxide.sheets.in.composite,.which.was.attributed.to.the.shear.stress.gen-
erated.due.to.the.application.of.centrifugal.force.during.spin.coating.of.the.compos-
ite.sol.on.the.substrate.[16]..But.no.direct.evidence.or.quantification.of.the.fraction.
of.GO.being.converted.to.graphene.was.presented.in.this.study..Indirect.evidence.of.
GO.being.reduced.to.graphene.in.composite.is.established.by.an.increasing.electrical.
conductivity.of.the.composite,.which.was.nonconductive.with.GO.[16]..In.contrast,.
Ji.et.al..[38].have.shown.the.presence.of.graphene.in.the.pyrolized.mixture.of.GO.
and.polysiloxane-forming.SiOC–graphene.composite.as.shown. in.Figure 7.2. [38]..
The.x-ray.diffraction.(XRD).pattern.of.SiOC–graphene.nanosheet.composite.shows.
absence.of.a.GO.peak.and.a.broad.graphite.(002).peak..The.broadness.of.the.peak.
could.be.due.to.the.nanosize.of.graphene.in.the.composite.[38]..In.another.effort,.
Williams.et.al..performed.UV-irradiation.assisted.photocatalytic.reduction.of.GO.in.
TiO2.suspension.to.form.the.graphene–TiO2.composite.[17]..The.color.of.the.suspen-
sion.and.reduced.electrical.resistance.of.the.composite.are.presented.as.proof.of.GO.
being.reduced.to.graphene.in.the.composite.[17]..TiO2–graphene.composite.creation.



206	 Graphene:	Synthesis	and	Applications

through.GO.route.is.also.prepared.by.thermal.decomposition.of.GO.at.the.final.stage.
[12]..This.study.has.shown.uniformly.distributed.TiO2.nano.particles.on.two-dimen-
sional. graphene. in. transmission. electron. microscopy. (TEM). images. (Figure  7.3)..
Graphene.vibration.peak.in.Fourier.transform.infrared.(FTIR).spectra.of.the.TiO2–
graphene. composite. structure. is. presented. in. Figure  7.3. [12].. Microwave-assisted.
heating. is. reported. to. be. successful. for. synthesizing. Co3O4–graphene. composite.
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FIGURE 7.2 XRD.pattern.of.graphite,.GO,.silicon.oxycarbide,.and.graphene.nanosheet–
silicon.oxycarbide.composite.. (From.Ji,.F.,.Feng,. J..M.,.Su,.D.,.Wen,.Y..Y.,.Feng,.Y.,. and.
Hou,.F..2009..Electrochemical.performance.of.graphene.nanosheets.and.ceramic.composites.
as.anodes.for.lithium.batteries..J. Mater. Chem..19:.9063–9067..With.permission.)
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FIGURE 7.3 (a).TEM.image.of.TiO2–graphene.composite.with.TiO2.particles.on.the.surface.
of. graphene. and. concentrating. along. the. wrinkles.. (b). Fourier. transform. infrared. (FTIR).
spectra.of.(1).TiO2,. (2).graphene.obtained.by.hydrothermal.reduction,.and.(3).TiO2-GR.in.
the. range.of.4000–450.cm−1.. (From.Zhang,.H.,.Lu,.X.,.Li,.Y.,.Wang,.Y.,. and.Li,. J.. 2010..
P25-Graphene. composite. as. a. high. performance. photocatalyst.. ACS Nano 4:. 380–386..
With.permission.)
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from. a. suspension. of. GO. and. cobalt-based. salt. (cobalt. nitrate. hexahydrate). [26]..
Nethravathi.et.al..have. followed. the. route.of. thermal. treatment.and.acid. leaching.
of.GO-intercalated.nickel–zinc.hydroxysalt.(anionic.clay).to.obtain.a.ceramic–gra-
phene.composite.[22]..However,.a.very.indirect.proof.of.GO.reduction.to.graphene.
in. composite. is. provided. in. this. study. by. presence. of. NiO. and. ZnO. and. a. com-
paratively. sharpened.graphite.peak. in. the.XRD.pattern. [22].. In. another. study.by.
the. same. group. on. synthesis. of. NiO–. and. Co3O4–graphene. composites,. using. an.
identical.processing.route,.the.presence.of.graphene.is.proven.by.XRD.pattern.and.
IFTR. spectrum. [24].. But. Nethravathi. et. al.,. in. their. later. publication,. mentioned.
incomplete.reduction.of.GO.with.poorly.ordered.graphene.production.[24]..Wu.et.al..
have.proven.the.presence.of.graphene,.by.absence.of.a.GO.peak.in.the.XRD.pattern.
and.C–O–H-related.peaks.of.GO.in.FTIR.of.a.ZnO–graphene.composite,.fabricated.
by.hydrazine.hydrate.reduction.of.GO.[27]..A.similar.processing.route,.applied.for.
preparing.Co3O4–graphene,.NiO–graphene,.and.MnO2–graphene.composites,.also.
reveals. homogeneously. dispersed. oxide. particles. in. graphene. sheets. (Figure  7.4).
[23,25,35].. Ji. et. al.. have. also. observed. the. absence. of. C–O. and. C–OH. peaks. in.
FTIR.spectrum.when.GO.is.reduced.to.graphene.in.the.NiO–graphene.composite.
[23]..Al2O3–graphene.composite.powder.has.been.prepared.by.reducing.GO.through.
hydrazine.monohydrate.in.composite.suspension..The.purpose.was.to.obtain.homo-
geneous. dispersion. of. the. reinforcement. phase. in. the. powder. stage. [30].. Cu2O–.
graphene. and. SnO2–graphene. nanocomposites. are. fabricated. by. in. situ reduction.
of.GO.to.form.Cu2O/SnO2..Apart.from.the.functionality.of.the.ceramic.in.specific.
application,.the.purpose.of.these.composites.is.to.prevent.aggregation.of.graphene.
sheets.by.forming.Cu2O/SnO2.phase(s).in.between.[14,32–33].

This.processing.route.is.successful.in.homogeneous.dispersion.of.the.constituent.
in.the.composite.structure..Graphene.oxide.has.a.negative.charge.when.dispersed.in.
water..Hence,.the.electrostatic.repulsion.between.negatively.charged.graphene.oxide.
sheets.generates.a.stable.aqueous.suspension.[43–44],.which.in.turn.helps.in.main-
taining.the.degree.of.graphene.dispersion.in.the.composite..But.the.main.challenge.

FIGURE 7.4 TEM.image.of.MnO2-reduced.GO.composite.with.MnO2.particles.uniformly.
dispersed.on.graphene.sheet..(From.Qian,.Y.,.Lu,.S.,.and.Gao,.F..2010..Synthesis.of.man-
ganese. dioxide/reduced.graphene. oxide. composites. with. excellent. electrocatalytic. activity.
toward.reduction.of.oxygen..Mater. Lett..65:.56–58..With.permission.)
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associated.with.this.process.route.is.the.graphene.content..The.elemental.analysis.of.
graphene.produced.by.chemical.reduction.of.GO.establishes.the.presence.of.oxygen.
in.significant.amounts.[43]..Theoretical.calculations.also.suggest.that.it.is.difficult.
to.reduce.GO.completely.to.graphene.through.this.route.[43]..It.would.be.even.more.
difficult.to.reduce.GO.when.it.is.in.the.composite..Thus,.further.research.into.the.
modification.of.this.process.is.required.to.ensure.the.purity.of.graphene.in.this.class.
of.composite.

7.2.1.2  Chemical Mixing of Graphene with Ceramic
Comparatively. fewer. studies.have.used.graphene. sheets. instead.of.GO.as.a. start-
ing.material.to.mix.with.metallic.oxides.and.salts.to.fabricate.the.composite..The.
graphenes.used.in.these.studies.are.either.produced.by.chemical.reduction.of.GO.
[19–20,28,36–37,39].or.arc-discharge.evaporation.of.graphite.[34]..The.composites.
of.metallic.oxides.that.have.been.fabricated.by.this.route.include.TiO2.[19],.ZnO.[28],.
MnO2.[36–37],.SnO2.[34],.and.LiFePO4.[39].

ZnO.is.deposited.using.an.ultrasonic.spray.pyrolysis.technique.onto.a.graphene.
film. to. fabricate. a. ZnO–graphene. composite. film. to. be. used. in. supercapacitors..
The.authors.claimed. that.graphene.was.covered.with.densely.packed.ZnO.grains.
of.irregular.shape.[28]..The.purity.of.the.graphene.obtained.by.reduction.of.GO.is.
not.mentioned.in.this.study.[28]..Zhang.et.al..used.graphene.and.tetrabutyl.titanate.
as.a.starting.material.to.form.TiO2–graphene.composite.by.sol-gel.method.[19–20]..
MnO2–graphene.composites.are.fabricated.by.redox.reaction.under.microwave.irra-
diation. of. graphene–potassium. permanganate. suspension.. KMnO4. is. reduced. to.
MnO2.by.a.sacrificial.carbon.substrate,.which.in.turn.is.deposited.on.the.surface.of.
graphene.sheets..However,.the.probability.of.oxidation.of.graphene.in.the.proposed.
mechanism.has.not.been.addressed.[36–37]..Figure 7.5.presents.scanning.electron.
microscope.(SEM).and.TEM.images.of.MnO2,.graphene.nanosheet,.and.the.com-
posite. fabricated. through. this. process. [37].. A. LiFePO4–.graphene. composite. was.
obtained.by.co-precipitation.from.an.aqueous.solution.of.iron-sulfate.salt.and.LiOH.
with. graphene. suspended. in. it.. Figure  7.6. presents. the. atomic. force. microscopy.
(AFM).image.of.a.LiFePO4–graphene.composite.surface.clearly.showing.uniformly.
distributed. LiFePO4. particles. on. the. graphene. sheet. [39].. SnO2. is. synthesized. by.
hydrolysis.of.SnCl4.and.loaded.on.graphene.sheets.suspended.in.aqueous.solution.to.
form.the.SnO2–graphene.composite.precipitate.[34].

Most.of. the.composites. fabricated. through. this.process. route.still.use.graphene.
synthesized.through.chemical.reduction.of.GO..Thus,. the.ratio.of.graphene.to.GO.
remains.questionable.due.to.incomplete.reduction..Further,.graphene.nanosheets.have.
a.tendency.to.form.agglomerates,.which.can.restrict.their.uniform.distribution.in.the.
matrix.[17]..But.none.of.the.studies.have.addressed.this.matter.in.greater.detail..The.
agglomeration.of.graphene.becomes.more.prominent.for.macroscale.composite.struc-
tures,.where.graphene.is.used.as.reinforcement.in.the.ceramic.matrix..But.that.is.not.
the.case.for.any.of.the.studies.presented.here,.since.the.majority.of.the.studies.employ.
graphene.sheets.covered.with.nanoceramic.particles.for.electronic.devices.and.simi-
lar.applications..Still,.agglomeration.of.graphene.could.be.detrimental.because.it.can.
actually.form.a.very.thick.graphite-like.structure,.defeating.the.purpose.of.having.an.
increased.graphene.surface.area.available.for.the.efficiency.of.the.targeted.application.
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FIGURE 7.5 SEM.images.of.(A).MnO2,.(B).graphene.nanosheet,.(C).MnO2–graphene.com-
posite,. and. (D).TEM.image.of.MnO2–graphene.composite.. (From.Ren,.Y.,.Yan,.N.,.Wen,.
Q.,.Fan,.Z.,.Wei,.T.,.Zhang,.M.,.and.Ma,.J..2010..Graphene/δ-MnO2.composite.as.adsorbent.
for.the.removal.of.nickel.ions.from.wastewater.Chem. Eng. J..doi:10.1016/j.cej.2010.08.010..
With.permission.)
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FIGURE 7.6 AFM.image.revealing.morphology.of.LiFePO4–graphene.composites..(From.
Ding,.Y.,.Jiang,.Y.,.Xu,.F.,.Yin,.J.,.Ren,.H.,.Zhou,.Q.,.Long,.Z.,.and.Zhang,.P..2010..Preparation.
of.nano-structured.LiFePO4/graphene.composites.by.co-precipitation.method..Electrochem. 
Commun..12:.10–13..With.permission.)
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7.2.1.3  Mechanical Mixing of Graphene with Ceramic
Ceramic-based.composites.of.graphene.at.macroscale.are.mostly.synthesized.by.the.
powder.metallurgy. route;. that. is,. preparing. the. composite. powder. by.mechanical.
mixing.and.high.temperature.consolidation..Few.reports.are.available.for.composites.
in. this.category..Al2O3. [13,30–31].and.Si3N4–Al2O3–Y2O3.mixture. [15]. reinforced.
with.graphene.have.been.processed.through.this.route.to.form.a.composite..Natural.
graphite.[31].or.thermally.exfoliated.graphite.[13].have.also.been.employed.as.the.
starting.material.for.Al2O3.composite..The.graphite.is.ball.milled.with.Al2O3.powder.
to.prepare.the.composite.powder,.which.is.spark.plasma.sintered.to.the.consolidated.
structure..He.et.al.. found. that. the.graphene. thickness. in. the.composite.decreased.
with.milling.time,.due.to.milling-induced.fracture.and.deformation.[31]..Fan.et.al..
claimed. to. achieve. homogeneous. distribution. of. graphene. in. an. Al2O3. matrix. by.
ball. milling.. Figure  7.7. shows. the. graphene. nanosheets. semiwrapping. the. Al2O3.
grains.and.forming.a.network.[13]..Wang.et.al..have.used.GO.dispersed. in.water.
as.the.starting.material.to.mix.with.Al2O3..The.GO.is.then.reduced.into.graphene.
to.achieve.a.better.dispersion.of.graphene.in.the.ceramic.matrix.[30]..The.graphene.
sheets.are.also.reported.to.inhibit.grain.growth.of.alumina.during.high-temperature.
consolidation.process.by. restricting. the.diffusion. [30–31]..The.Si3N4–Al2O3–Y2O3.
matrix.composite.was.prepared.by.attritor-milled.mixing.constituent.powders.and.
sintering.in.nitrogen.[15]..No.observation.was.made.on.the.distribution.of.graphene.
in.a.ceramic.matrix..The.effect.of.high-temperature.exposure. to.graphene.during.
composite.consolidation.has.also.not.been.addressed.yet..This.category.of.process.
route.is.very.promising.for.preparing.bulk.graphene-reinforced.composites..But.ball.
milling.can.induce.severe.damage.to.graphene.sheet.structure,.which.has.a.deleteri-
ous.effect.on.its.reinforcing.efficiency.and.needs.to.be.carefully.investigated.

7.2.1.4  Electrophoretic Deposition
TiO2–graphene. composite. has. been. synthesized. using. electrophoretic. deposition.
[21]..The.graphene.prepared.by.chemical.reduction.of.GO.is.suspended.in.ethanol.
and.reacted.with.titanium.butoxide.to.attach.TiO2.particles.to.suspended.graphite..
This.dispersion. is. then.used.for.synthesis.of. the.composite.film.on.an. indium.tin.
oxide.(ITO).glass.substrate.through.electrophoretic.deposition..The.synthesis.prin-
ciple. is. explained. schematically. in. Figure  7.8(a)–(e). [21].. The. dispersion. of. gra-
phene.nanosheets. in.TiO2.particles. is.reveled.in. the.SEM.image.of. the.composite.
film.(Figure 7.8[f]).[21]..This.process.may.be.a.promising.one.as.the.suspension.is.
reported.to.be.stable.over.several.weeks.[21]..Thus,.the.uniform.distribution.of.gra-
phene.in.the.matrix.is.ensured..But.the.thickness.of.the.composite.remains.limited.in.
electrodeposited.films.(<.0.5.mm).and.thus.may.not.be.very.suitable.for.fabricating.
bulk.structures.

7.2.1.5  Chemical Vapor Growth of Graphene on Ceramic
Direct.growth.of.graphene.on.ceramic.particles.by.chemical.vapor.deposition.(CVD).
is. a. promising. method. to. ensure. uniform. dispersion. of. graphene. in. the. compos-
ite..However,.the.ceramic.surface.has.to.be.coated.with.metallic.catalyst.particles.
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(Ni.or.Cu).to.grow.graphene.on.it..To.date,.only.one.study.has.reported.using.plasma-
enhanced.chemical.vapor.deposition.(PECVD).to.grow.graphene.directly.on.ZnO.
nanowires..Figure 7.9.shows.ZnO.nanowires.uniformly.coated.by.CVD-grown.gra-
phene. [29]..More.studies.via. this.processing. route.are. required. to.explore. its. full.
potential.in.processing.ceramic–graphene.composites.

7.2.1.6  Ultrasonic Spray Pyrolysis
Another. novel. technique. for. fabricating. ceramic–graphene. composite. adopted. is.
ultrasonic.spray.pyrolysis.[41]..The.graphene.produced.through.chemical.reduction.
of. GO. is. screen. printed. on. the.graphite. substrate.. Subsequently,. SnO2. /ZnO. par-
ticles.are.deposited.using.ultrasonic.spray.pyrolysis.to.fabricate.the.composite.film..
This.process.is.also.limited.to.generating.very.thin.composite.films.and.needs.more.
research.to.establish.its.efficiency.[41].
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FIGURE 7.7 TEM.and.HRTEM.images.of.Al2O3–graphene.composite. showing. (A).gra-
phene. nanosheet. surrounding. Al2O3. nanoparticles,. (B). a. magnified. image. of. graphene.
nanosheet.with.a.thickness.of.about.10.nm.in.(A),.(C).graphene.with.a.thickness.of.2.5.nm,.
and.(D).overlap.of.graphene.nanosheet.between.Al2O3.nanoparticles..(From.Fan,.Y.,.Wang,.
L.,.Li,.J.,.Sun,.S.,.Chen,.F.,.Chen,.L.,.and.Jiang,.W..2010..Preparation.and.electrical.properties.
of.graphene.nanosheet/Al2O3.composites..Carbon 48:.1743–1749..With.permission.)
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FIGURE 7.8 Schematic.flowchart.of.in.situ.incorporation.of.graphene.nanosheet.in.nano-
structured.TiO2.film.showing. (a).graphene.prepared.by.chemical. exfoliation.with. residual.
oxygen-containing. functional. groups,. such. as. hydroxyl;. (b). titanium(IV).butoxide.grafted.
on.the.reduced.graphene.surfaces.by.chemisorptions;.(c).graphene.coated.with.TiO2.colloids.
after.hydrolysis;.(d).electrophoretic.deposition.process.used.to.prepare.GS/TiO2.composite.
films;. (e). structure. of. the. graphene–TiO2. composite. film. after. calcinations;. and. (f). SEM.
image.of.the.TiO2–graphene.composite.film..(From.Tang,.Y..B.,.Lee,.C..S.,.Xu,.J.,.Liu,.Z..T.,.
Chen,.Z..H.,.He,.Z.,.Cao,.Y..L.,.Yuan,.G.,.Song,.H.,.Chen,.L.,.Luo,.L.,.Cheng,.H..M.,.Zhang,.
W..J.,.Bello,.I.,.and.Lee,.S..T..2010..Incorporation.of.graphenes.in.nanostructured.TiO2.films.
via. molecular. grafting. for. dye-sensitized. solar. cell. application.. ACS Nano. 4:. 3482–3488..
With.permission.)
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7.2.2   properties and applications of ceraMic-Graphene coMposites

Ceramic–graphene.composites.reported.to.date.are.mainly.proposed.and.studied.for.
their.electronic.properties.and.manifested.toward.applications.in.electronic.devices..
The.following.subsection.presents.a.brief.summary.of.the.major.applications.of.these.
composites.and.the.effect.of.graphene.addition.on.the.related.properties.

7.2.2.1  Electrical Conductivity
The.high.electron.mobility.and.electrical.conductivity.of.graphene.(Table 7.1).have.
made.it.an.excellent.candidate.for.ceramic-based.composites.to.improve.their.con-
ductivity.in.electronic.devices..Only.a.few.of.the.studies.have.directly.reported.the.
electrical.conductivity.of.the.composites.having.SiO2.[16],.TiO2..[17,21],.and.Al2O3.
[13,30]. as. the. ceramic.phase..The. electrical. conductivity. of.SiO2–graphene. com-
posite. increases. significantly. with. 3. orders. of. magnitude,. from. 8. ×. 10−4. Scm−1.
to. 0.45. Scm−1,. with. graphene. content. being. increased. from. 3.9. to. 11. wt.%. [16]..
William.et.al..studied.electrical.resistance.of.a.TiO2–graphene.system.prepared.by.
UV.radiation-assisted.reduction.of.GO.to.graphene.in. the.composite..They.found.
that.the.high.electrical.resistance.of.233.KΩ.in.the.composite.with.GO.changed.to.
30.5.KΩ.after.reduction.to.graphene.[17]..Similar.electrical.resistivity.of.36.KΩ.for.
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FIGURE 7.9 SEM.image.of.(A).as-grown.ZnO.nanowires,.(B).ZnO.nanowire.coated.with.
Ni.for.5.s,.graphene-grown.nanowires.for.(C).2.min,.(D).5.min,.and.(E).10.min.after.3.s.of.
coating..(From.Zheng,.W..T.,.Ho,.Y..M.,.Tian,.H..W.,.Wen,.M.,.Wen,.M.,.Qi,.J..L.,.and.Li,.Y..
A..2009..Field.emission.from.a.composite.of.graphene.sheets.and.ZnO.nanowires..J. Phys. 
Chem. C.113:.9164–9168..With.permission.)
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a.TiO2–graphene.composite. is.also. reported.by.Tang.et.al..displaying.an. impres-
sive. improvement.over.TiO2.having.a.resistance.of.210.KΩ. [21].. Incorporation.of.
graphene.in.Al2O3.is.also.reported.to.increase.the.electrical.conductivity.of.the.com-
posite.by.170%.[13,30]..Figure 7.10.shows.the.increase.in.electrical.conductivity.of.
Al2O3–graphene.composites.with.varying.graphene.content.[13]..The.incorporation.
of.graphene. in. ceramics. is. capable.of. forming.numerous. conductive.paths. in. the.
composite,.which.results.in.easy.flow.of.electric.current.in.ceramics,.which.are.oth-
erwise.poor.electrical.conductors.

7.2.2.2  Supercapacitors
Carbonaceous.materials.and.metal.oxides.are.the.two.most.suitable.materials.for.use.
in.supercapacitor.electrodes..In.carbon-based.materials,.the.energy.is.stored.due.to.
formation.of.an.electric.double.layer.[28,41]..Graphene.is.a.suitable.candidate.from.
the.carbon.family.for.this.purpose.due.to.its.high.mobility,.chemical.and.mechanical.
stability,.large.surface.area,.and.excellent.electrochemical.performance.over.a.wide.
range.of.voltage. scan. rates. [45]..Metal.oxides. further. improve. the.capacitance.of.
carbon-based.supercapacitors.by.pseudo.capacitive.reaction.[28,36,41]..It.has.been.
interesting.to.study.the.performance.of.metal.oxide–graphene.composites.as.capaci-
tor.electrodes.[26,28,36,41]..Studies.on.ZnO–SnO2–MnO2–.Co3O4–graphene.com-
posites.have.shown.increased.specific.capacitance.as.compared.to.just.graphene.or.
the.metal.oxide.(Figure 7.11).[26,28,36,41]..Lu.et.al..have.shown.better.performance.
of.a.ZnO–graphene.composite.compared.to.SnO2–graphene.[41]..The.increase.in.the.
capacitance.in.metal.oxide–graphene.composites.has.been.attributed.to.several.fac-
tors.[26,28,36]..First,.the.well-dispersed.metal.oxide.particles.inhibit.stacking.and.
aggregation.of.graphene.nanosheets,.providing.more.surface.area.for.double-layer.
capacitance.. Second,. graphene. provides. a. highly. conductive. network. for. electron.
transport.during.the.charge–discharge.process..Third,.improved.interfacial.contact.
between.metal.oxide.particles.and.graphene.and.increased.surface.area.improve.the.
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FIGURE 7.10 Electrical.conductivities.of.Al2O3–graphene.nanosheet.composites.as.a.func-
tion.of.filler.graphene.volume.fraction.. (From.Fan,.Y.,.Wang,.L.,.Li,. J.,.Sun,.S.,.Chen,.F.,.
Chen,.L.,.and.Jiang,.W..2010..Preparation.and.electrical.properties.of.graphene.nanosheet/
Al2O3.composites..Carbon 48:.1743–1749..With.permission.)
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accessibility.of.the.composite.to.electrolytes.and.shorten.the.diffusion.and.migration.
pathway..Thus,.the.metal.oxide–graphene.composites.are.very.promising.for.super-
capacitor.applications.

7.2.2.3  Field Emitters
Graphene.is.of.great.interest.in.field.emitters.due.to.its.suitable.electronic.properties.
and.large.surface.area.with.sharp.edges,.which.could.be.modified.to.a.sharp,.nee-
dle-type.morphology..ZnO-based.nanostructures.are.also.considered.for. the.same.
application.due.to.their.high.surface-to-volume.ratio,.thermal.stability,.and.oxidation.
resistance..Zheng.et.al..proposed.a.ZnO–graphene.composite.nanostructure.as.a.field.
emitter.to.tap.the.advantage.of.both.ZnO.and.graphene.simultaneously,.in.field-emis-
sion.devices.[29]..Coating.of.a.graphene.sheet.on.Ni-coated.ZnO.nanowire.creates.
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FIGURE 7.11 Specific.capacitance.of.different.composite.electrodes.in.comparison.to.gra-
phene.and.metal.oxide.electrodes..(Top.from.Yan,.J.,.Fan,.Z.,.Wei,.T.,.Qian,.W.,.Zhang,.M.,.
and. Wei,. F.. 2010.. Fast. and. reversible. surface. redox. reaction. of. graphene–MnO2. compos-
ites.as.supercapacitor.electrodes..Carbon,.48:.3825–3833;.bottom.from..Lu,.T.,.Zhang,.Y.,.
Li,.H.,.Pan,.L.,.Li,.Y.,.and.Sun,.Z..2010..Electrochemical.behaviors.of.graphene–ZnO.and.
graphene–SnO2. composite. films. for. supercapacitors.. Electrochimica Acta. 55:. 4170–4173..
With.permission.)
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a.pyramid-like.structure.with.a.much.sharper.apex.than.bare.ZnO.nanowire..As.a.
result,. ZnO–graphene. composite. structure. shows. a. lower. turn-on. field. and. much.
higher.field.enhancement.factor.than.ZnO,.which.are.characteristics.of.better.field.
emitters.[29].

7.2.2.4  Li-Ion Battery Anode
The.anode.of.a. lithium-ion.battery. is. the.component. that.determines. its.capacity,.
stability,.and.performance..Graphite.is.commercially.used.as.an.anode.in.lithium-ion.
batteries.due.to.its.structure,.which.provides.enough.rechargeable.sites.for.Li-ion..But.
it.is.limited.in.its.theoretical.capacity.(372.mAhg–1).[33,38]..Thus.other.materials,.
such.as.Si–O–C.or.SnO2.,.have.gained.more.interest.due.to.their.higher.capacities.
[33,38,40]..But.the.reaction.during.the.lithiation–delithiation.process.generates.vol-
ume.change.and.stress.in.these.materials.causing.poor.cyclability.and.large.irrevers-
ible.capacity..A.composite.of.these.materials.with.a.carbon.nanostructure.is.often.
found. to.be. a. suitable. solution.. In. this. regard,. graphene. shows. a. strong.potential.
due.to.its.high.surface.area,.high.room.temperature.carrier.mobility,.and.enhanced.
discharging.capacity.due.to.an.increased.number.of.electrochemically.active.sites.
[33,38].. Quite. a. few. studies. have. explored. the. possibility. of. a. ceramic–graphene.
composite.to.be.used.in.the.anodes.of.Li-ion.batteries.[14,25,32–35,38–39]..SiOC–
graphene.composites.have.shown.higher.initial.and.reversible.discharge.capacities.
than.SiOC.or.graphene.alone. [38]..SnO2–graphene.and.Co3O4–graphene.compos-
ites.also.show.higher.capacity.and.stability.for.the.number.of.charging/discharging.
cycles,.over.metal.oxide.or.graphene.alone.(Figure 7.12).[14,25,33–34]..Increases.in.
capacities.with.increasing.graphene.content.in.SiOC.clearly.indicate.the.contribution.
from.graphene..The.main.attribute.of.graphene. in.performance.as.anodes. in. lith-
ium-ion.batteries.comes.from.several.factors,.that.is,.(1).graphene.acts.as.structural.
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FIGURE 7.12 Cycling.performances.for.bare.graphene,.SnO2.nanoparticles,.and.SnO2–gra-
phene.composite.with.different.ratios..The.current.density.was.67.mA/g..(From.Wang,.X.,.
Zhou,.X.,.Yao,.K.,.Zhang,.J.,.and.Liu,.Z..2011..A.SnO2/graphene.composite.as.a.high.stability.
electrode.for.lithium.ion.batteries..Carbon.49:.133–139..With.permission.)
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buffer. to. large. volume. change. in. most. of. the. oxides,. (2). graphene. sheets. reduce.
the. contact. resistance. of. oxide. particles. and. provide. high. electrical. conductivity,.
(3).the.inorganic.network.provided.by.graphene.to.oxide.particles.and.the.synergistic.
effect.of. the.interface.between.two.phases.that.contribute.to.high.electrochemical.
performance,.(4).electroactive.component.for.Li.storage.in.both.oxide.and.graphene.
contributes.to.the.total.capacity.of.the.anode,.and.(5).formation.of.a.solid.electrolyte.
on. the. surface. of. oxide. nanoparticles. contributes. to. better. cyclic. performance. of.
anodes.[14,25,33,38–39]..Other.composite.systems.that.have.shown.promise.in.this.
application.are.Cu2O–graphene.[46],.LiFePO4–graphene.[39],.MnO2–graphene.[35].

7.2.2.5  Photocatalytic Activity
The.environmental.benefits.of.photodegradation.of.organic.pollutants.are.attracting.
a.lot.of.attention.from.the.research.community..TiO2.is.a.very.important.material.for.
this.purpose.due.to.its.long-term.thermodynamic.stability,.strong.oxidizing.power,.
and.nontoxicity.[12,19]..TiO2–carbon.composites.have.been.studied.as.potential.can-
didates.for.purification.of.water.and.air,.but.they.suffer.from.a.problem.involving.a.
decrease.in.adsorptivity.during.photodegradation.and.a.lack.of.reproducibility.due.to.
preparation.and.treatment.[12]..Graphene.is.more.suitable.for.this.purpose.because.
of.its.unique.electronic.properties.and.its.large.surface.area.for.the.reaction,.and.high.
transparency.due.to.atomic.level.thickness..Studies.on.TiO2–graphene.systems.have.
shown. increased.photocatalytic. activities,.mostly. in. terms.of. the.hydrogen.evolu-
tion. rate. under. UV. irradiation. [12,19–20].. UV. radiation. generates. photo-induced.
electron-hole.pairs.in.TiO2..This.photogenerated.electron.causes.splitting.of.pollut-
ants.to.evolve.hydrogen..The.electron.and.hole.recombine.very.quickly.in.the.pres-
ence.of.TiO2,.which.is.prevented.effectively.in.the.presence.of.graphene,.keeping.the.
electron.available.for.photocatalysis.[12,19–20]..Figure 7.13.shows.increased.photo-
degradation.of.methyl.blue.under.UV.light.by.TiO–graphene,.compared.to.only.TiO2.
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FIGURE 7.13 Photodegradation.of.methylene.blue.under.UV.light.over.(1).TiO2,.(2).TiO2–
CNTs,.and.(3).TiO2–graphene.photocatalysts,.respectively..(From.Zhang,.H.,.Lu,.X.,.Li,.Y.,.
Wang,.Y.,. and.Li,. J..2010..P25-Graphene.composite.as.a.high.performance.photocatalyst..
ACS Nano 4:.380–386..With.permission.)
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and.TiO2–CNT.composites..The.y-axis.of. the.plot.represents.normalized.temporal.
concentration.changes.(C/C0).[12]..The.photocatalytic.activity.of.TiO2–.graphene.com-
posite.is.also.taken.advantage.of.in.dye-sensitized.solar.cells.(DSSC).[21]..Graphene.
incorporation.improves.the.conduction.pathway.of.TiO2,.and.exhibits.excellent.pho-
toconversion.and.photocatalytic.properties..The.only.study.in.this.category.reports.a.
decrease.in.the.resistivity.of.TiO2–graphene.by.two.orders.of.magnitude.as.compared.
to.TiO2,.which.helps.to.enhance.cell.efficiency.up.to.320%.[21]..In.another.study.on.
graphene-coated.ZnO.nanocomposite,.Wu.et.al..commented.on.the.potential.applica-
tion.of.this.composite.as.a.photocatalyst.for.pollutant.decomposition.[27].

7.2.2.6  Other Applications
Graphene-incorporated. ceramic. nanocomposites. are. also. explored. for. Ni. removal.
from.water..MnO2–graphene.composite.is.studied.as.an.absorbant.for.removing.toxic.
Ni.content.from.the.water.through.a.chemical.sorption.process..Graphene.addition.to.
MnO2.is.reported.to.increase.the.adsorption.capacity.and.mechanical.intension.of.the.
composite,.which.improves.the.Ni.adsorption.efficiency.by.52%.over.MnO2.alone.[37].

7.3  METAL-GRAPHENE COMPOSITE

Research.on.metal–graphene.composites.is.still.in.its.infancy.with.very.few.studies.
as.compared.to.ceramic–graphene.composites..But.the.growing.interest.in.this.field.
is.clearly.shown.in.the.significantly.increased.number.of.publications,.as.observed.in.
Figure 7.1..The.metal-based.composite.systems,.which.have.explored.the.potential.of.
graphene.as.a.second.phase.includes.gold.[46–50],.platinum.[46,51–52],.palladium.
[46],.cobalt.[25],.and.silicon.[53]..The.projected.application.of.these.composites.is.
found.in.energy.devices.such.as.Li-ion.batteries.[53],.supercapacitors.[52],.electro-
catalysts.[46,50–51],.and.biosensors.[47–49,54]..A.brief.discussion.of.different.syn-
thesis.techniques.adopted.for.fabricating.these.metal–graphene.composites.and.their.
expected.performance.in.proposed.applications.is.presented.here.

7.3.1   processinG techniques

The.challenge.in.synthesizing.metal–graphene.composites.remains.similar. to. that.
for.ceramic–graphene.systems,.which.is.poor.dispersion.of.graphene.in.the.matrix..
An.additional.challenge.for.metal–graphene.composites.could.be.the.reaction.at.the.
interface.because.metals.are.much.more.reactive. than.ceramics..But. this.problem.
has.not.yet.been.addressed.as. the.composites. studied. to.date.are.mostly.physical.
mixtures.and.do.not.involve.high.temperatures.during.processing..The.basic.prin-
ciples.adopted.for.synthesizing.metal–graphene.composites.are.similar.to.the.ones.
for.ceramic–graphene.composites.and.can.be.classified.into.the.following.categories.

7.3.1.1  Reduction of Graphene Oxide (GO) to Graphene 
after Chemical Mixing with Metals

This. class.of.processing. route. involves. the.mixing.of.metal. particles.with.GO. to.
form.the.composite.structure,.after.which.GO.is.reduced.to.graphene..Composites.
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containing.gold.[46],.palladium.[46],.platinum.[46,51],.and.cobalt.[25].are.fabricated.
through. this. route..Xu.et.al.. [46].used.a.water–ethylene.glycol.system.to.disperse.
GO.and.metal.nanoparticles..The.metal.nanoparticles.absorbed.on.GO.sheets.play.a.
major.role.in.the.catalytic.reduction.reaction.of.GO.with.ethylene.glycol.and.form.the.
metal–graphene.composite..Homogeneous.dispersion.of.GO.in.water–ethylene.glycol.
systems.confirms.even.distribution.of.metallic.nanoparticles.on.them..On.the.other.
hand,. metallic. nanoparticles. sitting. on. the. graphene. sheets. prevent. their. restack-
ing. and. agglomeration.. Platinum–graphene. composite. has. also. been. prepared. by.
simultaneous.reduction.of.GO.and.metallic.salt.(H2PtCl6).in.water.suspension.using.
NaBH4.as.the.reducing.agent.[51]..Metallo-organic.molecules.can.also.be.used.with.
GO.to.form.metal–graphene.composites..Cobalt.phthalocyanine.(CoPc),.dispersed.
homogeneously.with.GO.in.water.dispersion,.is.reduced.with.the.hydrazine.solution.
to.form.a.graphene–CoPc.aggregate..Upon.pyrolysis.at.800°C.in.argon,.this.aggre-
gate.transforms.into.a.Co–graphene.composite..The.thickness.of.this.composite.is.
reported.to.be.~7.nm,.consisting.of.several.graphene.layers,.decorated.with.uniformly.
distributed.Co.nanoparticles,.as.observed.in.Figure 7.14.[25]..This.class.of.fabrica-
tion.route.assures.uniform.distribution.of.phases.in.metal–graphene.composite.

7.3.1.2  Chemical Mixing of Graphene with Metals
This.class.of.processing.route.uses.graphene.and.metallic.salt.as.the.starting.materi-
als..The.metallic.salts.are.reduced.in.dispersion.and.deposited.on.graphene.sheets.to.
form.the.composite..The.aim.of.fabricating.these.composite.structures.is.mainly.to.
prevent.the.aggregation.of.graphene.layers.by.introducing.nanosized.metallic.par-
ticles. between. the. layers.. Si. et. al.. deposited. platinum. nanoparticles. on. graphene.

Graphene

Co nanoparticle

100 nm500 nm

(b)(a)

FIGURE 7.14 (a). Low. and. (b). high-magnification. TEM. images. of. a. Co–graphene. com-
posite.showing.the.homogeneous.dispersion.of.cobalt.nanoparticles.in.the.graphene.sheets..
(From.Yang,.S.,.Cui,.G.,.Pang,.S.,.Cao,.Q.,.Kolb,.U.,.Feng,.X.,.Maier,.J.,.and.Mullen,.K..2010..
Fabrication. of. cobalt. and. cobalt. oxide/graphene. composites:. Towards. high-performance.
anode.materials.for.lithium.ion.batteries..Chem. Sus. Chem..3:.236–239..With.permission.)
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sheets. by. the. chemical. reduction.of.H2PtCl6.with.methanol. [52]..Considering. the.
agglomeration.tendency.of.graphene,.Gong.et.al..used.chitosan.to.form.a.stable.dis-
persion. of. graphene. in. water.. After. casting. and. drying. this. dispersion. on. glassy.
carbon.electrode,.a.cyclic.voltammetry.scan.of.the.electrode.is.done.in.KAuCl4.solu-
tion.to.form.an.Au–graphene.composite.film.on.the.electrode.to.be.used.as.a.sensor.
[48]..Like.other.metal–graphene.composite.process.routes,.there.are.very.few.reports.
available.in.this.category.and.more.research.is.needed.for.a.better.understanding.and.
development.of.this.processing.route.

7.3.1.3  Mechanical Mixing of Graphene with Metals
Only.one.report.is.available.on.the.mechanical.mixing.of.silicon.and.graphene.using.
mortar. [53].. Unlike. ceramic–graphene. composites,. silicon–graphene. was. not. fol-
lowed. by. any. consolidation. technique.. This. composite. is. just. a. physical. mixture.
without.any.chemical.reaction..Silicon.nanoparticles.were.found.inside.the.pores.of.
graphene.sheets.for.reversible.Li-ion.storage.in.batteries.

7.3.1.4  Electrodeposition
Electrodeposition.of.metallic.nanoparticles. is.performed.on.graphene.film–casted.
electrodes. to. fabricate. the.metal–graphene.composite.film..All. three.publications.
available. in. this. category. report. about. synthesis. of. a. gold–graphene. composite.
[47,49,50]..Graphene.produced.by.different.methods.was.dispersed.in.aqueous.sol-
vent.and.casted.on.a.glassy.carbon.electrode..Au.nanoparticles.were.deposited.from.
a.HAuCl4-containing.bath.to.fabricate.the.Au–graphene.composite.film..These.com-
posite.films.are.mostly.used.as.biosensors..Figure 7.15.shows.a.gold.nanoparticle–
decorated.graphene.sheet.in.a.Au–graphene.composite.film.[50].

7.3.2   properties and applications of Metal-Graphene coMposites

The.potential.applications.of.metal–graphene.composites.include.anodes.for.Li-ion.
batteries,.supercapacitors,.electrocatalysts,.and.biosensors.

A1 A2 A3

5 µm 10 µm 500 nm

FIGURE 7.15 SEM.images.of.the.(A1).graphene.film.on.a.glassy.carbon.electrode.surface;.
(A2–A3). Au. nanoparticles. electrochemically. deposited. on. the. surface. of. graphene/glassy.
carbon.electrode..(From.Hu,.Y.,.Jin,.J.,.Wu,.P.,.Zhang,.H.,.and.Cai,.C..2010..Graphene–gold.
nanostructure. composites. fabricated. by. electrodeposition. and. their. electrocatalytic. activ-
ity. toward. the.oxygen. reduction.and.glucose.oxidation..Electrochimica Acta. 56:.491–500..
With.permission.)
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7.3.2.1  Anode for Li-Ion Battery
Graphene.has.been. explored. as. a. second-phase. addition. to. silicon. for.Li-ion.bat-
tery.anode.material. [53]..Si. is.an.attractive.material. for.Li-ion.batteries.due.to. its.
low.discharge.potential.and.high.theoretical.capacity..But.its.large.volume.change.
associated. with. the. charging–discharging. cycle. causes. loss. in. electrical. contact.
and.capacity.fading..Graphene,.as.an.addition. to.silicon,. is.a.potential.solution. to.
this.problem.because.of. its.good.conductivity,.chemical. stability,.and.mechanical.
properties..Chou.et.al..[53].noted.15%.better.Coulombic.efficiency.for.Si–graphene.
composites,. though. the. initial. discharge. capacity. (2158. mAhg–1). was. lower. than.
silicon.(3026.mAhg–1)..But.the.composite.retains.54%.of.the.initial.capacity.after.
30. cycles,. whereas. Si. retains. only. 11%.. Si–graphene. composites. generate. higher.
specific. capacity. with. an. increasing. number. of. cycles. than. Si. or. graphene. alone.
(Figure 7.16).[53]..Hence,.the.presence.of.graphene.in.Si.improves.its.suitability.as.a.
Li-ion.anode.material.

7.3.2.2  Supercapacitor
Platinum–graphene.composites.have.been. researched. for. supercapacitor. electrode.
application.by.Si.and.Sumulski.[52]..The.composite.structure.shows.19.times.larger.
capacitance.than.graphene.alone..The.platinum.particles.act.as.spacers.in.the.com-
posite. to. prevent. the. aggregation. of. graphene. sheets,. making. it. more. accessible.
to.electrolytes..Thus,.the.high.surface.area.of.the.composite.along.with.the.excellent.
electrical.conductivity.from.both.graphene.and.platinum.makes.Pt–graphene.a.very.
promising.material.for.supercapacitors.
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FIGURE 7.16 Cycling. stability. of. graphene,. nanosized. Si,. Si–graphene. composite. elec-
trodes,.and.the.calculated.pure.Si.contribution..(From.Chou,.S..L.,.Wang,.J..Z.,.Choucair,.M.,.
Liu,.H..K.,.Stride,.J..A.,.and.Dou,.S..X..2010..Enhanced.reversible.lithium.storage.in.a.nano-
size.silicon/graphene.composite..Electrochem. Commun..12:.303–306..With.permission.)
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7.3.2.3  Electrocatalyst and Methanol Fuel Cell
Noble.metal–graphene.nanocomposites.are.very.promising.for.application.as.electro-
catalysts.in.oxidation.reactions..Noble.metal.particles.are.of.great.interest.due.to.their.
unique.properties.suitable.for.electrocatalysis.in.fuel.cells.and.biosensing..Graphene.
has.created.interest.in.this.field.due.to.its.higher.surface.area,.excellent.conductivity,.
and.good.electrocatalytic.activity..Pt–graphene.nanocomposites.are.found.suitable.
for.methanol.oxidation.in.methanol.fuel.cells.[46,51]..Li.et.al..reported.higher.peak.
current.(double).and.stability.of.Pt–graphene.composites.than.Pt–Vulcan,.which.is.
the.conventional.catalyst.used.in.methanol.fuel.cells.(Figure 7.17).[51]..The.excellent.
electrocatalytic.performance.of.Au–graphene.nanocomposite.has.also.been.applied.
for.glucose.oxidation.[50].

7.3.2.4  Biosensor and Environmental Monitoring Sensors
Biosensors.need.electrical.conductivity.as.well.as.good.adsorption.of.biomolecules.
to.induce.strong.substrate–molecule.coupling..Metallic.nanoparticles,.mostly.used.
in.biosensors,.possess.excellent.electrical.conductivity,.but.have.poor.biomolecules.
absorption..Graphene.is.a.very.attractive.option.due.to.its.excellent.electrical.conduc-
tivity.along.with.its.special.molecular.structure,.which.favors.biomolecule.adsorption.
through.π-stacking.interactions.[54]..Thus,.metal.nanoparticle–graphene.composites.
are.suitable.candidates.for.sensor.applications..Au–graphene.nanocomposites.have.
been.used.for.DNA.detection.and.sequencing.[47,54],.hydrogen.peroxide.biosensors.
[49],.and.also.for.mercury.detection.in.water.[48]..Metal–graphene.composites.are.
found.to.show.high.accuracy.detection,.low.detection.limits,.and.increased.sensitiv-
ity.along.with.a.wide.linear.range.and.long-term.stability.[48–49,54].
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FIGURE 7.17 (a).Cyclic.voltammograms.of.Pt–graphene.and.Pt–Vulcan.in.a.nitrogen-satu-
rated.aqueous.solution.of.0.5.M.H2SO4.containing.0.5.M.CH3OH.at.a.scan.rate.of.50.mVs−1;.
(b).chronoamperometric.curves. for.Pt–graphene.and.Pt–Vulcan.catalysts. in.nitrogen-satu-
rated.aqueous.solution.of.0.5.M.H2SO4.containing.0.5.M.CH3OH.at.a.fixed.potential.of.0.6.V.
vs.. Ag/AgCl. (KCl. sat.).. (From. Li,. Y.,. Tang,. L.,. and. Li,. J.. 2009.. Preparation. and. electro-
chemical.performance.for.methanol.oxidation.of.pt/graphene.nanocomposites..Electrochem. 
Commun..11:.846–849..With.permission.)
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7.4  EFFECT OF GRAPHENE REINFORCEMENT ON THE 
MECHANICAL PROPERTIES OF COMPOSITES

The. excellent. stiffness. (0.5–1. TPa). and. tensile. strength. (130. GPa). of. graphene.
(Table 7.1).make. it.a.very.efficient. reinforcement. for. strengthening.and.stiffening.
of.metal,.ceramic,.or.polymer.matrix.composites..The.two.most.important.factors.
for.any.second-phase.reinforced.strengthening.of.composite.structures.are:.(1).the.
uniform. dispersion. of. the. second. phase. in. the. matrix. and. (2). strong. interfacial.
bonding.of. the. reinforcement. phase.with. the.matrix..The.uniform.distribution.of.
the.second.phase.helps. to.maintain.uniform.properties. throughout. the.composite..
The.interfacial.bonding.is.important.for.effective.load.transfer.from.the.matrix.to.
the.reinforcement,.which.is.generally.the.stiffer.and.stronger.phase..Ceramic–.and.
metal–graphene. composites,. discussed. until. now,. have. largely. addressed. the.uni-
form.dispersion.of.the.graphene,.but.interfacial.bonding.between.graphene.and.the.
matrix.has.not.been.investigated.in.detail..The.good.interfacial.bonding.in.metal-.
or.ceramic-matrix.composites.requires.consolidation.using.high.temperature.and/or.
pressure..Lee.et.al..[55].performed.ab-initio.modeling.at.the.Al–graphene.interface.
in.a.nanocomposite..Their.findings. show. that. the.Al–graphene. interface.has. sub-
stantially.higher.cohesive.energy.than.typical.bulk.Al–graphite.interface..Also,.by.
controlling.the.interface.characteristics,.the.chemical.type.of.C–Al.bonding.is.pos-
sible.at.the.Al–graphene.interface..Thus,.it.is.possible.to.prepare.composites.with.the.
desired.interfacial.strength.by.a.proper.choice.of.synthesis.route.

Toughening.of.the.spark.plasma-sintered.Al2O3.matrix.using.graphene.reinforce-
ment.has.recently.been.reported.[30]..The.fracture.toughness.of.Al2O3–.graphene.
composites.is.found.to.be.5.21.MPa.m0.5,.which.is.a.53%.improvement.over.Al2O3..
Enhancement.of.mechanical.properties. in.metal–.and.ceramic–graphene.compos-
ites.are.yet. to.be.explored.fully,.but.several. studies.on.polymer-based.composites.
have.proven.the.potential.of.graphene.reinforcement.in.strengthening.the.composite.
structure.. Figure  7.18. presents. the. percentage. improvement. of. elastic. modulus. in.
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FIGURE 7.18 Improvement.in.elastic.modulus.of.polymer–graphene.composites.as.a.func-
tion.of.graphene.content.
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different.polymer-based.composites.as.a.function.of.graphene.content..The.reference.
point.for.calculation.of.the.percentage.improvement.is.the.property.of.the.polymer.
in.the.same.study.without.graphene..The.data.for.Figure 7.18.is.collected.from.Kuila.
et. al.. [4]. and.Kim.et. al.. [9]..The.polymers. studied. in. this. context. include. epoxy,.
natural.rubber,.polycarbonate.(PC),.polymethylmethacrylate.(PMMA),.polyvinyli-
dene.fluoride.(PVF),.and.polyvinyl.alcohol.(PVA)..A.very.impressive.strengthening.
is. reported. for.PMMA–(0.01.wt.%).graphene.where.elastic.modulus. improved.by.
33%.[10]..A.similar.observation.was.made.for.epoxy–(0.1.wt.%).graphene.composite.
which. showed. 31%. improvement. in. the. elastic. modulus. [11].. Rafiee. et. al.. attrib-
uted.this.improvement.in.modulus.to.the.hydrogen.bonding.interaction.of.oxygen-.
functionalized.graphene. (obtained. from.thermally. reduced.GO).with. the.polymer.
and.also.the.mechanical.interlocking.at.the.wrinkled.graphene.surface,.which.may.
restrict.the.mobility.of.polymer.chains.[11]..Tensile.strength.of.different.polymer–
graphene.composites. is. reported. to. increase.with.graphene.reinforcement. [4,9,11]..
Elongation. to. fracture. generally. decreases. for. polymer–graphene. composites. [9]..
The.overall.performance.of.graphene.reinforcement. in. the.polymer.matrix.would.
encourage.its.use.in.ceramic.and.metal.matrixes.for.similar.purposes.

7.5  COMPARISON OF GRAPHENE AND CARBON NANOTUBES 
AS REINFORCEMENT TO COMPOSITES

Another.very.attractive.carbon.nanostructure.that.has.received.immense.attention.as.
reinforcement.for.polymers,.ceramics,.and.metals.is.carbon.nanotube.(CNT).[7,56–
57].. Similar. to. graphene,. the. popularity. of. CNTs. is. due. to. its. excellent. Young’s.
modulus.in.the.range.of.200–1000.GPa,.tensile.strength.of.11–63.GPa,.and.electri-
cal.(1850.Scm−1).and.thermal.(2980.W/mK).conductivities.[58–61]..Thus,.CNTs.are.
the. closest. competitor. of. graphene. as. a. second.phase. in. composite. structures. for.
electrical,.electronic,.sensor,.and.structural.applications..Knowledge.about.physical.
and.functional.properties.projects.graphene. to.be.better.suited. in.some.fields.and.
CNTs.in.others..For.example,.the.distribution.of.the.second.phase.in.composites.is.
very.important.for.the.performance.of.the.structure..Because.GO.is.easily.dispers-
ible.in.water,.it.is.easy.to.disperse.graphene.at.the.GO.state.in.the.composite.and.then.
reduce.it. to.graphene..But.no.such.method.exists.to.easily.disperse.CNTs.without.
causing.agglomeration.in.the.composite.matrix..The.2D.structure.of.graphene.with.
higher.surface-to-volume.ratio.is.more.favorable.for.sensor.structure.and.catalytic.
performance.than.CNTs.[46]..On.the.other.hand,.the.larger.surface.area.of.graphene.
could.be.a.possible.source.of.problems.in.metal.matrix.composites.during.process-
ing.at.high.temperatures..At.high.temperatures,.metals.try.to.react.with.the.carbon.
nanostructure..With.CNTs.(multiwall.CNTs),.the.reaction.product.formation.is.less.
and.only.on.the.outermost.walls..But.the.higher.surface.area.of.graphene.exposes.it.
more.to.the.reaction.and.to.carbide.formation..For.composite.processing.techniques.
that.employ.high.pressure,.graphene.could.be.a.better.option.than.CNTs..This.is.due.
to.the.hollow.tubular.structure.of.CNTs,.which.can.collapse.at.application.of.high.
pressure.[62–63],.reducing.their.performance..No.such.problem.would.exist.in.the.
case.of.graphene.due.to.its.2D.planar.structure..CNTs.are.better.in.the.case.of.field.



Graphene-Reinforced	Ceramic	and	Metal	Matrix	Composites	 225

emitters.because.of.their.tubular.structure.with.pointed.tips.compared.to.the.planar.
sheet-like.structure.of.graphene.with.no.sharp.point.suitable.for.emission..But.it.is.
difficult.to.predict.whether.graphene-.or.CNT-containing.composites.would.be.bet-
ter.for.Li-ion.battery.applications.because.the.larger.surface.area.of.graphene.would.
provide.more.area.for.reaction,.but.the.3D.structure.of.CNT.arrays.would.provide.
more. space. for. Li-ion. storage. during. cycling. than. the. 2D. planar. arrangement. of.
graphene..CNTs.should.act.as.a.better.mechanical.reinforcement.due.to.their.fiber.
structure,.which.would.give.the.advantage.of.short-fiber.reinforcement..But.during.
tribological. performance,. graphene. reinforcement. may. perform. better.. The. lubri-
cation.and. reduced.coefficient.of. friction. (CoF).on.CNT-reinforced.composites. is.
due.to.the.peeling.off.of.graphene.layers.from.the.CNT.surface..But.application.of.
a.load.that.is.less.than.a.critical.value.does.not.peel.off.any.graphene.layers.from.
the.CNT.surface.and.cannot.have.a.positive.effect.on.CoF.reduction.[62]..Thus,.the.
effect.of.graphene.and.CNTs.in.the.composite.performance.can.be.judged.only.on.
case-by-case.basis.depending.on.the.intended.application..Few.studies.have.reported.
experimental.results.on.such.comparisons,.as.presented.in.the.following.paragraph.

A.comparison.of.graphene-.and.CNT-reinforced.composites.in.a.Si3N4–Al2O3–
Y2O3. matrix. shows. higher. electrical. conductivity. in. CNT-containing. composites..
The.authors.have.attributed.the.poor.electrical.conductivity.in.graphene-reinforced.
composites.to.the.size.and.shape.of.the.mixed.graphene.grains,.though.no.detailed.
discussion.is.provided.[15]..On.the.contrary,.Fan.et.al..[13].claimed.higher.electrical.
conductivity.in.a.graphene-reinforced.Al2O3.composite.than.a.CNT-reinforced.one,.
specifically.at.a.higher.second-phase.content.of.up.to.15.vol.%,.which.is.above.the.
percolation.threshold.(~3.vol.%)..Upon.exceeding.the.percolation.threshold,.CNTs.
aggregate.and.form.bundles.and.contribute.very.little.to.electrical.conductivity..But.
this.is.not.the.case.with.graphene.sheets..Moreover,.the.connection.between.CNTs.in.
composite.is.mostly.point-to-point.contact,.which.incurs.high.resistance.as.compared.
to.area-area.contact.in.graphene.reinforcement.[13]..On.the.other.hand,.a.TiO2–gra-
phene.composite.shows.better.photocatalytic.activity.than.TiO2–CNT.composites..
The.better.photodegradation.of.dyes.in.the.presence.of.graphene.is.due.to.its.giant.
π-conjugation.system.in.a.2D.planar.structure,.as.compared.to.CNTs,.which.causes.
increased.adsorption.of.dye.particles.[12]..Zhang.et.al..[14].have.reported.high.initial.
reversible.capacity.and.improved.cyclic.performance.of.graphene–SnO2.composite.
than.CNT–SnO2.composite.in.Li-ion.battery.anode.material..But.the.properties.could.
not.be.compared.directly.because.of.compositional.differences.in.the.two.composite.
systems..The.graphene-containing.composite.has.60.wt.%.SnO2.compared.to.only.
25.wt.%.in.CNT-containing.composites..Rafiee.et.al..[11].compared.the.strengthen-
ing.of.polymers.with.graphene.reinforcement.as.compared.with.CNTs..The.epoxy-
0.1.wt.%.graphene.composite.shows.higher.elastic.modulus,.tensile.strength,.fracture.
toughness,.and.fracture.energy.than.epoxy–CNT.composites..Better.performance.of.
graphene.is.explained.in.terms.of.stronger.interfacial.bonding.between.the.polymer.
and. graphene,. which. makes. the. frictional. pull-out. of. graphene. more. unlikely.. In.
addition,.fracture.toughening.by.the.crack.deflection.process.becomes.more.effective.
due.to.planar.geometry.and.the.high.aspect.ratio.of.graphene,.which.creates.larger.
polymer–reinforcement.interfaces,.than.in.CNTs.[11].
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7.6  METAL/CERAMIC GRAPHENE COMPOSITE FABRICATION 
AT MACROSCALE FOR STRUCTURAL APPLICATIONS

Most. of. the. graphene-containing. ceramic. and. metal. composites. reported. to. date.
have.been. synthesized. for. electronic,. electrochemical,. and. sensor-related. applica-
tions..Thus,. the. requirement.was. limited. to.a.microscale.aggregate.without.much.
concern. for. structural. strength.. But. structural. application. of. graphene-reinforced.
composites. requires. fabrication. of. mechanically. strong. composites. at. macroscale.
length..Preparation.of.such.composites.with.metal.or.ceramic.as.the.matrix.requires.
employment. of. high. temperature-assisted. and/or. pressure-assisted. consolidation.
processes.. Few. studies. on. ceramic–graphene. composites. have. adopted. such. con-
solidation.processes.[13,15,30–31],.whereas.no.such.report.is.available.on.the.metal.
matrix.. The. major. challenges. associated. are:. (1). the. distribution. of. the. graphene.
phase.in.the.ceramic.or.metal.composite.without.agglomeration.and.(2).control.of.
reactivity.at.the.interface.due.to.exposure.to.high.temperature.and.achievement.of.
good.interfacial.bonding.

GO.used.as.a.starting.material.in.composites.is.an.efficient.solution.to.the.dis-
persion.problem.of.graphene.in.the.composite..But.the.real.challenge.lies.in.scaling.
up.this.wet.chemistry.method.for.bulk.production.of.the.composite..CVD.growth.
of.graphene.on. the. ceramic.or.metal. parts. could.be. another. attractive.method. to.
ensure.homogeneous.distribution.of.graphene.in. the.matrix..In.fact,.CVD.growth.
of.graphene.on.thin.metal.sheets.stacked.together.and.consolidated.by.sintering.or.
the.hot/cold.deformation.process.can.fabricate.laminated.composites.at.macroscale..
A.similar. synthesis. technique.could.be.applied. for.ceramic–graphene.composites.
also..Recently.Bakshi.et.al..[64].observed.exfoliation.of.CNTs.to.graphene.sheets.
in.spark.plasma.sintering.(SPS)-processed.TaC.composite.structure,.during.applica-
tion.of.high.pressure.and.temperature.(Figure 7.19)..Exfoliation.of.CNTs.could.be.a.
possible.source.of.graphene.in.ceramic.matrix.composites..However,.using.CNTs.as.
the.starting.material.for.graphene-reinforced.composites.may.not.be.a.cost-effective.
synthesizing.route..Electrodeposition.of.composite.after.in-situ.reduction.of.GO.into.
graphene.in.an.electrolytic.bath.is.also.an.effective.method.for.fabricating.compos-
ites.at.macroscale..But.electrodeposition.is.mainly.suitable.for.composite.coatings.
and.free-standing.thin.films..Metal–CNT.composites.synthesized.through.electro-
deposition.are.found.to.be.restricted.in.thickness.<200.μm.[7].

The.other.most. important. factor. for.structural.composites. is. the.strength.at. the.
matrix–reinforcement. interface..Almost.no.attention.has.been.given. to.experimen-
tally.analyze.the.type.and.nature.of.the.metal–.and.ceramic–graphene.interfaces..The.
only.ab-initio.modeling.study.by.Lee.et.al..barely.mentions.the.possibility.of.control-
ling.the.interfacial.strength.of.aluminum.and.graphene.by.synthesis.mechanism.[55]..
But.the.high.temperature.reactivity.of.metals.raises.further.concerns.about.the.fate.of.
the.interface.due.to.compound.formation..The.type.of.interface.adhesion.existing.in.
ceramic–graphene.composites.also.needs.to.be.determined,.considering.the.chemi-
cally.inert.nature.of.that.interface..Thus,.the.metal–graphene.and.ceramic–.graphene.
interfaces.existing.in.different.composites.also.need.to.be.understood.in.detail.
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7.7  SUMMARY

Graphene.is.being.explored.in.many.composite.structures.for.its.excellent.ballistic.
transportation.and.mechanical.properties..Although.most.of.the.studies.are.focused.
on. polymer. matrix. composites,. the. interest. is. growing. steadily. and. significantly.
for.ceramic.and.metal.matrix.composites..Graphene-reinforced.metal.and.ceramic.
matrix.composites.explored.so.far.have.been.mainly.for.electronic,.electrocatalytic,.
and.sensor.applications,.which.mainly.employ.the.electrical.conductivity.and.elec-
trochemical.sensitivity.of.graphene..But.the.excellent.mechanical.properties.(elastic.
modulus,.tensile.strength).of.graphene.are.yet.to.be.taken.advantage.of.in.metal.and.
ceramic.matrix.composites.

The.metal.and.ceramic.matrix.composites. fabricated. to.date.are.mostly.physi-
cal.aggregates.at.smaller.scale.and.volume..Development.of.a.processing.route.for.
fabricating.structural.composites.with.a.consolidated.structure.is.still.in.its.infancy.
[13,15,30–31]..Fabrication.of.composite.structures.at.macroscale.might.suffer.from.
some.major.challenges..The.agglomeration.of.graphene.could.be.avoided.by.the.GO.
dissolution.method,.but.controlling.the.interfacial.reactivity.to.achieve.the.desired.
interfacial.bonding.and.strength.needs.a.lot.of.research.

Apart.from.the.electrical.conductivity,.electrochemical.activity,.and.mechanical.
properties,.there.could.be.quite.a.few.other.attributes.of.graphene.yet.to.be.captured.
in.composite.structures..High.thermal.conductivity.[4].and.the.very.low.and.nega-
tive.coefficient.of.thermal.expansion.[5].of.graphene.(see.Table 7.1).make.it.a.suit-
able. reinforcement. for. composites. to. be. used. in. thermal. management.. Moreover,.
the.low.coefficient.of.thermal.expansion.and.thermal.conductivity.makes.graphene.

50 nm20 nm

FIGURE 7.19 TEM. images. of. SPS-processed. TaC–CNT. structure. showing. presence. of.
carbonaceous.structures.between.TaC.grains.and.damaged.CNT.structures..(From.Bakshi,.
S.. R.,. Musaramthota,. V.,. Virzi,. D.. A.,. Keshri,. A.. K.,. Lahiri,. D.,. Singh,. V.,. Seal,. S.,. and.
Agarwal,. A.. 2011.. Spark. plasma. sintered. tantalum. carbide–carbon. nanotube. composite:.
Effect.of.pressure;.carbon.nanotube.length.and.dispersion.technique.on.microstructure.and.
mechanical.properties..Mater. Sci. Eng. A.528:.2538–2547..With.permission.)
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reinforcement.very. suitable. for. electronic.packaging.and. interconnects..Graphene.
shows.a.strain-dependent.conductivity.[5],.which.could.be.taken.advantage.of.in.the.
piezoelectric.composite.structure..The.lubricating.property.of.graphene.is.also.found.
effective.in.reducing.wear.resistance.and.increasing.load-bearing.capacity.when.used.
in.lubricant.[65]..Use.of.graphene.in.composites.and.coatings.can.also.act.as.a.wear-
resistance.structure..Gradual.release.of.graphene.during.wear.action.could.provide.
required.lubrication,.thus.reducing.or.abolishing.the.requirement.for.any.lubricant..
Graphene-reinforced.metal.and.ceramic.composites.have.a.promising.future.for.sev-
eral.applications.and.require.more.research.to.explore.their.full.potential.
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8 Graphene-Based	
Biosensors	and	
Gas	Sensors

Subbiah Alwarappan, Shreekumar Pillai, 
Shree R. Singh, and Ashok Kumar

8.1  INTRODUCTION

In. the. field. of. biosensors. and. biocatalysts,. nanomaterials. offer. the. potential. for.
extremely. high. surface. area-to-volume. ratios.. This. allows. the. immobilization. of.
large.numbers.of.biomolecules.per.unit.area.and.results.in.high-efficiency.biosensors.
with. the.potential. to. increase.biosensor. sensitivity,. response. time,.and.selectivity..
To.date,.a.wide.variety.of.nanomaterials.have.been.explored. for. their.application.
in.biosensors.due.to.their.unique.chemical,.physical,.and.optoelectronic.properties.
[1].. Among. the. various. nanomaterials. available,. carbon. nanomaterials. have. been.
extensively.used.during.electroanalysis.and.the.most.common.forms.are.spherical.
fullerenes,. cylindrical. nanotubes,. and. carbon. fibers. and. carbon. blacks.. Since. the.
discovery.that.individual.carbon.nanotubes.(CNTs).can.be.employed.as.nanoscale.
transistors,. researchers. have. recognized. their. outstanding. potential. for. electronic.
detection.of.biomolecules.in.solution,.possibly.down.to.single-molecule.sensitivity..
In.order.to.detect.biologically.derived.electronic.signals,.CNTs.are.often.functional-
ized.with.linkers,.such.as.proteins.and.peptides,. to. interface.with.soluble.biologi-
cally.relevant.targets..For.example,.incorporation.of.CNTs.and.fullerenes.has.greatly.
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increased.the.sensitivity.of.biosensors.and.their.response.time.possibly.due.to.their.
high.chemical.stability,.high.surface.area,.and.unique.electronic.properties.[2–4]..
CNTs.have.excellent.electrocatalytic.activities.[5].and.have.been.shown.to.promote.
electron. transfer. reactions. involving.hydrogen.peroxide. [6],.nicotinamide.adenine.
dinucleotide.hydrate.(NADH).[7,8],.cytochrome.[9],.and.ascorbic.acid.[10]..However,.
CNTs.are.expensive,.ranging.from.twenty.to.hundreds.of.dollars.per.gram,.and.as.
a. result. they. are. often. cost-prohibitive. for. some. applications.. Exfoliated. graphite.
nanoplatelets.or.graphene.provide.a.more.affordable.alternative.to.CNT..These.plate-
lets.consist.of.sp2.hybridized.carbon.atoms.arranged.in.a.sheetlike.structure.instead.
of. the. cylindrical. geometry. found. in. carbon. nanotubes.. Further,. graphene. is. the.
“mother”.or.the.basic.building.block.of.all.other.allotropes.of.carbon..For.instance,.
graphene.can.be.either.wrapped.up.to.form.a.0D.fullerene,.or.rolled.to.form.1D.car-
bon.nanotubes,.or.stacked.up.to.yield.3D.graphite.(Figure 8.1).[11–14]..Graphene.has.
many.potential.applications.due.to.its.excellent.mechanical,.electrical,.thermal,.and.
optical.properties,.and.its.large.surface-to-weight.ratio.(for.example,.1.g.of.graphene.
can.cover.several.football.pitches).[15,16]..Some.remarkable.properties.of.graphene.
reported.so.far.include.high.values.of.its.Young’s.modulus.(~1100.GPa).[17],.frac-
ture.strength.(125.GPa).[17],.thermal.conductivity.(~5000.W.m−1K−1).[18],.mobility.
of.charge.carriers.(200,000.cm2.V−1.s−1). [19].and.specific.sur.face.area.(calculated.
value,.2630.m2.g−1).[20],.and.fascinating.transport.phenomena.such.as.the.quantum.
Hall.effect.[21]..The.exceptional.thermal,.optical,.and.electrical.properties.of.gra-
phene.are.the.result.of.its.extended.π–π.conjugation.[22]..It.is.also.worth.mention-
ing.that.graphene.possesses.a.number.of.surface.active.functional.moieties.such.as.
carboxylic,.ketonic,.quinonic,.and.C=C..Of.these,.the.carboxylic.and.ketonic.groups.

FIGURE 8.1 Scheme.showing.graphene.can.be.wrapped.up.to.form.0D.fullerenes,.wrapped.
up.to.form.1D.CNTs,.or.stacked.up.to.form.3D.graphite..(From.A..K..Geim.and.K..S..Novoselov..
2007..The.rise.of.graphene..Nat. Mater..6,.183–191..With.permission..)
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are.reactive.and.can.easily.bind.covalently.with.several.biomolecules.thereby.influ-
encing.the.possibility.of.functionalizing.graphene.with.biomolecules.for.various.bio-
sensing.applications.[23–26].

8.2  ELECTROCHEMISTRY OF GRAPHENE

Graphene.is.considered.as.an.ideal.material.for.electrochemistry.due.to.its.large.2D.
electrical.conductivity,.large.surface.area,.and.its.availability.at.a.cheaper.cost..Upon.
comparison.with.CNTs,.graphene.provides.two.important.advantages,.and.they.are:.
(a). Graphene. is. free. from. metallic. impurities,. whereas. CNTs. possess. numerous.
metallic.impurities..In.several.cases,.such.impurities.dominate.the.electrochemistry.
of.CNTs.even.at.<100.ppm.levels.of.impurities.in.CNTs,.thereby.leading.to.mislead-
ing.conclusions..(b).The.production.of.graphene.is.cheaper.as.this.synthesis.requires.
only.graphite.as.the.starting.material.

The. latest. studies. on. the. electrochemical. behavior. of. graphene. indicated. that.
graphene.exhibits.a.wide.electrochemical.potential.window.of.approximately.2.5.V.
in.0.1.M.PBS.(pH.7.0).[25,27,28],.which.is.comparable. to. that.of.graphite,.glassy.
carbon.(GC),.and.even.boron-doped.diamond.electrodes.[25,27,29],.and.the.charge-
transfer.resistance.on.graphene.as.determined.from.AC.impedance.spectra.is.much.
lower. than. that. of. graphite. and. GC. electrodes. [27].. The. electron. transfer. behav-
ior. studies. of. graphene. using. cyclic. voltammetry. (CV). of. redox. couples,. such. as.
[Fe(CN)6]3−/4−.and.[Ru(NH3)6]3+/2+.exhibited.well-defined.redox.peaks.[30–32]..Both.
anodic.and.cathodic.peak.currents.in.the.CV.are.linear.with.the.square.root.of.the.
scan. rate,. which. suggests. that. the. redox. processes. on. graphene-based. electrodes.
are. predominantly. diffusion. controlled. [31].. The. peak-to-peak. potential. separa-
tions.(ΔEp).in.CVs.for.most.one-electron-transfer.redox.couples.are.quite.low,.very.
close. to. the. ideal. value. of. 59. mV.. For. example,. the. reported. values. of. graphene.
electrodes.were.between.61.5.mV.and.73.mV.(10.mV/s).for.[Fe(CN)6]3−/4−.[30,32–34].
and.60–65.mV.(100.mV/s).for.[Ru(NH3)6]3+/2+.[32],.much.smaller.than.that.on.GC.
[29]..The.peak-to-peak.potential.separation.is.related.to.the.electron.transfer.(ET).
coefficient.[35],.and.a.low.ΔEp.value.indicates.a.fast.ET.for.a.single-electron.electro-
chemical.reaction.[33].on.graphene..In.order.to.study.the.electrochemical.response/
activity.of.graphene.to.different.kinds.of.redox.systems,.Tang.et.al..[32].systemati-
cally.studied.three.representative.redox.couples:.[Ru(NH3)6]3+/2+,.[Fe(CN)6]3−/4−,.and.
Fe3+/2+..As.is.known,.[Ru(NH3)6]3+/2+.is.a.nearly.ideal.outer-sphere.redox.system.that.
is. insensitive.to.most.surface.defects.or. impurities.on.electrodes.and.can.serve.as.
a. useful. benchmark. in. comparing. electron. transfer. of. various. carbon. electrodes;.
[Fe(CN)6]3–/4–.is.surface sensitive.but.not.oxide sensitive,.and.Fe3+/2+.is.both.surface 
sensitive.and.oxide sensitive.[29]..The.apparent.electron-transfer.rate.constants.(k0).
calculated.from.cyclic.voltammograms.on.graphene.and.GC.electrodes.are.0.18.cm/s.
and.0.055.cm/s.for.[Ru(NH3)6]3+/2+,.respectively.[32]..This.indicates.that.the.unique.
electronic.structure.of.graphene,.especially.the.high.density.of.the.electronic.states.
over.a.wide.energy.range,.endows.graphene.with.a.fast.electron.transfer.rate.[29]..
The.k0.for.[Fe(CN)6]3−/4−.on.graphene.and.GC.were.calculated.to.be.0.49.cm/s.and.
0.029.cm/s,.respectively,.and.the.electron.transfer.rates.for.Fe3+/2+.at.graphene.elec-
trode.are.several.orders.of.magnitude.higher.than.that.at.GC.electrodes.[32]..These.
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indicate.that.the.electronic.structure.and.the.surface.chemistry.of.graphene.are.ben-
eficial.for.electron.transfer.[32,36,37].

8.3  DIRECT ELECTROCHEMISTRY OF ENZYMES 
ON GRAPHENE SURFACE

The.direct.electrochemistry.of.an.enzyme.refers.to.the.direct.electron.communication.
between.the.electrode.and.the.active.center.of.the.enzyme.without.the.parti.cipation.
of.mediators.or.other.reagents.[37–39],.which.is.very.significant.in.the.development.
of.biosensors,.biofuel.cells,.and.biomedical.devices.[38–42]..However,.the.realization.
of.direct.electrochemistry.of.redox.enzymes.on.common.electrodes.is.very.difficult.
because.the.active.centers.of.most.redox.enzymes.are.located.deep.in.a.hydropho-
bic.cavity.of.the.molecule.[40,43]..Carbon.nanotubes.and.metal.nanoparticles.have.
exhibited.excellent.performance.in.enhancing.the.direct.electron.transfer.between.
enzymes. and. electrodes,. and. are. widely. used. now. [44–47].. Due. to. its. extraordi-
nary.electron.transport.property.and.high.specific.surface.area.[48],.functionalized.
graphene.is.expected.to.promote.electron.transfer.between.electrode.substrates.and.
enzymes.[49]..Shan.et.al..[49].and.Kang.et.al..[50].reported.the.direct.electrochem-
istry.of.glucose.oxidase.(GOD).on.graphene..Shan.et.al..[49].employed.chemically.
reduced.graphene.oxide.(CR-GO).and.Kang.et.al..[50].employed.thermally.split.gra-
phene.oxide.[51],.both.of.which.exhibit.similar.excellent.direct.electrochemistry.of.
GOD.. Figure 8.2. represents. the. cyclic. voltammograms. (CV).of. graphene,. graph-
ite–GOD,.and.graphene–GOD.modified.electrodes.in.phosphate.buffered.solution.
(PBS).[49]..Among.all.the.electrodes.employed,.only.the.graphene–GOD.electrode.
exhibited.a.pair.of.well-defined.redox.peaks.that.correspond.to.a.reversible.electron.
transfer.process.of.a.redox.active.center.(flavin.adenine.dinucleotide,.FAD).in.GOD,.
indicating. a. direct. electron. transfer. of. GOD. on. graphene. electrodes.. The. formal.
potential.calculated.by.averaging.the.cathodic.and.anodic.peak.potentials.was.esti-
mated.to.be.−0.43V.(vs..Ag/AgCl),.which.is.close.to.the.standard.electrode.potential.
of.FAD/FADH2.[50,51]..The.redox.peaks.of.GOD.have.69mV.peak-to-peak.separa-
tion. and. the. ratio. of. cathodic. to. anodic. current. intensity.was. found. to. be.1. [49]..
Furthermore,.the.peak.current.densities.are.in.a.linear.relationship.with.scan.rates.
[49,50]..These.indicate.that.the.redox.process.of.GOD.on.graphene.electrodes.is.a.
reversible.and.surface-confined.process.[50]..The.electron-transfer-rate.constant.(ks).
of. the.GOD-on-graphene.electrode. is.2.83.s−1,.much.higher. than.most.of. the.val-
ues.reported.on.carbon.nanotubes.[52–55],.indicating.that.functionalized.graphene.
provides.a.rapid.electron.transfer.between.the.redox.center.of.the.enzyme.and.the.
surface.of.the.electrode.[50]..In.a.recent.study,.graphene.electrodes.were.found.to.
exhibit.a.high.enzyme.loading.of.about.1.12.×.10−9.mol/cm2.due.to.its.high.surface.
area.[50]..Such.a.huge.amount.of.enzyme.loading.is.advantageous.for.increasing.the.
sensitivity.of.graphene-based.biosensors..Furthermore,.the.direct.electron.transfer.of.
GOD.on.graphene.is.stable.(no.obvious.changes.in.15.cycles.on.the.cyclic.voltam-
metric.responses.of.the.GOD-graphene-chitosan.modified.electrode.in.N2-saturated.
PBS).and.response.retention.is.above.95%.after.1.week.of.storage.[50]..Our.group.
[56].also.recently.demonstrated.the.direct.electrochemistry.of.Cytochrome.c.(Cyt.c).
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at.the.graphene.surface.without.the.need.for.a.co-factor..The.excellent.performance.
of.graphene.with.respect.to.the.direct.electrochemistry.of.GOD.and.Cyt.c.indicates.
that.graphene.is.a.potential.promising.material.for.enzyme.electrodes.

8.4  ENZYMATIC ELECTROCHEMICAL BIOSENSORS 
BASED ON GRAPHENE

Graphene. was. found. to. exhibit. high. electrocatalytic. activity. to. H2O2.. Further,. it.
serves.as.an.excellent.platform.for.the.direct.electrochemistry.of.GOD;.thereby,.gra-
phene.could.be.an.excellent.electrode.material.for.oxidase.biosensors..For.example,.
there.are.numerous.reports.available.in.the.literature.about.graphene-based.glucose.
biosensors. [57–61]..Shan.et. al.. [57]. reported. the.first. graphene-based.glucose.bio-
sensor.with.a.graphene/polyethylenimine.functionalized.ionic.liquid.nanocomposite.
modified.electrode.that.exhibits.a.wide.linear.glucose.response.(2.to.14.mM).together.
with.good. reproducibility. (relative. standard.deviation.of. the. current. response. to.6.
mM.glucose.at.−0.5.V.was.3.2%.for.10.successive.measurements).and.high.stabil-
ity.(response.current.+4.9%.after.1.week).[57]..Recently,.Zhou.et.al..[62].reported.a.
biosensor.based.on.chemically.reduced.graphene.oxide.(CR-GO).for. the.enhanced.
amperometric.detection.of.glucose..Further,.their.sensor.exhibited.a.high.sensitivity.
(20.21.μA.mM.cm−2).and.a.low.detection.limit.of.2.0.mM.(S/N.=.3).in.the.linear.range.
0.01–10.mM.The.linear.range.for.glucose.detection.is.wider.than.that.on.other.car-
bon.materials-based.electrodes.such.as.carbon.nanotubes.[63].and.carbon.nanofibers.
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FIGURE 8.2 (See color insert.) Cyclic. voltammograms. at. PFIL. (blue),. graphite-PFIL.
(magenta),.and..graphene-PFIL.(black).modified.electrodes.in.0.05.M.PBS.solution.saturated.
with.O2.(solid).and.degassed.with.pure.N2.(dashed)..(From.C.S..Shan,.H.F..Yang,.J.F..Song,.
D.X..Han,.A..Ivaska,.and.L..Niu..2009..Direct.electrochemistry.of.glucose.oxidase.and.bio-
sensing.for.glucose.based.on.graphene..Anal. Chem..81,.2378–2382..With.permission.)
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[64]..The.detection.limit.for.glucose.at.the.GOD/CR-GO/GC.electrode.(2.0.mM.at.
−0.20.V).is.lower.than.the.reported.carbon-based.biosensors,.such.as.carbon.nanotube.
paste. [65],.carbon.nanotube.nanoelectrodes. [66],.carbon.nanofibers. [64],. exfoliated.
graphite.nanoplatelets.[62],.and.highly.ordered.mesoporous.carbon.[67]..The.response.
at.the.GOD/CR-GO/GC.electrode.to.glucose.is.very.fast.(9±1.s.to.attain.steady-state.
response).and.highly.stable.(91%.signal.retention.for.5.h),.which.makes.GOD/CR-GO/
GC.electrodes.a.rapid.and.highly.stable.biosensor.to.continuously.measure.plasma.
glucose.level.for.the.diagnosis.of.diabetes..In.another.work,.graphene.dispersed.on.
biocompatible.chitosan.was.also.employed. to.construct.glucose.biosensors.[60].. In.
this.work,.it.is.evident.that.chitosan.helped.to.form.a.well-dispersed.graphene.suspen-
sion. and. immobilize. the. enzyme.molecules,. and. the.graphene-based.enzyme. sen-
sor.exhibited.excellent.sensitivity.(37.93.mAmM−1cm−2).and. long-term.stability.for.
measuring. glucose.. Graphene/metal. nanoparticle. (NP)-based. biosensors. have. also.
been. developed.. Shan. et. al.. [68]. developed. a. graphene/AuNPs/chitosan. composite.
film–based.biosensor.that.exhibited.good.electrocatalytic.activity.to.H2O2.and.O2..Wu.
et.al..[59].designed.a.GOD/graphene/PtNPs/chitosan-based.glucose.biosensor.with.a.
detection.limit.of.0.6.mM.glucose..These.enhanced.performances.were.attributed.to.
the.large.surface.area.and.good.electrical.conductivity.of.graphene.and.the.synergistic.
effect.of.graphene.and.metal.nanoparticles.[61,68]..Zhou.et.al..[62].reported.an.etha-
nol.biosensor.based.on.graphene-ADH..The.ADH-graphene-GC.electrode.exhibits.
faster.response,.wider.linear.range,.and.a.lower.detection.limit.for.ethanol.detection.
compared.with.ADH-graphite/GC.and.ADH/GC.electrodes..This.observed.enhanced.
performance. can. be. explained. by. the. effective. transfer. of. substrate. and. products.
through.graphene.matrixes.containing.enzymes.as.well.as.the.inherent.biocompat-
ibility.of.graphene.[62].

8.5  GRAPHENE-BASED ELECTROCHEMICAL BIOSENSORS

Hydrogen.peroxide.is.a.general.enzymatic.product.of.oxidases.and.a.substrate.of.per-
oxidases,.which.is.important.in.biological.processes.and.biosensor.development.[62]..
Hydrogen.peroxide.is.also.an.essential.mediator.in.food,.pharmaceutical,.clinical,.
industrial,.and.environmental.analyses.[62];. therefore,. it. is.of.great. importance. to.
detect.H2O2..The.key.point.in.developing.electrodes.for.detecting.H2O2.is.to.decrease.
the.oxidation/reduction.overpotentials..Carbon.materials,.such.as.carbon.nanotubes.
[44,45,69,70],.have.been.developed. in.constructing.biosensors. for.detecting.H2O2..
Graphene. has. shown. promise. in. this. respect. [31,73].. Zhou. et. al.. [62]. studied. the.
electrochemical.behavior.of.hydrogen.peroxide.on.a.graphene.(chemically.reduced.
graphene.oxides,.CR-GO).modified.electrode,.which.shows.a.remarkable.increase.in.
electron.transfer.rate.compared.with.graphite/GC.and.bare.GC.electrodes.[62]..As.
shown.in.the.cyclic.voltammograms.(CVs).in.Figure 8.3,.the.onset.potentials.of.H2O2.
oxidation/reduction.on.CR-GO/GC.(a1),.graphite/GC.(b1),.and.GC.electrodes. (c1).
are.0.20/0.10V,.0.80/−0.35V,.and.0.70/−0.25V,.respectively,.indicating.superior.elec-
trocatalytic.activity.of.graphene.to.H2O2..The.linear.relationship.of.H2O2.at.−0.2.V.
on.the.CR-GO/GC.electrode.is.0.05–1500.mM,.wider.than.the.previously.reported.
results. for. carbon. nanotubes. [62].. These. can. be. attributed. to. the. high. density. of.
edge-plane-like.defective.sites.on.graphene,.which.might.provide.many.active.sites.
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for. electron. transfer. to. biological. species. [29,71–75].. Such. significantly. enhanced.
performance. on. graphene-based. electrodes. for. detecting. H2O2. may. lead. to. high-
selectivity/sensitivity.electrochemical.sensors.

β-nicotinamide.adenine.dinucleotide.(NAD+).and.its.reduced.form.(NADH).are.
cofactors.of.many.dehydrogenases.[45],.which.have.received.considerable.interest.in.
developing.amperometric.biosensors,.biofuel.cells,.and.bioelectronic.devices.associ-
ated.with.NAD+/NADH-dependent.dehydrogenases.[70,73]..The.oxidation.of.NADH.
serves.as. the.anodic. signal. and. regenerates. the.NAD+.cofactor,.which. is.of.great.
significance.in.biosensing.important.substrates.such.as.lactate,.alcohol,.or.glucose.
[44]..Problems.inherent.in.such.anodic.detection.are.the.large.overvoltage.for.NADH.
oxidation.and.surface.fouling.associated.with.the.accumulation.of.reaction.products.
[44]..Graphene.shows.promise.in.addressing.these.problems..Tang.et.al..[32].studied.
the.electrochemical.behavior.of.NADH.on.graphene.(chemically.reduced.graphene.
oxides,.CR-GO).modified.electrodes,.which.show.a.remarkable.increase.in.electron.
transfer.rate.compared.with.graphite/GC.and.GC.electrodes.[32]..The.peak.poten-
tials.of.NADH.oxidation.are.shifted.from.0.70.V.on.GC.and.graphite.to.0.40.V.on.
CR-GO.(Figure 8.4).[32]..These.are.attributed.to.the.high.density.of.edge-plane-like.
defective.sites.on.CR-GO,.which.provide.many.active.sites.for.electron.transfer.to.
biological.species.[29,72,73]..Liu.et.al..[74].reported.a.further.enhanced.performance.
of.graphene-based.electrodes.toward.the.oxidation.of.NADH.through.increasing.the.
dispersity.of.graphene.via.noncovalent. functionalization.of.graphene.with.methy-
lene. green. (MG).. The. oxidation. of. NADH. on. the. MG–graphene. electrode. takes.
place.at.~0.14.V,.which.is.much.lower.than.that.(+0.40.V).for.pristine.graphene.(i.e.,.
without.MG.functionalization).[74].and.carbon.nanotube-based.biosensors.[8,75,76]..

(a) graphene/GC
(b) graphite/GC
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–0.4 0.0 0.4 0.8 1.2
E/V (vs. Ag/AgCl)

H2O2

FIGURE 8.3 Background-subtracted.CVs.(50.mV/s).on.(a).graphene/GC,.(b).graphite/GC,.
and.(c).GC.electrodes.in.4.mM.H2O2.0.1.M.PBS.(pH.7.0)..(From.M..Zhou,.Y.M..Zhai,.and.S.J..
Dong..2009..Electrochemical.biosensing.based.on.reduced.graphene.oxide..Anal. Chem..81,.
5603–5613..With.permission.)
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The.enhanced.activity.of.graphene-modified.electrodes.to.NADH.oxidation.is.fur-
ther.confirmed.in.Lin.et.al.’s.report.when.compared.with.bare.edge-plane.pyrolytic.
graphite.electrodes.(EPPGEs),.which.have.many.edge-planelike.defective.sites.[31]..
It.is.known.that.the.high.density.of.edge-planelike.defective.sites,.which.might.pro-
vide.many.active.sites.for.electron. transfer. to.biological.species,.contribute. to. the.
enhanced.activity.of.carbon.materials.to.oxidation/reduction.of.small.biomolecules.
such.as.NADH.[29,71,72]..The.higher.activity.of.functionalized.graphene–modified.
EPPGE.compared.to.bare.EPPGE.indicates.that,.in.addition.to.the.high.density.of.
edge-plane-like.defective.sites.on.graphene.(chemically.reduced.graphene.oxides),.
there. are. other. special. properties. of. graphene. that. contribute. to. its. high. activity..
The.exact.mechanisms.still.need.more.investigation..Pumera.et.al.’s.report.[73].on.
high-resolution.x-ray.photoelectron.spectroscopy.(HRXPS).and.ab.initio.molecular.
dynamics.study.of.adsorption.of.NAD+/NADH.(Figure 8.5).might.provide.prelimi-
nary.insight.into.this..It.shows.that.the.adsorption.of.NAD+.molecules.on.the.edges.
of.graphene.is.attributed.to.the.interaction.with.oxygen-containing.groups.such.as.
carboxylic.groups,.while.graphene.edges.substituted.only.with.hydrogen.are.prone.
to.passivation.[73]..Therefore,.the.oxygen-containing.groups.might.play.a.key.role.in.
the.enhanced.activity.of.graphene.

Lin.et.al..[77].recently.reported.a.few-layered,.graphene-based.electrochemical.
sensor. for. the.detection.of. paracetamol..The.performance.of. the. senor.was.dem-
onstrated.using.cyclic.voltammetry.and.square.wave.voltammetry..Lin.et.al.’s.[77].
sensor.exhibited.a.quasi-reversible.response.to.paracetamol.detection..Further,.the.
overpotential. of. the. graphene-based. sensor. was. found. to. be. much. smaller. than.
the.bare.GC.electrode.

In. another. work,. Zuo. et. al.. [78]. successfully. employed. GO. to. demonstrate.
the.possibility.of.efficient.electrical.wiring.of. the. redox.centers.of. several.metal-
loproteins. containing. heme,. such. as. cytochrome. c,. myoglobin,. and. horseradish.
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0.4 0.2
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FIGURE 8.4 CV.of.bare.GC.(dashed.line).and.graphene/GC.electrodes.(solid.line).in.0.1.M.
pH.6.8.PBS.containing.1.mM..(From.L.H..Tang,.Y..Wang,.Y.M..Li,.H.B..Feng,.J..Lu,.and.
J.H.. Li.. 2009.. Preparation,. structure. and. electrochemical. properties. of. reduced. graphene.
sheet.films..Adv. Funct. Mater..19,.2782–2789..With.permission.)
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peroxidase,.to.the.electrode.(Figure 8.6)..Further,.Zuo.et.al..[78].confirmed.that.the.
proteins.retained.their.structural.integrity.as.well.as.their.biological.activity.when.
they.form.binary.mixtures.with.GO.[79]..From.this.observation,.it.is.very.promis-
ing.that.GO–protein.complexes.can.be.definitely.employed.for.developing.a.highly.
sensitive.biosensor.

8.6  GRAPHENE-BASED DNA BIOSENSORS

The.advantages.of.electrochemical.DNA.sensors.include.their.high.sensitivity.and.
high. selectivity.. Additionally,. they. are. cost. effective. for. the. detection. of. selected.
DNA.sequences.or.mutated.genes.associated.with.human.disease.and.promise. to.
provide.a.simple,.accurate,.and.inexpensive.platform.for.patient.diagnosis.[80,81]..
Electrochemical.DNA.sensors.further.allow.device.miniaturization.for.samples.with.
tiny.volume.[25]..Among.the.various.electrochemical.DNA.sensors,.the.sensor.based.
on.the.direct.oxidation.of.DNA.is.simple.and.robust.[25,81]..Zhou.et.al..[25].reported.
an.electrochemical.DNA.sensor.based.on.graphene.(chemically.reduced.graphene.

(a)

(b)

(c)

+

–
+

FIGURE 8.5 (See color insert.) Model.for.the.adsorption.of.NAD+.on.a.(a).graphene.basal.
plane,.(b).graphene.edge.fully.terminated.by.hydrogen.atoms,.and.(c).graphene.edge.termi-
nated.by.hydrogen.atoms.and.containing.one.–COO−.group.via.Car–Parrinello.molecular.
dynamics..Gray,.C;.blue,.N;.red,.O;.yellow,.P;.black,.H..(From.M..Pumera,.R..Scipioni,.H..Iwai,.
T..Ohno,.Y..Miyahara,.and.M..Boero..2009..A.mechanism.of.adsorption.of.β-nicotinamide.
adenine.dinucleotide.on.graphene.sheets:.Experiment.and.theory..Chem. Eur. J..15,.10851..
With.permission.)
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oxide)..As.evident. from.Figure 8.7,. the.current. response.of. the. four. free.bases.of.
DNA.(i.e.,.guanine.[G],.adenine.[A],.thymine.[T],.and.cytosine.[C]).on.the.CR-GO/
GC.electrode.are.all.separated.efficiently,.indicating.that.CR-GO/GC.can.simulta-
neously.detect.four.free.bases,.whereas.this.is.not.possible.with.graphite.or.glassy.
carbon..This.is.attributed.to.the.antifouling.properties.and.the.high.electron.transfer.
kinetics.for.base.oxidation.on.CR-GO/GC.electrodes.[25],.which.results. from.the.
high.density.of.edge-plane-like.defects.and.oxygen-containing.functional.groups.on.
CR-GO.that.provide.many.active.sites.and.promote.electron. transfer.between. the.
electrode.and.species.in.solution.[29,71,72]..From.Figures 8.7(b).and.8.7(c),.it.is.evi-
dent.that.the.CR-GO/GC.electrode.is.capable.of.efficiently.separating.all.four.DNA.
bases. in.both.single-stranded.DNA.(ssDNA).and.double-stranded.DNA.(dsDNA),.
which.are.more.difficult.to.oxidize.than.free.bases.at.physiological.pH.without.the.
need. of. a. prehydrolysis. step.. Further,. this. electrode. provides. a. single-nucleotide.
polymorphism. (SNP). site. for. short. oligomers. with. a. particular. sequence. without.
any.hybridization.or.labeling.processes.[25]..This.is.attributed.to.the.unique.physi-
cochemical.properties.of.CR-GO.(the.single.sheet.nature,.high.conductivity,.large.
surface.area,.antifouling.properties,.high.electron.transfer.kinetics,.etc.).[25].

Very.recently,.Pumera.et.al..[82].demonstrated.that.stacked.graphene.nanofibers.
(SGNF).exhibited.excellent.electrochemical.sensitivity. to. the.DNA.bases,. thereby.
outperforming.the.sensitivity.of.CNTs.to.DNA.bases..According.to.Pumera.et.al..
[82],. the.observed.behavior. is.due. to. the.presence.of.an.exceptionally. large.num-
ber.of.accessible.graphene-sheet.edges.on.the.surface.of. the.nanofibers.compared.
to. the. CNTs,. and. it. was. confirmed. by. TEM. and. Raman. spectroscopy.. Further,.
Pumera. et. al.. [82]. observed. approximately. four. times. greater. current. during. the.
oxidation.of.adenine,.guanine,.cytosine,.and.thymine.at.the.SGNF.electrodes.than.

e e

Graphene oxide Heme protein

FIGURE 8.6 Scheme. showing. the. protein. wiring. onto. 2D. graphene. for. electrochemical.
applications..Graphene.oxide.(GO)-supported.heme.proteins.attached. to. the.glassy.carbon.
electrode.surface.. (From.C..Fu,.W..Yang,.X..Chen,.and.D.G..Evans..2009..Direct.electro-
chemistry.of.glucose.oxidase.on.a.graphite.nanosheet–Nafion.composite.film.modified.elec-
trode. Electrochem. Commun..11,.997–1000..With.permission.)
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on.the.CNT.electrodes..SGNFs.also.exhibit.higher.sensitivity.than.edge-plane.pyro-
lytic.graphite.electrodes,.GC.electrodes,.or.graphite.microparticle-based.electrodes..
Pumera.et.al..[82,83].also.demonstrated.that.influenza.A.(H1N1)-related.strands.can.
be.sensitively.oxidized.on.SGNF-based.electrodes,.which.could.therefore.be.applied.
to.label-free.DNA.analysis.(Figure 8.8).

Recently,. Chaniotakis. et. al.. [84,85]. employed. the. SGNFs. for. the. enzymatic.
detection. of. glucose.. In. their. work,. Chaniotakis. et. al.. [85]. adopted. the. direct.
immobilization.technique.to.immobilize.the.enzymes.onto.a.nanofiber.surface.(see.
Figure 8.9)..From.their.work,.it.is.evident.that.surface.modification.of.SGNFs.with.a.
biorecognition.element.will.be.a.highly.efficient.method.for.developing.a.new.class.
of.very.sensitive,.stable,.reproducible.electrochemical.biosensors..Their.results.sug-
gest.that.platelet.nanofibers.are.the.best.materials.described.to.date.for.developing.
biosensors.that.can.outperform.the.existing.CNTs.or.graphite.powder.

8.7  GRAPHENE-BASED ELECTROCHEMICAL SENSORS 
FOR HEAVY METAL ION DETECTION

Graphene-based.electrochemical.sensors.also.find.potential.application.in.environ-
mental.analysis.for.the.detection.of.heavy.metal.ions.(Pb2+.and.Cd2+).[86,87]..Li.et.al..

ssDNA dsDNA(b) (c)(a)3.6 CR-GO/GC
Graphite/GC
GC

2.7

1.8I/µ
A

0.9

0.0
0.6 0.8 1.0 1.2 1.4 0.6 0.9 1.2

E/V (vs. Ag/AgCl)
1.5 0.6 0.9 1.2 1.5

FIGURE 8.7 (See color insert.) Differential.pulse.voltammograms.(DPV).for.(a).a.mixture.
of.DNA.free.base.(G,.A,.T,.and.C),.(b).ssDNA,.and.(c).dsDNA.in.0.1.M.pH.7.0.PBS.at.gra-
phene/GC.(green),.graphite/GC.(red),.and.bare.GC.electrodes.(black)..Concentrations.G,.A,.
T,.C,.ssDNA,.or.dsDNA:.10.mg.mL−1..(From.Y..Liu,.D..Yu,.C..Zeng,.Z-C..Miao,.and.L..Dai..
2010.. Biocompatible. graphene. oxide-based. glucose. biosensors.. Langmuir. 26,. 6158–6160..
With.permission.)
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[86,87]. demonstrated. that. Nafion-graphene. composite. film-based. electrochemical.
sensors.not.only.exhibit.improved.sensitivity.for.the.detection.of.Pb2+.and.Cd2+,.but.
also.alleviate.the.interferences.due.to.the.synergistic.effect.of.graphene.nanosheets.
and.Nafion.[86]..Further,.the.stripping.current.signal.is.greatly.enhanced.at.the.gra-
phene. electrodes.. It. is. evident. from. Figure  8.10. that. the. stripping. current. signal.
is.well.distinguished..The. linear. range. for. the.detection.of.Pb2+.and.Cd2+. is.wide.
(0.5.mgL−1.to.50.mgL−1.and.1.5.mgL−1.to.30.mgL−1.for.Pb2+.and.Cd2+,.respectively)..
The.detection. limits. (S/N.=.3).are.0.02.mgL−1. for.both.Cd2+.and.Pb2+,.which.are.
more.sensitive.than.that.of.Nafion.film-modified.bismuth.electrode,.[88].and.ordered.
meso.porous. carbon-coated. GC. electrodes. [89]. and. comparable. to. Nafion/CNT-
coated.bismuth.film.electrodes.[90]..The.enhanced.performance.is.attributed.to.the.
unique.properties.of.the.graphene.(nanosized.graphene.sheet,.nanoscale.thickness.
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FIGURE 8.8 (See color insert.) Stacked.graphene.nanofibers.(SGNFs).outperform.carbon.
nanotubes.and.graphite.in.the.detection.of.free.DNA.bases.and.A.(H1N1).DNA.strand..(A).
Graphene-sheet.orientation.in.multiwalled.carbon.nanotubes.(MWCNTs).(a).and.SGNFs.(b)..
The.highly.electroactive.edge.portion.of.the.sheets.is.represented.in.yellow..(B).differential.
pulse.voltammograms.(DPVs).for.a.mixture.of.guanine,.adenine,.thymine,.and.cytosine.at.
SGNF.(red),.graphene.platelet.(GNP).(green),.and.MWCNT.(blue).electrodes..For.compari-
son,.glass-.carbon.electrode.(GCE).(black.dashed).and.edge-plane.pyrolytic.graphite.(EPPG).
(black.dotted).electrode.signals.are.also.shown.. (C).DPVs.for.ssDNA.A.(H1N1).at.SGNF.
(red),.GNP.(green),.and.MWCNT.(blue).electrodes..For.comparison,.GCE.(black.dashed).and.
EPPG.(black.dotted).electrode.signals.are.also.shown..(From.A..Ambrosi.and.M..Pumera..
2010..Stacked.graphene.nanofibers.of.electrochemical.oxidation.of.DNA.bases..Phys. Chem. 
Chem. Phys..12,.8943–8947..With.permission.)
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FIGURE 8.9 Immobilization.of. the.model.enzyme.glucose.oxidase.on.stacked.graphene.
platelet.nanofibers.and.single-walled.carbon.nanotubes..(From.V..Vamvakaki,.K..Tsagaraki,.
and.N..Chaniotakis..2006..Carbon-nanofiber.based.glucose.biosensor..Anal. Chem..78,.5538–
5542..With.permission.)

50 50 µg/L

40 µg/L

30 µg/L

20 µg/L

10 µg/L
6 µg/L
4 µg/L

1.5 µg/L
0.5 µg/L

40

30

Cu
rr

en
t/µ

A

20

10

0

–1.0 –0.8 –0.6
Potential/V(vs. Ag/AgCl)

–0.4 –0.2

FIGURE 8.10 Striping.voltammograms.for. the.different.concentrations.of.Cd2+.and.Pb2+.
on.an.in.situ.plated.Nafion-G-BFE.(bismuth.film.electrode).in.solution.containing.0.4.mg.L−1.
Bi3+..(From.J..Li,.S.J..Guo,.Y.M..Zhai,.and.E.K..Wang..2009..High-sensitivity.determination.
of.lead.and.cadmium.based.on.the.Nafion-graphene.composite.film..Anal. Chim. Acta.649,.
196–201..With.permission.)
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of. these. sheets,. and.high.conductivity),.which.provided. the. capability. to. strongly.
adsorb.target.ions,.enhanced.the.surface.concentration,.improved.the.sensitivity,.and.
alleviated.the.fouling.effect.of.surfactants.[86,87].

8.8  GRAPHENE-BASED GAS SENSORS

The.first.experimental.study.of.graphene.for.gas.sensing.was.performed.by.Novoselov.
et.al..[11]..In.that.work,.they.demonstrated.the.gas-sensing.potential.of.graphene.by.
showing.that.graphene.devices.were.doped.by.exposure.to.water.or.ethanol.vapors.or.
to.ammonia.gas..Later,.several.reports.started.to.appear.in.experimental.and.theo-
retical. assessments. of. graphene’s. performance. in. gas. sensing. (see. Table  8.1).. All.
these.studies.demonstrated.the.ability.of.graphene.for.various.gas.sensing.tasks.in.a.
variety.of.laboratory-based.devices,.although.they.are.not.yet.available.on.the.market.
as.commercial.sensors..However,.it.was.Schedin.et.al..[91].who.demonstrated.that.
graphene.is.an.ideal.material.for.the.high.sensitive.gas.detection..In.order.to.achieve.
such.a.high.sensitivity.toward.gas.molecules.by.electrical.detection,.Schedin.et.al..
[91].fabricated.multiterminal.Hall.bars.by.conventional.lithographic.methods.from.
single-layer.or.few-layer.graphene.that.had.been.mechanically.cleaved.from.graph-
ite..Adsorption.of.low.concentrations.(parts.per.million).of.gases.resulted.in.the.con-
centration-dependent.changes.in.resistivity,.after.which.the.sensors.were.regenerated.
by.annealing.at.150°C.under.vacuum. (Figure 8.11[a])..Moreover,. the.gas-induced.
changes. in.resistivity.had.different.magnitudes.for.different.gases.and. the.sign.of.
the.change.indicated.whether.the.gas.was.an.electron.acceptor.(e.g.,.NO2,.H2O,.and.
I2).or.an.electron.donor.(e.g.,.CO,.ethanol,.and.NH3),.although.interactions.between.
the.NH3.molecules.and.water.adsorbed.on.the.devices.probably.contributed.to.the.
large.response.shown.in.Figure 8.11(a).for.NH3.[91]..Based.on.the.low.noise.level.
observed.in.these.graphene.devices,.Schedin.et.al..[91].confirmed.that.their.sensors.
had.detection.limits.on.the.order.of.one.part.per.billion,.the.same.as.that.of.other.
existing.gas.detectors.[92–95]..Besides.this.work,.Schedin.et.al..[91].also.performed.
long-term.measurements.on.extremely.diluted.NO2.samples.using.thoroughly.opti-
mized. sensors. and.observed. steplike.changes. in. resistivity.during.adsorption.and.
desorption.. Analyzing. these. quantized. data. statistically,. they. interpreted. these.
results.as.evidence.of.single-molecule.sensitivity.as.shown.in.Figure 8.11(b).

Following.the.success.of.the.early.graphene-based.sensors,.a.considerable.num-
ber.of.experimental.and.theoretical.reports.on.graphene-based.gas.sensors.started.
to.appear,.several.of.which.sought.to.understand.how.the.adsorbing.molecules.alter.
the.conductivity.of.the.graphene..As.conductivity.is.proportional.to.the.product.of.
charge-carrier.density.and.mobility,.it.is.evident.that.changes.in.the.number.density.
or.mobility.of. carriers,.or.both,.must.be. responsible. for. the.change. in.conductiv-
ity.[91]..However,. the.relative.contributions.of. these. two.factors. remain.uncertain.
because. different. proposed. mechanisms. have. yet. to. be. reconciled.. For. example,.
Schedin.et.al..[91].used.their.Hall-effect.measurements.as.evidence.that.extra.charge.
carriers.were.created.during.gas.adsorption.on.graphene.devices..This.is.a.process.
of.chemical.doping..Graphene’s.linear.band.structure.around.the.Dirac.points.(the.
six.K.points.in.the.Brillouin.zone).means.that.gas.adsorption.will.possibly.increase.
the.number.of.holes.if.the.gas.is.an.acceptor.or.increase.the.number.of.electrons.if.
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FIGURE 8.11 (a).Changes.in.resistivity,.ΔG/G,.of.graphene.devices.during.adsorption.of.
different.gases,.showing.rapid.responses.upon.exposure.to.a.fixed.volume.(5L).of.diluent.gas.
that.contained.1.ppm.of.each.analyte.(Region.II)..After.evacuation.(Region.III).and.anneal-
ing.at.150°C.(Region.IV),.the.sensors.returned.to.their.original.resistivity..(b).The.statistical.
distribution.of.step.changes.in.device.resistance,.δR,.during.the.slow.desorption.of.NO2..The.
side.peaks.around.the.central.“noise.peak”.were.considered.evidence.for.detection.of.adsorp-
tion.or.desorption.of. individual.gas.molecules.on. the.graphene.device.. (From.F..Schedin,.
A.K..Geim,.S.V..Morozov,.E.W..Hill,.P..Blake,.M.I..Katsnelson,.and.K.S..Novoselov..2007..
Detection. of. individual. gas. molecules. adsorbed. on. graphene,. Nat. Mater. 6, 652–655..
Macmillan.Publishers.Ltd..With.permission.)
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the.gas.is.a.donor,.in.the.chemical.equivalent.of.the.ambipolar.electric.field.effect..The.
charge.transfer.involved.in.this.process.leaves.behind.a.high.concentration.(exceed-
ing.1012.cm−2).of.charged.surface.impurities,.and.these.would.be.expected.to.increase.
scattering,.thereby.reducing.the.carrier.mobility..Nevertheless,.the.Schedin.[91].team.
found.little.change.in.carrier.mobility,.as.determined.from.changes.in.conductivity.
as.a.function.of.changes. in.carrier.density,.demonstrating.a.negligible. increase. in.
scattering.due.to.impurities..Based.on.these.facts,.they.proposed.that.the.ubiquitous.
layers.of.water.adsorbed.on.the.graphene,.or.trapped.between.the.graphene.and.the.
substrate,.provided.sufficient.dielectric.screening.of.the.gas-induced.charged.impuri-
ties.to.account.for.the.lack.of.additional.scattering.with.gas.adsorption.

On.the.other.hand,.Hwang.et.al..[96].proposed.an.entirely.different.mechanism..
Hwang.et.al..[96].employed.the.resistivity.data.from.some.of.Schedin’s.earlier.exper-
iments.in.order.to.directly.calculate.the.Hall.mobility.of.graphene.devices.exposed.to.
a.constant.stream.of.NH3.or.NO2..The.results.showed.that.mobility.rapidly.increased.
and.then.gradually.plateaued,.rather.than.remaining.approximately.constant..From.
these. observations,. Hwang’s. team. [96]. suggested. an. alternate. physical. model. for.
the.changes.in.graphene’s.conductivity.during.gas.adsorption..Based.on.the.conduc-
tivity.experimental.measurements. in.graphene.devices.and. theoretical.analysis.of.
possible.scattering.mechanisms.[97,98],.they.considered.that.the.primary.scattering.
mechanism.responsible.for.limiting.carrier.mobility.near.the.Dirac.point.is.Coulomb.
(long-range). scattering. due. to. charged. impurities. arising. from. the. substrate. [96]..
This.proposed.suggestion.coincides.well.with.the.enhanced.mobility.of.graphene,.
as.high.as.230,000.cm2.V−1.s−1.[99],.when.suspended.away.from.the.substrate..These.
suspended.mobilities.are.one.order.of.magnitude.larger.than.the.mobilities.in.typical.
graphene.devices.on. substrates..Considering.Coulomb.scattering.as. the.dominant.
limit.on.mobility,.Hwang.et.al.. [96].proposed. that. the.charged. impurities.created.
by.gas.adsorption.on.graphene.served.to.partially.neutralize.the.Coulomb.scatters.
induced.by. the. substrate,. thereby.allowing.a. rapid. increase. in.electrical.mobility..
As.this.“compensation”.effect.increases.with.continued.gas.adsorption,.the.mobil-
ity.tends.to.gradually.plateau.due.to.the.effects.of.short-range.scattering,.possibly.
caused.by.defects.in.the.graphene.lattice.becoming.more.pronounced.

However,.several.more.detailed.experimental.studies.are.still.essential.to.further.
probe.the.physical.processes.involved.in.gas.detection;.recent.studies.started.report-
ing. additional. insights..Moreover,. recognizing. that. the. amount.of. charge. transfer.
is. critical. to. graphene’s. sensitivity. for. gas.detection,. several. teams.have.modeled.
the.nature.of.interactions.between.graphene.and.different.adsorbing.gases.or.vapors.
[100–117]..Some.of. the.major. issues.with.such.work.are. that. (1).different.models.
and.approaches.generate.different.adsorption.energies.and.charge.transfers,.(2).the.
calculated.charge.transfer.for.paramagnetic.molecules.even.depends.on.the.size.of.
the.graphene.supercell.that.is.modeled.[102]..For.these.reasons,.this.kind.of.work.
is.limited.to.providing.indicative.trends.and.insights.into.atomic-scale.processes..A.
recent.review.of.gas.adsorption.on.graphene.by.Wehling.et.al..[106].gives.a.good.
overview.of.the.present.level.of.understanding..In.open-shell.adsorbates.such.as.NO2.
or.alkali-metal,.atoms.undergo.direct.charge.transfer.to.or.from.graphene,.but.tend.to.
be.weakly.bound.and.relatively.mobile.at.room.temperature,.unless.they.form.cova-
lent.bonds.with.the.graphene,.which.was.observed.with.the.species.such.as.H,.F,.and.
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OH..The.strong.doping.by.open-shell.molecules.was.made.possible.by.graphene’s.
zero.gap.electronic.structure,.which.further.allows.them.to.undergo.charge.transfer.
with.any.adsorbed.species.that.has.even.a.small.chemical-potential.mismatch..The.
predicted.phenomenon.makes.it.more.sensitive.to.gas.adsorption.than.semiconductor.
devices.with.larger.band.gaps.[104]..However,.closed-shell.adsorbates.such.as.H2O.
and.NH3.do.not.directly.change.the.band.structure.of.graphene,.but.rather.alter.how.
charges.are.distributed.within.graphene.or.alter.the.doping.of.graphene.by.the.sup-
porting.substrate.[106]..Adsorbed.water.is.a.prevalent.surface.“impurity,”.and.espe-
cially.when.located.between.the.graphene.and.substrate,.can.shift.the.impurity.bands.
of.the.substrate.into.the.vicinity.of.graphene’s.Fermi.level.and.so.cause.indirect.dop-
ing.of.the.graphene..Indeed,.even.if.not.initially.present.between.the.graphene.and.
substrate,.water.molecules.might.diffuse.into.this.region.upon.exposure.to.humid.air..
This.accumulation.of.gas.molecules.at.the.graphene.substrate.interface.was.found.in.
a.recent.experimental.study.of.NH3.adsorption.and.desorption.from.graphene.[108]..
Among.the.observed.two-stage.desorptions,.the.fact.that.one.stage.was.fast.and.the.
other.slow,.was.attributed,.respectively,.to.easy.desorption.of.NH3.from.the.top.sur-
face.of.the.graphene.and.much.slower.diffusion.of.NH3.from.the.bottom.surface.of.
the.graphene..This.does.not.occur.through.the.graphene.itself,.but.involves.gas.dif-
fusion.through.the.“slit.pores”.substrate..Other.mechanisms.have.been.proposed.for.
water’s.effect.on.graphene’s.properties..One.is.transfer.doping.by.redox.reaction.in.
an.analogous.manner.to.the.p-type.doping.of.diamond.by.surface.water.and.oxygen.
molecules. that.withdraw.electrons.from.the.diamond.to.form.hydroxyl. ions.[109]..
Another.is.a.purely.physical.effect.in.which.the.high.dielectric.constant.of.water.lay-
ers.can.shield.the.Coulomb.scatterers.in.the.substrate.and.so.alter.carrier.mobility.
in.graphene.[97].

Besides.demonstrating.the.high.sensitivity.of.graphene.as.an.electrical.gas.sensor.
and.proposing.a.variety.of.mechanistic.questions.about.gas.sensing,.Schedin.et.al..
[91]. also. found. that. polymer. residues. and.hydrocarbon. contaminants. could.unin-
tentionally. functionalize.graphene. sensors.by.providing.a. surface.phase. in.which.
the. gas. molecules. can. absorb. and/or. by. influencing. charge. transfer. from. the. gas.
to.the.graphene.or.vice.versa..This.type.of.surface.layer.is.particularly.pronounced.
when. lithographic. resists. (typically polymethylmethacrylate. [PMMA]). are. used..
Schedin.et.al..[91].observed.that.a.1-nm-thick.residue.remained.on.their.devices.after.
fabrication,.despite.thorough.cleaning,.consistent.with.a.study.by.Ishigami.et.al..[110].
that.showed.the.difficulty.in.removing.these.deposits..The.strong.influence.of.resid-
ual.polymers.on.electrical.sensing.by.graphene.was.confirmed.by.Dan.et.al..[111]..
Further,.Dan.et.al..[111].performed.two.measurements.of.the.gas-sensing.behavior.
of.electrical.devices.made.by.electron-beam.lithography.of.mechanically.exfoliated.
graphene..The.first.set.of.measurements.was.done.after.fabrication.of.the.devices.so.
that.the.few-layer.graphene.in.the.sensor.was.covered.with.a.PMMA.resist..The.sec-
ond.set.of.measurements.was.done.after.removal.of.the.resist.by.heating.the.devices.
to.400°C.in.a.reducing.H2/Ar.atmosphere.for.1.hour..Removing.the.resist.in.this.way.
improved.the.electrical.quality.of.the.devices.markedly:.carrier.mobility.increased.
by.four.times.and.the.doped-carrier.density.was.reduced.by.nearly.70%..Similarly,.
cleaning.the.graphene.had.a.dramatic.effect.on.gas.sensing..With.the.PMMA.res-
idue. on. graphene,. the. device. exhibited. ultrafast. measurable. changes. in. electrical.
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response.to.water.and.organic.vapors.in.the.parts-per-million.range.or.below;.after.
the.polymer.residue.was.gone,.however,.these.responses.declined.by.1.to.2.orders.
of.magnitude,.virtually.disappearing.for.some.gases.(Figure 8.12)..Clearly,.the.high.
sensitivity.to.gas.adsorption.demonstrated.by.these.graphene.devices.is.not.intrinsic.
to. graphene,. but. due. to. the. polymer. layer. (and. any. other. contaminants,. possibly.
including. co-adsorbed. water),. which. absorbs. and. concentrates. the. gases. near. the.
graphene.surface..Despite.this,.Dan.et.al..[111].did.not.dismiss.graphene.as.unsuit-
able.for.making.sensors..Instead,.they.pointed.out.that.the.inherent.two-dimensional.
nature.and.electrical.properties.of.graphene.have. the.advantage.of. low.noise,.and.
thus.lower.detection.limits,.but.that.the.graphene.surface.should.be.cleaned.and.then.
deliberately.functionalized.to.further.increase.sensitivity.and/or.selectivity.

Recent.theoretical.studies.also.supported.this.conclusion.by.demonstrating.that.
gas.molecules.adsorb.only.weakly.on.pristine.graphene,.but.adsorb.more.strongly.
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FIGURE 8.12 Gas-adsorption.responses.of.graphene.devices.with.and.without.a.thin.poly-
mer.layer.of.lithographic.resist.during.adsorption.of.(a).water.vapor,.(b).nonanal.vapor,.(c).octa-
noic-acid.vapor,.and.(d).trimethylamine.vapor..The.black.lines.(the.larger.responses).in.(a)–(c).
are. for. devices.with. the. resist;. i.e.,. before. cleaning..The.gray. lines. (smaller. responses). in.
(a)−(d).are.for.devices.after.removal.of.the.resist.by.annealing;.i.e.,.after.cleaning..(From.Y.P..
Dan,.Y..Lu,.N.J..Kybert,.Z.T..Luo,.and.A.T.C..Johnson..2009..Intrinsic.response.of.graphene.
vapor.sensors..Nano Lett. 9,.1472–1475..American.Chemical.Society..With.permission.)
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on.doped.graphene.or.defective.graphene. (i.e.,. graphene. that. contains. a.vacancy).
[100,105]..Specifically,.defective.graphene.has.the.greatest.sensitivity.for.CO,.NO,.
and.NO2,.whereas.boron-doped.(p-type).graphene.was.found.to.be.sensitive.to.NH3..
Further,. ab-initio. study. of. graphene. nanoribbons. also. implicated. dangling. edge.
bonds. during. strong. gas. adsorption. [101].. However,. experimental. measurements.
suggest.that.such.edge.effects,.though.providing.energetically.favorable.sites.for.gas.
absorption,.contribute.only.a.small.part.(~2%).of.the.total.electrical.response.of.a.
typical.microscale.graphene.device.[108]..Stronger.adsorption,.arising.from.either.
defects.or.doping.(or.edge.sites.on.nanoribbons),.generally.results.in.more.substan-
tial.changes.in.the.density.of.states.and.the.conductivity.of.graphene,.which.were.
essential.for.effective.sensors..Nevertheless,.with.these.strong.interactions,.the.main.
problem.is.that.the.adsorption.is.effectively.irreversible.in.realistic.time.frames.and.
for. realistic. regeneration. temperatures. [105]..So. there.must.be.a.balance.between.
sensitivity.and.reversibility.of.the.sensing.reactions.for.practical.sensors.

8.9  FUNCTIONALIZED GRAPHENE FOR GAS SENSORS

Research. work. performed. on. graphene-based. gas. sensors. to. date. demonstrates.
that.functionalization.is.the.best.way.to.achieve.the.best.sensor.performance.out.of.
graphene.[105,111,118,119]..Functionalization.imparts.two.important.things.to.gra-
phene:.(1).it.increases.the.sensitivity.of.the.graphene.to.the.adsorption.process.and.
(2). it. reduces.nonspecific.binding. and. enhances. selectivity. (or. specificity). for. the.
desired.analyte..Often,.selectivity.is.equally.critical.for.gas.sensors.made.from.other.
materials.and.it.is.a.specific.challenge.for.certain.classes.of.sensors.such.as.chemore-
sistive,.field-effect,.and.piezoelectric.gas.sensors.[93]..On.the.other.hand,.some.of.the.
functionalization.approaches.developed.for.other.types.of.gas.sensors,.especially.for.
single-walled.carbon.nanotubes.[95],.will.definitely.find.applications.in.graphene-
based.gas.sensors.very.soon..However,.before.considering.all.these.possibilities,.it.
is.essential. to.analyze.the.methods.that.have.been.used.to.functionalize.graphene.
to.date..The.primary.purpose.of.recent.functionalization.methods.is.to.increase.the.
ease.of.exfoliating.graphite.to.produce.modified.graphene.or.to.make.functionalized.
graphene.for.other.applications,.such.as.polymer.nanocomposites..Therefore,.many.
of. the. chemical-functionalization. methods. employed. to. date. have. used. covalent.
bonding,.thereby.destroying.the.sp2.bonding.of.graphene’s.lattice..Methods.of.non-
covalent.bonding,.however,.tend.to.exploit.the.extensive.opportunities.for.π-bonding.
on.graphene’s.basal.plane,.and.are.much.more.amenable.than.the.harsh.methods.of.
covalent.functionalization,.and.therefore.tend.to.retain.graphene’s.unique.electronic.
properties.for.use.in.sensors.

Very.often,.chemical.exfoliation.of.graphite.is.widely.employed.to.synthesize.gra-
phene.oxide.and.it.results.in.the.covalent.functionalization.of.graphene..The.strong.oxi-
dation.of.graphite.produces.graphene.oxide,.which.incorporates.oxygen-.containing.
moieties.such.as.epoxide,.hydroxyl,.carboxyl,.and.carbonyl.groups..However,.a.dis-
advantage.of.this.harsh.functionalization.process.is.the.formation.of.many.sp3.bonds.
and. the. loss.of.many.of.graphene’s.original.properties;.but. this. is.not.necessarily.
a.problem.for.all.applications..For.instance,.after.rapid.heating.of.graphene.oxide,.
the.residual.functional.groups,.as.well.as.the.wrinkles.in.its.basal.planes.due.to.the.
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changes.in.bonding,.introduce.vacancies.[120],.and.it.provides.strong.adhesion.with.
polymers.to.form.superb.nanocomposites.[121]..Alternatively,.the.functional.groups.
on.graphene.oxide.provide.endless.opportunities.for.further.functionalization.to.cre-
ate.novel.carbon.sheets.such.as.graphene.amine,.or.new.hybrid.materials.such.as.
DNA.tethered.to.graphene.oxide.[118]..This.approach.can.be.facilitated.by.chemical-
coupling.agents.such.as.(O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexa
fluorophosphate).or.by.various.other.chemical.routes..For.instance,.Shen.et.al..[122].
employed. living. free-radical. polymerization. with. TEMPO. (2,2,6,6-tetramethyl-1-
piperidinyloxy).to.produce.a.polystyrene-.polyacrylamide.block.copolymer.and.cova-
lently.attach.it.to.reduced-graphene-oxide.sheets.to.make.an.amphiphilic.form.of.the.
modified.graphene..Other.researchers.employed.phosgenation.of.graphene.oxide.for.
subsequent.covalent.attachment.of.octadecylamine.[123].or.porphyrin.[124].mole-
cules..Still.others.have.used.diazonium.salts.to.attach.different.types.of.phenyl.groups.
to.surfactant-wrapped.graphene.oxide.[125].or.to.form.spontaneous.covalent.bonds.
between.nitrophenyl.and.epitaxial.graphene.[126]..Most.of.the.ongoing.approaches.
to.functionalize.graphene.substantially.alter.the.transport.and.chemical.properties.of.
the.graphene.(derivatives).that.are.not.suitable.to.design.electrical.sensors..A.better.
method. is. to. avoid. covalent. bonding,. thereby. reducing. the. impact. of. functional-
ization. on. graphene’s. properties. [127],. and. three. main. approaches. have. emerged.
so. far.. The. first. avenue. for. noncovalent. functionalization. necessitates. π-bonding.
or.“π-stacking”.between.the.π-orbitals.of.graphene’s.basal.plane.and.those.of.aro-
matic.functional.molecules..For.example,.this.type.of.bonding,.though.weaker.than.
covalent.bonding,.has.been.used.to.accomplish.the.following:.functionalize.reduced.
graphene. oxide. with. sulfonated. polyaniline. [127]. or. with. 1-.pyrenebutyrate. [128],.
assemble.monolayers.of.perylene-3,4,9,10-tetracarboxylic.dianhydride.on.epitaxial.
graphene.[129],.or.load.the.drug.doxorubicin.hydrochloride.onto.graphene.oxide.for.
potential.drug-delivery.applications.[130]..The.second.approach.is.to.simply.coat.the.
graphene.with.an.extremely.thin.polymer.layer,.although.this.has.largely.been.used.
unintentionally.as.a.result.of.residual.lithographic.resists..As.has.been.demonstrated.
by.Dan. et. al.. [111],. such.polymer. layers.markedly. enhance. graphene’s. sensitivity.
for.electrical.detection.of.gas.molecules.(Figure 8.12);. they.also.might.be.used.to.
increase.selectivity,.as. is.discussed.in. the.following.text..The.third.method.draws.
on. electrochemistry. to. reduce. metallic. nanoparticles. onto. graphene. derivatives..
For.instance,.Lu.et.al..[119].have.“decorated”.expanded.graphite.nanoplatelets.with.
platinum. or. palladium. nanoparticles. through. a. microwave-heated. polyol. process.
(Figure 8.13).. In.another.work,.Sundaram.et.al.. [131].employed.sheets.of. reduced.
graphene.oxide.as.the.electrode.on.which.they.grew.palladium.nanoparticles.by.elec-
trodeposition..However,.a.considerable.amount.of.work.will.have.to.be.performed.
to.assess.the.limits.of.sensitivity.and.selectivity.imparted.to.the.graphene-based.gas.
sensors.by.noncovalent.methods..Nevertheless,. considering. the. state.of. the. art. in.
functionalizing.other.types.of.gas.sensors,.it.is.unlikely.that.such.methods.will.ever.
create.graphene-based.devices. that. are.only. sensitive. to. a. single.gas.. Instead,.we.
expect.that.practical.graphene-based.gas.sensors.will.follow.the.trend.seen.in.recent.
years.in.which.researchers.have.begun.to.harness.cross-sensitivity.in.sensors,.rather.
than.seeking.to.obviate.it..The.basic.idea.is.to.design.an.array.of.gas.sensors,.where.
each.element.in.the.array.is.functionalized.differently.[93,95]..When.exposed.to.a.
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mixture.of.gases,.the.array.will.produce.a.matrix.of.responses,.with.each.sensor’s.
response.comprising.different.contributions.from.the.various.gases.due.to.that.sen-
sor’s.particular.functionalization..By.using.multivariate.data.analysis.or.chemomet-
rics. to.mathematically.extract. the.different.components. from.across. the.array. for.
each.gas,.one.can.produce.a.characteristic.pattern.or.“fingerprint”.for.each.type.of.
gas,.which.can.be.compared.to.a.database.of.patterns.for.gases.and.vapors..In.this.
way,.it.becomes.possible.to.identify.the.types.and.amounts.of.mixtures.of.gases.with.
a.single.sensor.array,.which.is.often.called.an.electronic nose..This.approach.has.
proven.effective.in.a.variety.of.gas.sensors.made.with.different.transducer.materials.
and.different.types.of.functionalization..One.recent.example.was.a.tin-oxide.semi-
conductor.array,.with.differences.in.functionalization.achieved.by.varied.levels.of.
palladium.doping.and.different.electrode.geometries;. the.eight-element.array.was.
used.to.measure.mixtures.of.CO,.CH4,.and.H2O.[132]..Another.study.employed.an.
array.of.carbon-nanotube.field-effect.sensors,.each.of.which.was.decorated.with.one.
of.four.different.types.of.metallic.nanoparticles.to.uniquely.identify.H2,.H2S,.NH3,.
and.NO2.[133]..A.third.example.involved.coating.surface.acoustic.wave.(SAW).gas.
sensors. with. one. of. five. different. polymers. to. produce. a. sensor. array. capable. of.
clearly.detecting.four.organic.gases.commonly.used.to.simulate.chemical.warfare.
agents.[134]..This.sensor-array.approach.has.also.been.used.successfully.for.optical.
biosensors.built.around.functionalized.nanoparticles.[135]..Johnson.et.al..[136].have.
also.proposed.that.various.base.sequences.of.DNA.strands.might.provide.another.
useful.method.for.variable.functionalization.of.gas-sensor.arrays..There.are.obvious.
similarities.between.the.basic.functionalization.approaches.employed.in.the.forego-
ing.examples.of.sensor.arrays.and.the.routes.already.used.to.functionalize.graphene.
(or. its. derivatives). nanoparticles,. polymers,. DNA,. and. so. on.. Therefore,. it. seems.
reasonable.to.conclude.that.the.sensor-array.approaches.could.be.used,.with.equal.or.
greater.success,.on.graphene-based.gas.sensors..Indeed,.graphene.is.likely.to.prove.

50 nm

FIGURE 8.13 TEM.micrograph.of.an.expanded-graphite.nanoplatelet.coated.with.50.wt.
%.platinum.nanoparticles..Darker.material.in.the.left.and.bottom.of.the.micrograph.is.the.
sample.support..(From.Y.F..Xu,.Z.B..Liu,.X.L..Zhang,.Y..Wang,.J.G..Tian,.Y..Huang,.Y.F..Ma,.
X.Y..Zhang,.and.Y.S..Chen..2009..A.graphene.hybrid.material.covalently.functionalized.with.
porphyrin:. Synthesis. and. optical. limiting.property..Adv. Mater. 21,. 1275–1279.. American.
Chemical.Society..With.permission.)
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particularly.amenable.to.creation.of.sensor.arrays.because.it.can.be.easily.integrated.
into. lithographic. processes. for. microfabrication. or. nanofabrication.. This. offers.
potential.advantages.such.as.rapid.and.low-cost.production.of.compact.sensors.that.
include.large.numbers.of.nanoscale.graphene.elements;.one.might.even.be.able.to.
create.an.array.of.individual.sensor.elements.from.a.single,.large.sheet.of.graphene,.
such.as.that.grown.by.CVD,.by.means.of.lithographic.patterning.and.plasma.etch-
ing..The.development.and.implementation.of.these.kinds.of.approaches.will.allow.
researchers.to.tailor.the.size,.sensitivity,.and.selectivity.of.graphene.to.create.a.new.
generation.of.gas-sensor.arrays.that.are.compact.and.that.can.analyze.diverse.envi-
ronmental.gases.and.vapors.at.a.parts-per-billon.level.or.perhaps.even.less.

8.10  CONCLUSION

Graphene,.as.the.“mother”.of.all.other.allotropes.of.carbon,.continues.to.exhibit.supe-
rior.conducting,.electronic,.and.physicochemical.properties.compared.to.its.counter-
parts..In.addition.to.these.properties,.graphene.continues.to.dominate.its.counterparts.
(other.carbon-based.materials).by.exhibiting.superb.performance.in.direct.electro-
chemistry.of.enzymes,.electrochemical.detection.of.small.biomolecules,.and.in.elec-
troanalysis. (electrochemical. sensors. for. bioanalysis. and. environmental. analysis)..
Graphene.is.also.biocompatible.and.is.free.from.metallic.impurities,.which.often.lead.
us.to.an.incorrect.conclusion.during.electroanalysis.using.CNTs..On.the.other.hand,.
better.understanding.of.physics.and.chemistry.at.the.surface.of.graphene.and.interac-
tion.of.chemicals.and.biomolecules.at.the.graphene.interface.will.play.an.important.
role.while.employing.graphene.as.a.nanoscaffold.during.chemical.and.biosensing..
For.example,. the.absorption.mechanism.of.molecules.on.graphene,.orientation.of.
biomolecules.on.the.graphene,.and.how.these.interactions.affect.the.transport.prop-
erties.of.graphene.will.provide.us.with.a.further.understanding.of.graphene.and.its.
interaction.with.molecules,.which.may.lead.to.great.advancements.in.graphene.sci-
ence.and.its.various.applications,.such.as.catalysis.and.sensors..Nevertheless,.several.
major.hurdles.have.to.be.resolved.prior.to.employing.a.truly.single.sheet.of.graphene.
for.sensing.applications..Further,.commercial.production.of.graphene-based.gas.sen-
sors.is.still.some.way.off,.and.some.important.challenges.must.be.met.along.the.way..
Fabrication.is.one.of.these.challenges,.as.researchers.seek.cost-effective.production.
methods. that. retain.graphene’s.essential.properties.and.can.be.scaled.up.. If.high-
purity.graphene.is.the.primary.material.needed.for.sensor.applications,.then,.at.this.
stage,.CVD.or.epitaxial.growth.seem.to.be.the.synthetic.routes.that.will.likely.come.
to.dominate..In.conclusion,. though.there.are.several.reports.available.on.different.
kinds.of.biosensing.applications.of.graphene.and.its.derivatives,.there.is.still.much.
room.for.scientific.research.and.development.of.graphene-based.ultrasensitive.sen-
sors.for.various.biosensing.applications.
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9 Field	Emission	
and	Graphene
An Overview of 
Current Status

Indranil Lahiri and Wonbong Choi

9.1  INTRODUCTION

In.the.last.five.or.six.years,.the.truly.2-dimensional.material.graphene.has.attracted.
strong.attention.from.physicists.and.materials.scientists.around.the.world..The.award-
ing.of. the.2010.Nobel.Prize. in.Physics. to.Andre.Geim.and.Konstantin.Novoselov.
“for.groundbreaking.experiments.regarding.the.two-dimensional.material.graphene”.
[1,2].has.further.intensified.the.enormous.interest.of.the.scientific.community.for.this.
extraordinary.material.[3–5]..Graphene.has.been.and.is.being.proposed.for.a.wide.
range.of.applications,.field.emission.being.one.of.those.exciting.device.applications..
Field.emitters.have.found.a. long.list.of.practical.device.applications.as.sources.of.
electrons,.starting.with.electron.microscopes.and.hand-held.miniature.x-ray.sources.
to.high-powered.microwave.generators.and.field.emission.displays.[6,7]..This.chapter.
introduces.to.the.reader.the.basics.of.the.field.emission.process,.followed.by.a.detailed.
discussion.of.the.progress.and.prospect.of.graphene.for.field.emission.applications.

Emission. of. ions. or. electrons. from. the. surface. of. energized. metals. has. been.
known.to.humankind.for.more.than.a.century..Emission.processes,.in.a.broad.sense,.
can.be.defined.as.the.process.of.flow.of.charge.carriers,.either.ions.or.electrons,.from.
a.highly.energized.metallic.surface.to.another.surface.or.over.some.kind.of.electric.
potential.barrier..Based.on.the.nature.of.the.charge.carrier,.emission.processes.can.
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be.divided.into.electron.emissions.or.ionic.emissions..On.the.other.hand,.depending.
upon.the.process.of.energizing.the.metal.surface,.it.can.be.divided.into.field.emis-
sions,.thermal.emissions,.and.thermal-field.emissions.[8].

The.process. of. field. emission.was.first. observed. by. Robert. W.. Wood. in. 1897..
However,.it.was.due.to.Walter.Schottky.in.1923.and.R..H..Fowler.and.L..W..Nordheim.
in.1928.that.an.insight.into.the.theory.of.the.process.was.achieved..In.this.process,.an.
electric.field.is.applied.between.two.electrodes,.kept.under.vacuum,.and.the.electrons.
tunnel.through.the.vacuum.to.emit.electrons..This.process.is.generally.carried.out.at.
room.temperature.or.at.slightly.elevated.temperature..Graphene.is.being.considered.
as.the.next-generation.electronic.material.due.to.its.exceptional.electronic.quality,.
characterized.by.high.electron.mobility,.the.unique.nature.of.the.charge.carrier,.and.
the.room.temperature.quantum.Hall.effect..Since.the.discovery.of.few-atom-thick.
isolated.graphene.in.2004,.much.research.has.been.devoted.to.the.theoretical.under-
standing. and. practical. applications. of. it.. Graphene. exhibited. good. field. emission.
behavior.and.excellent.emission.stability,.comparable.to.that.offered.by.carbon.nano-
tube.(CNT).field.emitters..These.properties.create.much.interest.in.its.application.in.
future.field.emission.devices..This.chapter.presents.an.overview.of.the.application.
of.graphene. in.field.emission.devices,.along.with.a.very.short. introduction. to. the.
theory.of.field.emission..The.theoretical.discussion.is.designed.to.assist. in.under-
standing.the.performance.of.practical.graphene-based.field.emitters.

9.1.1   basics of field eMission

In.order.to.understand.the.basic.process.of.field.electron.emission,.it.is.first.nec-
essary.to.estimate.the.energy.required.to.emit.an.electron.from.a.metal.surface..
The.first.assumption.made.in.this.calculation.process.is.that.the.metal.surface.is.a.
semi-infinite.plate,.having.its.normal.in.the.z-direction..The.surface.of.the.metal.
is.taken.as.z.=.0..Among.all.possible.energy.terms,.the.most.important.is.Fermi 
energy.(EF),.which.is.defined.as.the.energy.of.the.highest.occupied.electron.state.
at.absolute.zero..Another.very.important.energy.term.is.the.work function.(ϕ).of.
the.metal,.which.is.defined.as.the.minimum.amount.of.energy,.at.absolute.zero,.
that.should.be.supplied.to.the.metal.before.an.electron.can.escape.from.its.surface..
Another.energy.term,.the.image force,.(given.as.–e2/4z2,.where.the.negative.sign.
indicates.that.the.attractive.force.is.inward.from.the.metal.surface),.is.defined.as.
the. attraction. force. that. an. electron. feels. toward. the.plane.of. a.perfect. conduc-
tor,.when.situated.at.a.finite.distance.from.it..Adding.all.these.energy.terms,.the.
potential.energy.of.an.electron.on.the.vacuum.side.of.the.metal–vacuum.interface.
is.given.by.[8]

. V(z).≅.EF.+.ϕ.−.e2/4z2. (9.1)

In.the.case.of.a.field.emission.experiment,.an.external.applied.field.is.applied.to.
the.surface.of.the.metal..In.such.cases,.the.potential.energy.field.seen.by.an.electron.
is.given.as

. V(z).≅.EF.+.ϕ.−.e2/4z2.–.eFz (9.2)
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Figure 9.1.schematically.shows.the.potential.energy.field.of.an.electron.during.
field.electron.emission..This.shows.the.amount.of.energy.that.needs.to.be.supplied.to.
an.electron.before.it.can.actually.escape.from.the.metal.surface.

It.may.be.noted.from.the.figure.that.the.potential.barrier.takes.a.triangular.kind.
of.shape.and.it.is.lowest.at.the.highest.energy.level.of.electrons..Thus,.it.is.easier.for.
the.electrons.in.higher.levels.of.the.conduction.band.to.be.emitted.easily,.at.a.much.
lower.applied.field,.than.the.electrons.occupying.lower.energy.levels.

In.order.to.calculate.the.current.density.obtained.in.field.electron.emission,.the.
first.thing.to.calculate.is.the.number.of.electrons.that.hit.the.surface.of.the.metal,.
from.within.the.metal..The.number.of.electrons,.with.normal.energy.between.W.and.
W.+.dW,.impinging.on.the.surface.of.the.metal,.from.within.the.metal.is.given.as
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However,.all.the.electrons.impinging.the.surface.of.the.metal.cannot.emit.from.
the.metal.surface..It.will.be.decided.by.the.probability.D(W),.known.as.the.trans-
mission coefficient,.to.be.transmitted.through.the.surface.potential.barrier..Thus,.the.
field.emission.current.density,.number.of.emitted.electrons.per.unit.surface.area.per.
unit.time.multiplied.by.the.magnitude.of.electronic.charge,.is.presented.as
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FIGURE 9.1 Surface.potential.barrier.seen.by.an.electron.during.field.electron.emission.
(solid.line)..Contributions.from.image.potential.and.applied.field.are.shown.by.broken.and.
broken-solid.line,.respectively..(From.Modinos,.A..1984..Field, thermionic and secondary 
electron emission spectroscopy..London:.Plenum.Press..With.permission.)
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where.T.and.F.denote.temperature.and.applied.field,.respectively..Different.terms.of.
Equation.(9.4).can.be.written.as.follows:
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Using.the.expressions.from.Equations.(9.5)–(9.8),.Equation.(9.4).takes.the.follow-
ing.shape.
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Equation. (9.4). is. the. most. generalized. form. for. any. kind. of. emission. (field. or.
thermal).from.a.metal.surface..Thus,.this.generalized.form.of.the.equation.can.be.
applied. to. the. case. of. thermionic. as. well. as. thermal-field. emission.. With. proper.
assumptions,.Equation.(9.4). leads. to.formulation.of. the.Fowler-Nordheim.formula.
for.field.emission.(at.high.applied.field.and.low.temperature).and.to.the.Richardson.
and.Schottky.formulae.for.thermionic.emission.(high.temperature.with.weak.or.no.
applied.field)..Since.the.main.focus.of.this.chapter.is.on.field.electron.emission,.it.is.
suitable.to.mention.the.Fowler-Nordheim.formula.at.this.moment.
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Though.Equation.(9.10),.popularly.known.as.the.Fowler-Nordheim.(or.F-N).equa-
tion,.was.originally.deduced.for.metallic.electron-emitting.surfaces.of.conventional.
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3-dimensional.materials,.it.has.successfully.been.used.for.other.types.of.(nonmetal-
lic.and/or.non-3-dimensional).materials.too.

It.may.be.appreciated.at.this.point.that.in.most.of.the.practical.cases,.the.emit-
ting.surface.is.not.flat,.but.curved.and.small..Thus,.removal.of.an.electron.from.such.
a. surface. leads. to.consideration.of. a. surface.energy. term..For. such.a. system,. the.
revised.form.of.Equation.(9.2).should.take.the.shape.of

 V(z).≅.EF.+.ϕ.−.e2/4z2.–.eFz.–.2γ 0/r. (9.11)

Analysis.of.Equation.(9.11).immediately.shows.the.reason.for.better.performance.
of.nanoemitters..For.a.nanostructured.material,.surface.energy.(γ 0).will.be.high..If.
the.structure.also.has.a.small.tip.radius.(r),.then.the.contribution.from.the.term.2γ 0/r.
will.be.very.high,.leading.to.a.much.smaller.value.for.the.potential.barrier,.V(z)..This.
equation.shows.clearly.how.an.electron.could.be.extracted.more.easily.from.a.nano-
emitter.structure,.as.compared.to.a.micro-.or.macro-emitter.

In.nano.field.emitters,.it.has.been.observed.that.the.macroscopic.field.(FM).applied.
to.it.and.the.local.field.(F),.at.the.tip.of.the.emitter,.is.not.the.same.and.can.be.related.
by.the.following.equation.

. F.=.βFM. (9.12)

where.β.is.known.as.the.field enhancement factor.
It.is.experimentally.found.that.the.value.of.β.is.very.high,.in.the.range.of.5000–

15,000..The.field.enhancement.factor.has.also.been.known.to.be.directly.proportional.
to.the.aspect.ratio.(h/r,.h.being.height.and.r.being.tip.radius).of.the.emitter..It.can.
immediately.be.concluded.that.a.wire.type.of.structure.will.show.better.enhance-
ment.as.compared.to.a.platelike.structure..It.is.of.no.surprise.that.CNTs,.having.very.
high.aspect.ratios,.are.known.as.promising.candidates.for.field.emitters..However,.
as. a. 2-dimensional.material,. graphene.offers. some.challenges. and. a. few.exciting.
properties,.which. are.of. immense. interest. in.field. emission. study..While. absence.
of.a.sharp.tip-type.edge.is.a.challenge.for.graphene,.the.relatively.low.macroscopic.
field.required.for.electron.emission.from.graphene-based.thin.films.and.their.high.
carrier.mobility.(~15,000.cm2V−1s−1).combined.with.low.electron.mass.(~0.007.me,.
me.is.electron.mass).are.very.promising.for.their.application.as.electron.sources..In.
Section.9.3.of.this.chapter,.a.detailed.discussion.about.field.emission.from.graphene.
and.its.mechanism.is.presented.

9.2  MATERIALS USED AS FIELD EMITTERS: PAST AND PRESENT

Field.emission.has.been. investigated.extensively. for.almost.50.years..During. this.
time.period,.many.materials.have.been.examined.for.their.field.emission.response.
and.some.of.them.have.been.used.in.practical.applications.

Tungsten. (W). is. the. first. material. to. be. considered. for. field. emission. appli-
cation.. In. 1966,. Swanson. et. al.. [9]. proposed. total. energy. distribution. from. a.
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tungsten.field.emitter.and.the.research.in.this.field.started.immediately..Among.
other.materials,.LaB6.has.been.very.popular.in.practical.applications..In.the.last.
decade,. CNTs. were. proposed. as. an. excellent. field. emission. material.. Table  9.1.
summarizes.a.variety.of.materials.that.have.been.used.for.field.emission.[9–56]..
The. table. presents. only. a. fraction. of. the. available. literature. as. references,. due.
to.space.limitations..The.actual.amount.of.published.literature.on.each.of.these.
emitter. materials. is. much. larger.. Figure  9.2. shows. the. number. of. publications.
(decade-wise).for.different.field.emitter.materials..It.may.be.observed.that.carbon.
nanotubes.have.attracted. the.most.attention.as.field.emitters. in. the. last.decade..
The.recent.trend.has.been.application.of.graphene.and.graphene-based.materials.

TABLE 9.1
Summary of Materials Used in Field Emitters

Material Aim of the Study Reference

Tungsten Theoretical.analysis.of.total.energy.distribution.of.a.tungsten.field.
emitter

9

Emission.current.and.total.energy.distribution.from.different.
crystallographic.planes.of.tungsten,.with.and.without.various.gas.
adsorption.on.them.

10–14

Experimental.and.theoretical.analysis.of.emission.of.hot.electrons 15

Field.emission.from.tungsten.nanowire 16

Multistage.tungsten-oxide.nanowire.and.its.field.emission.under.poor.
vacuum.conditions

17

Carbon Field.emission.response.from.sharpened.microsized.carbon.fiber 18

Field.emission.from.micro-.and.nanosized.diamond.emitter.arrays 19–22

Field.emission.from.single-wall.and.multiwall.carbon.nanotubes,.in.
the.form.of.arrays.or.individual.nanotube

6,.7,.
23–35

Field.emission.from.single-layer,.multilayer,.and.thick.graphene.
structures

36–42

Silicon Large-area.arrays.of.sharply.pointed.field.emitters.on.Si.wafers 43

Molybdenum Closely.packed.arrays.of.microsized.Mo.cones 44

Field.emission.from.single.crystalline.MoO3.nanobelts 45

Aluminum.
nitride

Field.emission.response.of.AlN.nanotubes 46

Boron-Carbon-
Nitrogen

Field.emission.behavior.from.individual.B-C-N.nanotube.rope,.in.situ.
within.a.low-energy.electron.microscope

47

Copper.oxide Field.emission.from.aligned.cupric.oxide.nanobelt.film,.as.a.function.
of.temperature

48

Tin.oxide Field.emission.from.~90.μm.long.SnO2.nanobelt.array,.grown.on.a.
Si.wafer

49

Zinc.oxide Different.morphologies.of.ZnO.nanostructure–nanoneedle.array,.
nanowire,.nanopencils,.nanorod.array.on.different.substrates.and.their.
field-emission.responses

50–53

Lanthanum.
hexaboride

Microtip.and.nanostructures.of.LaB6.and.their.field-emission.responses 54–56
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for. field. emission. devices.. Though. application. of. graphene. in. a. field. emission.
device.is.still.in.its.preliminary.stage,.the.material.has.shown.enough.promise.for.
field.emission-related.applications..These.applications.will.be.discussed.in.detail.
in.the.next.section.

9.3  GRAPHENE-BASED STRUCTURES IN FIELD-EMISSION DEVICES

Different.carbon-based. structures,. including.diamond,. amorphous.carbon,. carbon.
nanotubes,.and.carbon.nanosheets.have.shown.good.potential.as.the.cathode.mate-
rial.for.field.emission.devices.[36]..The.basic.theory.of.field.emission.indicates.that.
1-dimensional.nanostructures.are.the.geometrically.favored.structure.for.field.emis-
sion..However,.in.spite.of.its.2-dimensional.geometry,.graphene.is.considered.to.be.
a.promising.material.for.field.emission.[3].applications.due.to.the.following.reasons:

. A.. .Exceptionally.high.carrier.mobility.(μ.=.15,000.cm2.V−1.s−1),.small.electron.
mass.(0.007me,.me:.free.electron.mass).[57],.and.graphene’s.metallic.nature.
and.low.contact.resistance.with.metals.[58].ensure.a.very.small.voltage.drop.
at.the.graphene–metal.interface.and.also.along.the.graphene.surface..A.low.
voltage.drop.minimizes.resistance.to.the.flow.of.electrons.to.the.emitter.

. B..The.atomically.sharp.edges.of.graphene.(thickness.0.34.nm).are.expected.to.
offer.good.field.enhancement,.thus.facilitating.easy.tunneling.of.electrons.
from.the.edges.at.a.low.bias.
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FIGURE 9.2 Research. trend. in.different.field.emitter.materials. (decade-wise.publication.
list)..(Data.compiled.using.scopus.com.)
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. C..Further,. graphene. is. known. to. be. chemically. stable,. has. a. high. melting.
point,.and.offers.excellent.mechanical.strength.(in.fact,.defect-free.single-
layer.graphene.was.shown.to.be.the.strongest.material.known).[59,60]..All.
these.properties.are.essential.for.a.practical.field.emitter.

The.theory.of.field.emission.(see.Section.9.1).predicts. that.a.nano-dimensional.
apex. structure. (a. higher. aspect. ratio). is. the. best. structure. for. efficient. field. emit-
ters..Graphene.sheets.need.to.stand.erect.on.their.edges,.which.enables.all.of.their.
advantageous.properties.for.field.emission..However,.most.of.the.synthesis.processes.
result. in.formation.of.2-dimensional.graphene.that.has.a. laterally.flat. topography..
Thus,.in.spite.of.having.a.set.of.favorable.reasons.for.using.graphene,.its.application.
as.a.field.emitter.has.raised.debate..It.was.proposed.in.the.year.2002.that.the.pres-
ence.of.defects.in.thin.graphitic.materials.could.lead.to.higher.field.emission.current.
[61,62]..Introduction.of.sp3-like.defect.sites.in.an.otherwise.sp2-networked.structure.
of.graphene.(or.in.any.graphitic.material).helps.lower.the.work.function,.thus.aiding.
electrons.to.easily.escape.from.these.sp3.sites.[61]..The.dangling.bond.(DB).states.
generally.dominate.as.field.electron.emission.sites.because. the.electronic.orbitals.
tend.to.appear.at.the.edges.of.graphene.sheets.and.protrude.along.the.direction.of.the.
electric.field,.leading.to.higher.field.emission.current.from.these.sites.[62]..Thus,.in.
order.to.understand.the.microscopic.mechanisms.of.field.emission.from.covalently.
bonded.graphitic.nanostructures,. it. seems.essential. to.know.about. the. local. elec-
tronic.properties,.the.σ.or.π.bonding.states,.and.so.on..These.initial.findings.raised.
some.hope.that.defective.graphene.edges.can.really.work.as.a.source.of.field.electron.
emission..After.a.couple.of.years.(in.2004),.a.new.technique.was.proposed.[63].to.
synthesize.nm-thick.free-standing.graphitic.sheets,.erected.on.the.substrate,.and.the.
structure.was.found.to.offer.appreciable.field.electron.emission..This.report.shows.
practical.application.of.graphene.as.a.field.emission.source.(Figure 9.3).

These.almost.vertical.carbon.nanosheets.were.synthesized.on.a.variety.of.sub-
strates. (from.Si. through.metals. like.W,.Mo,.and.so.on,. to.304.stainless.steel.and.
Al2O3).without. any. catalyst. or. any.kind.of. special. surface. treatment,. using. radio.
frequency.plasma-enhanced.chemical.vapor.deposition.(rf-PECVD)..This.structure.
showed.a.satisfactory.turn-on.field.(defined.as.the.electric.field.required.to.produce.10.
μA/cm2.emission.current.density).of.4.7.V/μm.and.maximum.emission.current.den-
sity.of.0.27.mA/cm2..Straight.line.behavior.of.the.Fowler-Nordheim.(F-N).plot.indi-
cates.that.emission.follows.a.conventional.F-N.tunneling.mechanism..Interestingly,.
these.so-called.carbon.nanosheets.contained.an.appreciable.number.of.defects.and.
distortions.in.the.graphene.sheets..This.nanographitic.sheet.first.proved.that.edges.
of.a.2-dimensional.carbon.sheet.could.act.as.emission.sites.and.the.structure.might.
be.considered.as.a.more.robust.edge.emitter.than.CNTs..These.successes.in.theo-
retical.prediction.and.experimental.evidence.of.field.emission.from.graphene.were.
good.enough.to.initiate.extensive.research.in.this.interesting.field..However,.research.
in. the.arena.of.field.emission. from.graphene.did.not.make.any.appreciable.prog-
ress,.and.even.in.2007,.field.emission.applications.of.graphene.were.termed.a.dream.
[3]..Surprisingly,.the.dream.seemed.to.come.true.beginning.in.2008.with.detailed.
research.efforts.in.field.emission.from.graphene-based.materials.and.other.related.
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and.highly.interesting.applications..Table 9.2.presents.an.overall.summary.of.impor-
tant. features.of. the.main. research.work.on.field.emission.of.graphene. [36,37,39–
42,63–69]..A.detailed.discussion.about.field.emission.and.other.related.applications.
of.graphene.is.presented.in.the.following.subsections.

9.3.1   Graphene-based field eMitters: experiMental approaches

Experiments.involving.field.emission.of.graphene.evolved.in.a.very.systematic.man-
ner..After.initial.experiments.with.nanocarbon.films.(discussed.above),.researchers.
successfully.reported.field.emission.from.graphene,.specifically.few-layer.graphene.

200 nm

(a)

(b)
Field, E (V/µm)

3.0
0.00

0.18 0.21
1/E (µm/V)

0.24

0.05Cu
rr

en
t D

en
sit

y, 
J (

m
A

/c
m

2 )

Ln
 (J

/E
2 )[(

m
A

/c
m

2 )/(
V/

µm
)2 ]

0.10

0.15

0.20

0.25

0.30

3.5 4.0 4.5 5.0 5.5 6.5

–4

–6

–8

–10

–12

FIGURE 9.3 (a).Vertically.aligned.graphene.structure.and.(b).its.field.emission.response..
(From. Wang,. J.J.,. Zhu,. M.Y.,. Outlaw,. R.A.,. Zhao,. X.,. Manos,. D.M.,. Holloway,. B.C.,. and.
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1265–1267..Reprinted.with.permission.from.AIP.)
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TABLE 9.2
Summary of Field Emission Studies on Graphene

Structure Synthesis Method
Field Emission 

Properties Reference

Free-standing.
subnanometer.
graphite.film

Grown.on.variety.of.substrates.by.
rf-PECVD,.without.any.catalyst

ETO.=.4.7
J.=.0.27,.at.5.7.V/μm
β.=.NA

63

Nanocrystalline.
flower-like.
graphitic.films

Grown.on.ceramic.substrate.by.
MPCVD,.using.Fe-Ni-Cr.as.catalyst

ETO.=.1.26
J.=.2.1,.at.2.2.V/μm
β.=.5110

64

Graphene.
aggregate.films

Grown.on.stainless.steel.substrate.by.
MPCVD,.without.any.catalyst

ETO.=.1.0
J.=.2.1,.at.2.4.V/μm
β.=.5110

65

Few-layer.
graphene.
nanosheets

Liquid.phase.exfoliation.of.graphite.
and.pasting.the.suspension.on.Cu.
substrate

ETO.=.1.70
J.=.2.4,.at.4.5.V/μm
β.=.7300

66

Vertically.aligned.
few-layer.
graphene

Grown.on.Si.and.Ti.by.MPECVD ETO.=.1.0
J.=.12,.at.4.0.V/μm
β.=.5000

37

Ar.plasma-
treated.graphene.
paper

Graphene.sheet.obtained.by.chemical.
oxidation;.Ar.plasma.treatment.in.
DC.magnetron.sputtering

ETO.=.1.6.(2.3.for.
untreated)

J.=.10,.at.3.0.V/μm.(same.
current.at.4.4.V/μm.for.
untreated)

β.=.4015.(3208.for.
untreated)

67

Ar.plasma-
treated.
few-layer.
graphene

Grown.on.Si(100).substrate.by.
rf-PECVD

ETO.=.2.23.(3.91.for.
untreated)

J.=.1.33,.at.4.4V/μm.
(.033,.at.same.field,.for.
untreated)

β.=.5130.(3188.for.
untreated)

68

Single-layer.
graphene.film

Prepared.from.chemical.exfoliation.of.
artificial.graphite.and.
electrophoretically.deposited

ETO.=.2.3
J.=.10,.at.5.2.V/μm
β.=.3700

39

Individual.
single-layer.
graphene.

Prepared.by.mechanical.exfoliation.of.
HOPG,.on.Si/SiO2

ETO.=.12.1
J.=.170.×.10−6,.at.35.V/μm
β.=.3519

42

Individual.
single-layer.
graphene

Prepared.by.mechanical.exfoliation,.
on.Si/SiO2

ETO.=.150
J.=.100.×.10−9,.at.250.V/
μm

β.=.NA

41

Graphene-
polystyrene.
composite.thin.
film.

Graphene.oxide.prepared.by.modified.
Hummers.method.chemically.
reduced.and.suspension.spin-coated.
on.degenerately.doped.Si

ETO.=.4.0
J.=.1.0,.at.14.V/μm
β.=.1200

36
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(FLG),.on.a.variety.of.substrates..An.understanding.of.the.field.emission.behavior.
from.FLGs.led.to.development.of.different.approaches.to.further.enhance.the.emis-
sion.behavior.using.composite.structures.or.by.introducing.special.processing.steps.
like.plasma.etching..Another.separate.field.of.research.concentrated.on.understand-
ing.the.basic.field.emission.mechanism.from.graphene,.using.single-layer.graphene.
(SLG)..This.subsection.will.deal.with.all.of.these.developments.

Field.emission.study.of.graphene.started.with.thicker.versions—nanostructured.
graphitic.films.[64,65]..The.structure.can.be.grown.by.the.microwave.plasma.chemi-
cal. vapor. deposition. (MPCVD). technique. on. ceramic. substrates. using. Fe-Ni-Cr.
catalyst.or.directly.on.Fe-Ni-Cr.alloy.substrates..Suitable.mixtures.of.H2.and.CH4.
gas. are. most. often. used. as. the. source. gas,. substrates. are. heated. at. ~973. K,. and.
microwave.power. is.used. for. approximately.10.minutes..The.product. synthesized.
by.this.method.looks.like.petal-like.clusters.of.nanoscale.graphitic.films..The.thick-
ness.of.such.clusters.can.be.in.the.range.of.a.few.tens.of.nanometers..Essentially,.
these.structures.can.be.considered.as.thick.graphene.structures..Even.in.this.thicker.
state,.nanographitic.films.show.appreciable.field.emission.response—a.turn-on.field.
of.1.0–1.3.V/μm.and.emission.current.density.of.~2.1.mA/cm2,.at.a.reasonably.low.
electric.field.of.2.2–2.4.V/μm..The.field.enhancement.factor.(β).of.these.emitters.is.
also.very.good.at.~5100..The.good.emission.properties.of.such.nanographitic.struc-
tures.could.be.due.to.three.reasons..First,.some.of.the.graphene.sheets.were.roughly.
standing.vertical.to.the.substrate.and.along.the.direction.of.the.applied.electric.field,.
which.causes.high.field.enhancement..Secondly,.the.structures.contain.a.sufficiently.
high.number.of.sharp.edges,.and.electrons.could.emit.from.these.nanolevel.sharp.
edges. much. more. easily,. as. compared. to. other. parts. of. the. structure,. due. to. sig-
nificant.field.enhancement..Lastly,.dangling.bonds.or.sp3-like.defects,.present.on.the.
edge.of.graphene.sheets,.cause.local.lowering.of.electron.affinity.and.thus.provide.a.
low.energy.barrier.to.the.flow.of.electrons.

A. proper. optimization. of. the. parameters. during. MPCVD. leads. to. synthesis.
of. high-quality,. crystalline,. vertically. aligned,. truly. few-layer. graphene. (FLG).
[37]..The. typical.structure.of.a.FLG.and. its.field.emission.behavior.are.shown.in.

TABLE 9.2 (continued)
Summary of Field Emission Studies on Graphene

Structure Synthesis Method
Field Emission 

Properties Reference

Graphene.sheet.
on.ZnO.
nanowire

Grown.on.ZnO.nanowire.by.
rf-PECVD,.using.Ni.catalyst

ETO.=.1.3
J.=.1.4,.at.7.V/μm
β.=.15000

69

Screen-printed.
graphene.film

Graphene.prepared.by.modified.
Hummers.method.and.suspension.
screen-printed.on.Ag-coated.glass.
substrate

ETO.=.1.5
J.=.2.7,.at.3.7.V/μm
β.=.4539

40

Note:. ETO.=.turn-on.field,.V/μm;.J.=.emission.current.density,.mA/cm2;.β.=.field.enhancement.factor
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Figure  9.4.. The. height. of. such. FLGs. can. be. limited. by. controlling. the. synthesis.
time..However,.to.date,.a.process.for.directly.controlling.nucleation.sites.during.gra-
phene.synthesis.in.MPCVD.is.not.very.clear..Among.other.processes,.liquid.phase.
exfoliation.of.graphite.is.important.for.FLG.production,.and.the.resulting.structure.
shows.good.field.emission.response.[66]..FLGs.show.an.impressive.field.emission.
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FIGURE 9.4 (a). SEM. image. (top. view). of. a. typical. vertically. oriented. few-layer. gra-
phene.(FLG).structure..(b).Field.emission.responses,. i.e.,.current.density-electric.field.plot.
and. Fowler-Nordheim. (F-N). plot. (inset). for. the. same. structure,. after. different. time. inter-
vals..(From.Malesevic,.A.,.Kemps,.R.,.Vanhulsel,.A.,.Chowdhury,.M..P.,.Volodin,.A.,.and.
Van. Haesendonck,. C.. 2008.. Field. emission. from. vertically. aligned. few-layer. graphene..
J. Appl. Phys..104:.084301..With.permission.from.AIP.)
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response:.turn-on.field.of.1.0–1.7.V/μm,.emission.current.density.of.2.5–12.0.mA/
cm2.at.a.sufficiently.low.electric.field.of.4.0–4.5.V/μm,.and.a.field.enhancement.fac-
tor.in.the.range.of.5000–7300..Though.emission.properties.vary.depending.upon.the.
synthesis.technique.followed,.FLGs.still.offer.much.better.performance.compared.to.
the.thicker.version,.nanostructured.graphitic.films.

It.should.be.noted.here.that.the.field.emission.properties.shown.by.FLGs.are.also.
comparable. to. other.field. emitter. structures,. such. as. carbon.nanotubes.. However,.
research.in.this.field.is.still.in.its.infancy.and.many.issues,.such.as.the.effects.of.sub-
strate.materials,.adsorbed.molecules,.processing.methods.on.field.emission.behav-
ior,.should.be.understood.clearly.for.proper.exploration.of.FLGs.as.field.emission.
sources.

Single-layer.graphene.(SLG).films.show.a.similar.kind.of.field.emission.response.
[39]..Such.devices.most.often.use.SLGs.prepared.by.mechanical.or.chemical.exfolia-
tion.followed.by.some.kind.of.deposition.technique,.spin.coating.or.electrophoretic.
deposition,.to.form.a.film.on.a.desired.substrate..Such.field.emitters.show.appreciably.
low.turn-on.and.threshold.fields,.high.emission.current.density.(>20.mA/cm2),.and.
excellent.stability.of.emission.(Figure 9.5)..It.is.worth.mentioning.here.that.unlike.
CNTs,. which. show. different. field. emission. behavior. in. single-wall. and. multiwall.
forms,.SLGs.and.FLGs.do.not.show.any.appreciable.difference.

A.good.understanding.of.field.emission.theory.and.knowledge.of.field.emission.
responses.from.graphene.led.to.two.possible.ways.to.improve.their.field.emission.cur-
rent..First,.graphene.edges.need.to.be.further.sharpened.and.should.be.oriented.verti-
cally.on.the.substrate,.in.the.direction.of.the.applied.electrical.field..Second,.more.
defects.need. to.be. introduced.along. the.edges..Argon.plasma. treatment. is.known.
to. introduce. both.of. these. factors. in. graphene. [67,68]. (Figure 9.6).. Moreover,.Ar.
plasma. treatment.can.also. remove.folded.edges. in.FLGs,.which.provides.a.better.
geometrical. factor.and. reduces. screening.effect. from.neighboring.edges.. In.more.
planar.versions.of.graphene,.such.plasma.treatment.can.introduce.protrusions,.which.
can.enhance.field.emission..This.kind.of.surface.engineering.can.lead.to.an.almost.
50%.reduction.of.turn-on.and.threshold.fields.and.a.significant.increase.in.maximum.
emission.current.density,.even.up.to.40.times.[68].

Another.way.to.achieve.a.high.aspect.ratio.is.formation.of.nanoneedles..These.
structures,.which.are.formed.from.2-dimensional.graphene.sheets,.demonstrated.sta-
ble.and.high-brightness.(1012.A.sr−1.m−2).electron.emission,.even.under.poor.vacuum.
conditions.(10−5.Torr).[57],.with.an.impressive.field.enhancement.factor.of.100,000..
When.used.as.the.electron.source.in.a.scanning.electron.microscope.(SEM),.nano-
needles.produced.sharp.images.and.offered.a.spatial.resolution.of.~30.nm..Graphene.
nanoneedles.may,. therefore,.be.considered.as.electron.emitters. in.electron.micro-
scopes.and.handheld.x-ray.generators..These.recent.discoveries.show.that.the.edge.
structure,.geometry,.and.chemistry.of.graphene.will.play.extremely.important.roles.
in.years.to.come,.for.further.enhancement.of.field.emission.from.graphene..However,.
it.is.important.to.note.that.any.surface.treatment,.be.it.etching.or.deposition,.needs.
to.be.optimized..Otherwise,.damaging.the.surface.of.graphene.sheet.(e.g.,.by.laser.
treatment).or.depositing.thin.films.of.other.materials.could.significantly.reduce.the.
number.of.emission.sites,.and.hence.the.total.emission.current.density.[69].
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In.addition.to.enhancing.field.emission.from.graphene,.understanding.the.under-
lying. mechanism. was. stressed.. SLGs. are. the. best. candidates. for. such. studies.
[41,42,58]..Two.different.approaches.can.be.followed.for.preparing.samples.for.such.
study..In.one.approach,.a.mechanically.or.chemically.exfoliated.individual.SLG.is.
placed.on.a.Si/SiO2.substrate.and. is.used.as.a.cathode,.while.a.nanomanipulator-
controlled.tungsten.microtip.is.used.as.an.anode.(Figure 9.7)..In.the.other.approach,.
a.nanogap.is.created.by.collapsing.a.single.SLG.and.then.the.two.pieces.were.used.
as.cathode.and.anode.(Figure 9.8)..In.the.latter.approach,.electron.beam.lithography.
is.used.to.first.hold.the.SLG.between.two.electrode.connections,.prior.to.lift-off.and.
breaking.the.suspended.graphene..Since.a.single.SLG.is.used.in.all.these.studies,.
field.emission.current.varies.in.the.pA–nA.range..However,.a.field.enhancement.fac-
tor.as.high.as.3500.is.reported.even.for.a.single.SLG.field.emitter..Such.high.field.
enhancement. shows. the. potential. of. graphene. as. a. next-generation. field. emission.
device..No.emission.current.could.be.measured.from.the.flat.portions.of.the.SLGs;.
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FIGURE 9.6 SEM. images. of. few-layer. graphene. (FLG). in. (a). as-grown. state. and. in. Ar.
plasma.treated.states,.for.treatment.time.of.(b).1.min,.(c).3.min,.(d).5.min..(e).Field.emission.
response.of.the.above-mentioned.samples..(From.Qi,.J.L.,.Wang,.X.,.Zheng,.W.T.,.Ian,.H.W.,.
Hu,.C.Q.,.and.Y.S..Peng..2010..Ar.plasma.treatment.on.few.layer.graphene.sheets.for.enhanc-
ing.their.field.emission.properties..J. Phys. D: Appl. Phys..43:.055302..With.permission.from.
IOP.Publishing.)
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emission.current.can.only.be.observed.from.graphene.edges..Thus,.theoretical.expla-
nations.of.field.emission.from.graphene.edges.can.also.be.verified.experimentally..
However,.more.studies.are.required.to.understand.the.complex.electrical.field.dis-
tribution.near.the.edges.of.SLGs..Simulation.and.field.emission.energy.distribution.
studies.could.be.helpful.in.throwing.more.light.on.this.issue.

Graphene. has. also. been. used. as. a. composite. or. in. hybrid. structures. for. field.
emission.applications.. In.one.such.application,.a.graphene–polystyrene.composite.
was.used.as. the.field.emitter. [36]..During.preparation.of. the.cathode.for. the.field.
emission.device,.graphene–polystyrene.suspension.is.spin-coated.on.a.Si.substrate..
Spin-coating.speed.plays.an.important.role.here..At.low.speed,.graphene.sheets.are.
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FIGURE 9.7 SEM.image.of.an.individual.single-layer.graphene.(SLG),.used.as.the.cathode.
of.a.field.emitter.device,.along.with.a.tungsten.micro-tip.as.the.anode..(From.Xiao,.Z.,.She,.
J.,.Deng,.S.,.Tang,.Z.,.Li,.Z.,.Lu,.J.,.and.N..Xu..2010..Field.electron.emission.characteristics.
and.physical.mechanism.of.individual.single-layer.graphene..ACS Nano.4:.6332–6336..With.
permission.from.the.American.Chemical.Society.)

(a) (b)
Si SubstrateSi Substrate

300 nm
100 nm
300 nm

SiO2

Graphene
Graphene

PMMA

Au

Au Au
PMMA

100 nm
PMMA

Si Substrate Back gate

100 nm
300 nm SiO2

SiO2

PMMA
PMMA

Si Substrate

Anode
Au Au

Cathode

SiO2

PMMA
PMMA

(c)

(d) (e) (f )
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densely.distributed.and.randomly.oriented.over.the.substrate..At.such.a.low.speed,.
shear.force.is.very.small.and.thus.it.allows.random.orientation.of.graphene.sheets.and.
the.polymer.solidifies.very.quickly.before.the.sheets.can.lay.parallel.to.the.substrate.
surface..However,. at.higher. speeds,.graphene. sheets. are.very. sparsely.distributed.
and.stay.almost.parallel.to.the.substrate..As.expected.from.these.surface.features,.
a.composite.formed.at.a.low.spin-coating.speed.shows.much.better.field.emission.
properties.than.the.one.prepared.at.a.higher.spin-coating.speed.(Figure 9.9)..To.date,.
no.other.report.is.available.on.other.types.of.conventional.composites.such.as.metal–
graphene.and.ceramic–graphene.composites.

Though.no.ceramic–graphene.structure.has.been.used.as.a.field.emitter,.a.ZnO.
nanowire–graphene. hybrid. structure. has. been. used. as. a. field. emitter. [70].. This.
structure. actually. aims. to.use. the.high.aspect. ratio.of.ZnO.nanowires. to.provide.
a.high.apex.for.graphene.sheets,.grown.on.the.nanowires.by.the.PECVD.method..
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In.this.device.preparation.methodology,.the.thickness.of.the.Ni.catalyst.(deposited.
on. ZnO. nanowires. prior. to. PECVD). and. synthesis. time. during. PECVD. are. two.
important.parameters. to.control. the.structure.and.morphology.of.graphene.sheets.
(Figures 9.10[a]–[c])..Though.ZnO.nanowire.is.also.a.well-known.field.emitter.mate-
rial,.coating.it.with.graphene.clearly.enhances.the.field.emission.behavior..Compared.
to. a. pure. ZnO. nanowire. emitter,. this. ZnO–graphene. hybrid. structure. has. shown.
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almost.50%.reduction.in.turn-on.field.and.100%.increase.in.field.enhancement.fac-
tor.(Figure 9.10.[d])..Thus,.similar.hybrid.structures.have.good.potential.for.next-
generation.field.emission.devices.

For.practical.application.of.graphene-based.field.emitters,.it.is.important.to.pre-
pare. large-scale.graphene.field.emission.electrodes..One.such. technique. is. screen.
printing.of.graphene.powder,.mixed.with.a.proper.solvent,.on.suitable.electrically.
conducting.material,.for.example,.an.Ag-coated.glass.substrate.[40]..A.field.emitter.
cathode,.prepared.by.this.route,.showed.a.very.low.turn-on.field.of.1.5.V/μm,.good.
emission.current.density.of.2.7.mA/cm2,.a.high.field.enhancement.factor.of.~4540,.
and.acceptable.stability.of.emission.over.a.period.of.3.hours. (Figure 9.11)..These.
types.of.cathodes.are.suitable.for.future.practical.device.applications.

In.a.different.approach,.the.present.authors.have.demonstrated.an.all-graphene-
based.flexible.and.transparent.field.emission.device.for. the.first. time.[71]..During.
this. research,. chemical. vapor.deposition. (CVD).was.used. to. synthesize.graphene.
on.copper. foil..Commercially. available.Cu. foil. (thickness.~50.μm).was.annealed.
at.1000°C.for.1.hour.under.Ar.atmosphere.and.treated.in.1.M.acetic.acid.at.60°C.
for.10.minutes..The.acid.treatment.is.aimed.at.removing.oxides.formed.on.the.Cu.
foil.during.annealing..After. thoroughly.washing.with.deionized.water.and.drying.
at.ambient.conditions,.Cu.foils.were.inserted.in.a.CVD.chamber.for.graphene.syn-
thesis..Graphene.on.Cu.foil.was.synthesized.at.1000°C.and.atmospheric.pressure,.
using.a.flow.of.CH4.and.H2.gases.in.1:4.ratios.for.5.minutes..After.the.growth.period,.
the.foil.was.cooled.down.to.room.temperature.in.an.Ar.gas.environment..Graphene.
electrodes.were.prepared.by.transferring.the.graphene.grown.(by.thermal.CVD).on.
copper.foil.onto.a.polyethylene.terephthalate.(PET).substrate..A.hot.press.lamina-
tion.and.chemical.etching.process.followed.for.transferring.the.graphene.onto.the.
transparent. flexible. substrates.. Cu. foils. with. graphene. were. hot. press. rolled. with.
a.transparent.flexible.PET.film.having.a.thickness.of.~50.μm..Concentrated.FeCl3.
solution.was.used.for.complete.removal.of.Cu.from.the.graphene.and.laminated.film..
Laminated.polymer.film.with.graphene.and.Cu.foil.underneath.was.floated.over.the.
FeCl3.acid.bath.at.room.temperature..Cu.was.completely.dissolved.after.40.min.of.
etching.leaving.graphene.film.with.the.PET.substrate..This.transparent.flexible.film.
was. then. thoroughly. washed. with. deionized. water. and. dried. in. air. at. room. tem-
perature.before.being.used.as.the.transparent,.flexible.electrode..Figures 9.12(A).and.
9.12(B).present.the.size,.flexibility,.and.transparency.of.the.graphene.electrode..In.
a.further.development,.a.graphene–CNT.hybrid.electrode.on.a.transparent,.flexible.
substrate.was.prepared.(Figures 9.12[C]–[E]).[72]..Combined.with.the.transparent,.
flexible.anode,.this.hybrid.graphene–CNT.cathode.presents.a.fully.transparent,.flex-
ible.field.emission.device..A.graphene–CNT.hybrid.cathode.was.prepared.by.spin-
coating.a.CNT.solution.on.the.graphene.electrode..The.all-graphene.transparent.and.
flexible. field. emitter. structure. (Figure  9.12[F]). showed. appreciable. field. emission.
response..Figure 9.12(G).presents.the.field.emission.behavior.of.this.hybrid.structure.
under.AC.bias,.showing.appreciable.emission.current.and.a.high.field.enhancement.
factor..The.structure.also.offered.good.stability.in.long-term.operation,.raising.hope.
for.application.of.graphene.in.future.transparent,.flexible.electronic.devices.



282	 Graphene:	Synthesis	and	Applications

(c)

–19

–20

–21

–22

–23

–24

In
 (I

/V
2 )

–25

–26
0.0008 0.0012 0.0016

1/V
0.0020 0.0024

Cu
rr

en
t D

en
sit

y
(m

A
/c

m
2 )

1.6
1.2
0.8
0.4
0.0

0 60 120
Time (minute)

180

(a)

(b)

0.0

1.5 2.0 2.5 3.0
Applied Electric Field (V/µm)

3.5 4.0 4.5 5.0

0.5

1.0

1.5

Em
iss

io
n 

Cu
rr

en
t D

en
sit

y (
m

A
/c

m
2 )

2.0

2.5

3.0
Graphene-based cathode
Graphite cathode

FIGURE 9.11 



Field	Emission	and	Graphene	 283

9.3.2   Graphene-based field eMitters: theoretical studies

Along.with.experimental. research. regarding.field.emission. from.various. types.of.
graphene. structures,. it. is. also. necessary. to. understand. its. basic. mathematics. and.
physics..Few.theoretical.studies.have.been.devoted.to.clarifying.these.issues..This.
subsection.will.discuss.developments.in.the.theoretical.understanding.of.field.emis-
sion.from.graphene.

Conventionally.Fowler-Nordheim.plots.are.used.to.describe.field.emission.in.car-
bon.nanotubes.and.even.in.graphene,.though.the.equation.was.originally.developed.
for.3-dimensional.metallic. emitters..However,.while.considering.emission. from.a.
single. SLG,. which. is. a. perfect. 2-dimensional. material,. the. equation. needs. to. be.
modified.after.considering.the.effect.of.quantization.of.motion.in.the.direction.of.
sheet.normal.[73]..The.zero-field.barrier,.faced.by.an.electron.in.a.state.with.trans-
verse.kinetic.energy.W┴,.can.be.written.as.[41]

 ϕs.=.ϕ.+.W┴.+.Ws

.where,.ϕ.is.the.work.function.of.the.material.and.Ws .is.the.energy.difference.between.
the.Fermi.level.and.the.state..Since.longitudinal.energy.of.an.electron.is.very.small.
and.the.surface.barrier.is.high,.the.probability.of.electron.tunneling.perpendicular.to.
the.graphene.surface.is.almost.negligible..Thus,.electrons.can.tunnel.only.from.those.
states.where.the.barrier.height.is.smaller..It.is.known.that.edges.and.corners.of.a.gra-
phene.sheet.are.the.most.probable.sites.that.can.have.appreciable.contribution.to.the.
emission.process..Considering.the.physical.properties.of.graphene,.Xiao.et.al..[41].
have.shown.that.line.current.density.of.field.emission.from.a.single.SLG.is.dependent.
on.the.applied.field..Two.governing.equations.are.proposed.for.low-.and.high-field.
regimes.and.both.of.them.are.a.bit.different.from.the.conventional.F-N.equation..For.
details.on.the.calculation.process,.readers.may.refer.to.the.original.works.by.Xiao.
et.al..(55).and.Qin.et.al..[73]..In.short,.the.differences.are:.(1).the.power.of.the.applied.
field.(E).is.either.3/2.(at.high-field.regime).or.3.(at.low-field.regime),.in.contrast.to.the.
F-N.equation.where.it.is.2;.(2).the.conventional.work.function.of.the.material.(ϕ),.as.
present.in.the.F-N.equation,.is.replaced.by.ϕK.(zero-field.barrier.faced.by.an.electron.
in.the.K-state)..Thus,.for.SLGs,.the.current.density–applied.field.(I-E).relation.can.
be.plotted.by.two.different.curves:.ln(1/E1/2).vs..1/E.and.ln(1/E3).vs..1/E2..While.the.
former.plot. shows. straight. line.behavior. in. the.high-field. region,. the. latter. shows.
similar.behavior.in.the.low-field.region.

The.field.enhancement.factor.(β).at.different.locations.on.a.graphene.sheet.has.
been.shown.to.be.highest.at.the.edges,.appreciable.along.the.edges,.and.almost.zero.
on. flat. surfaces,. far. from. edges. or. corners.. Thus,. emission. from. a. flat. graphene.
surface.seems.to.be.negligible..Following.a.boundary.element.method.(BEM).and.

FIGURE 9.11 (See facing page) (a).SEM.image.of.graphene.sheets.on. ITO-coated.glass.
substrate..(b).Current.density–applied.field.plot.and.(c).F-N.plot.for.screen-printed.graphene.
films..Inset.of.(b).shows.emission.image.of.the.field.emitter.device,.while.inset.of.(c).pres-
ents.emission.stability.of.the.structure..(From.Qian,.M.,.Feng,.T.,.Ding,.H.,.Lin,.L.,.Li,.H.,.
Chen,. Y.,. and. Z.. Sun.. 2009.. Electron. field. emission. from. screen-printed. graphene. films..
Nanotechnology 20:.425702..With.permission.from.IOP.Publishing.)
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parameterization,.Watcharotone.et.al..[38].derived.separate.equations.for.β.at.corners.
and.on.edges..For.detailed.information.on.this.simulation.and.parameterization.pro-
cess,.readers.may.refer.to.the.given.reference..Though.β.is.smaller.on.edges.than.on.
corners.(meeting.point.of.two.edges),.the.edge.can.have.a.much.higher.contribution.
to.the.field.emission.current.as.the.edge.area.is.much.higher.than.the.corner.areas..
Though.these.initial.simulation.studies.were.helpful.in.understanding.the.basic.field.
emission.mechanism.in.graphene,.still.many.issues.are.yet.to.be.understood..In.the.
future,.issues.like.the.effective.value.of.β.in.a.graphene.field.emitter,.emission.from.
curved.graphene.sheets,.and.so.on,.need.to.be.explained.in.much.clearer.terms.

Apart. from.graphene-based.field.emission.devices,.graphene.has. found.a.wide.
range.of.applications.in.new.devices..Other.chapters.of.this.book.have.focused.on.
many.such.applications..All. these.new.device.applications.of.graphene.have. trig-
gered.tremendous.excitement.in.the.scientific.community.and.extensive.research.on.
graphene.is.going.on.worldwide..As.can.be.seen.in.Figure 9.13,.in.the.last.decade,.
publications.on.graphene.have. increased.almost.exponentially.. In. the.next. four. to.
five.years,.we.hope.to.see.detailed.research.efforts.on.the.basic.mechanism.and.prac-
tical.device.applications.of.graphene-based.materials.
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FIGURE 9.12 (See facing page) (A).Transparent,.flexible.graphene–CNT.hybrid.electrodes.
for.field.emitter.device..(B).Large-scale.graphene.on.transparent,.flexible.substrate..(C).Process.
flow.chart.for.preparation.of.graphene–CNT.hybrid.field.emitter..(D).SEM.image.of.PVA-
coated.CNTs.on.graphene/PET.film..(E).TEM.image.of.a.representative.CNT.structure.on.
graphene..(F).A.photograph.of.the.actual.field.emission.experimental.setup..(G).Field.emis-
sion.response.of.the.hybrid.structure.(inset.shows.F-N.plot)..(From.Lahiri,.I.,.Verma,.V.P.,.and.
W..Choi..2011..An.all-graphene.based.transparent.and.flexible.field.emission.device..Carbon.
49(5):.1614–1619..Figures.(A).and.(C)–(G).are.reprinted.with.permission.from.Elsevier.Ltd.)
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10 Graphene	and	
Graphene-Based	
Materials	in	Solar	
Cell	Applications

Indranil Lahiri and Wonbong Choi

10.1  INTRODUCTION

Technological.and.social.developments.of.humankind.have.been.well.supported.by.
the.discovery.of.new.sources.of.energy.and.its.proper.application.in.day-to-day.life..
Since.the.first. installation.of.electricity.grids.by.Edison,.Tesla,.and.Westinghouse.
almost.130.years.ago,.our.society.has.been.driven.by.this.source.of.energy..Most.of.
this.electric.energy.is.produced.from.coal-fired.power.generation.systems..Another.
source.of.energy,.mainly.used.in.the.transportation.industry,.comes.from.burning.
carbon-based.fuels,.such.as.gasoline..Today’s.modern.era,.however,.demands.devel-
opment.of.new.and.more.efficient.technologies.for.next-generation.electrical.grids.
and.shifting.of.the.focus.of.power.generation.to.cleaner.and.C-free.sources.[1]..Both.
the.scarcity.of.carbon-based.fossil.fuels.and.environmental.pollution.created.by.the.
burning.of. fossil. fuels. are. responsible. for. this. essential. shift.. Possible. sources.of.
such.clean.and.renewable.energy.are.solar,.nuclear,.wind,.and.geothermal.energy..It.
is.worth.mentioning.here.that.the.world.consumes.less.energy.in.one.year.than.the.
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amount.of.energy.we.receive.from.sunlight.in.one.hour.(13.terawatts).[2]..It.seems.
obvious.from.this.fact.that.capturing.solar.energy.is.going.to.be.the.main.thrust.for.
the.next.few.decades.[2,3]..In.line.with.this.expectation,.research.on.solar.cell.sci-
ence.and.technology.has.taken.a.huge.jump.in.recent.years.(Figure 10.1).

Since.the.first.demonstration.of. the.solar.cell. in.1954.by.Bell.Laboratories.[4],.
much.progress. has.been.made. in. this.field..The. initial. cell. by.Bell.was. a. silicon.
p-n.junction.cell..Today,.different.varieties.of.solar.cells.are.being.studied.includ-
ing. amorphous. silicon,. microcrystalline. silicon,. polycrystalline. silicon,. cadmium.
telluride,.and.copper.indium.selenide/sulfide.[5]..Demand.for.next-generation.high-.
efficiency. and. low-cost. solar. cells. have. created. excitement. in. the. scientific. com-
munity. to. (a). search. for. new. materials. that. are. easily. available,. low. in. cost,. and.
nonpolluting.and. (b).combine. the.benefits.of.nanotechnology. in.photovoltaic. sys-
tems..In.such.a.context,.graphene,.due.to.its.exciting.electrical.and.mechanical.prop-
erties,.received.immediate.attention.for.possible.application.as.electrodes.in.future.
solar.cells..As.can.be.seen.in.Figure 10.2,.research.on.applications.of.graphene.took.a.
sudden.jump.in.2010.and.is.expected.to.continue..The.aim.of.this.chapter.is.to.intro-
duce.those.properties.of.graphene.that.are.attractive.for.its.application.in.solar.cells,.
followed.by.a.summary.of.the.actual.developments.in.this.research.field.

10.2  SOLAR CELL APPLICATIONS: WHY GRAPHENE?

Crystalline.silicon.solar.cells,.either.mono-.or.polycrystalline.(also.known.as.first-
generation.solar.cells),.have.a.long-standing.history.of.application.in.real.devices,.
and.as.of.2008,.these.cells.have.captured.~90%.of.the.world’s.photovoltaic.market.
[6]..While.research-grade.silicon.solar.cells.offer.the.highest.energy.conversion.effi-
ciency.of.25%,.industrial.cells.are.limited.to.15–20%.efficiency.limits.[6]..However,.
Si.solar.cells.suffer.from.red losses.and.blue losses,.which.could.be.related.to.its.band.
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gap.[7]..Hence,.in.spite.of.its.high.efficiency.and.commercial.success,.the.quest.for.
alternate.solar.cells.was.still.under.way..The.driving.forces.for.those.research.efforts.
are.mainly.to.obtain.higher.conversion.efficiency.of.the.solar.cell.through.a.process.
that.is.simple.to.operate,.easy.to.automate,.and.capable.of.bulk.production.at.a.much.
lower.cost..To.reach.electric.grid.parity.and.to.compete.with.coal-based.or.nuclear.
power,.it.is.necessary.to.operate.solar.cells.at.a.total.price.level.of.$2.per.watt.of.power.
produced..Though.generating.power.at.such.a.low.cost.still.remains.a.big.challenge,.
scientists.concentrated.their.effort.on.realizing.other.targets.like.achieving.higher.
energy.efficiency.or.adding.more.functionality.to.the.cells,.for.example,.new.design.
concepts.to.grab.sunlight.for.the.full.day.time,.making.cells.flexible.to.enable.them.
to.be.mounted.on.any.surface,.and.so.on..Such.continuous.research.efforts.have.led.
to.development.of.new.materials.like.cadmium.telluride.and.copper.indium..selenide/
sulfide.thin.film.solar.cells.(also.known.as.second-.generation.solar.cells).and.new.
types.of.solar.cells.(organic/polymer.solar.cells,.dye.sensitized.solar.cells,.multijunc-
tion.cells,.etc.,.known.as.third-generation.solar.cells)..Understanding.details.about.
each.of.these.systems.and.the.basics.of.solar.cells.is.beyond.the.scope.of.this.chapter,.
but.interested.readers.may.refer.to.relevant.sources.to.gain.an.overview.of.each.of.
these.topics.[6,8–12]..In.this.section,.the.focus.will.be.to.understand.the.“how”.and.
“why”.of.the.application.of.graphene.in.solar.cells.

The. advent.of.nanotechnology.has. created. special. interest. in. the.use.of.nano-
materials.in.renewable.energy.sources,.such.as.solar.cells..Nanostructures.of.semi-
conductors. offer. quantization. effects—the. confinement. of. the. electronic.particles.
(electrons.and.holes).by.potential.barrier.within.an.extremely.small.region.of.space..
Confinement. is.possible. in.one.dimension. (for.quantum.films,.2D.materials),. two.
dimensions.(quantum.wires.or.rods,.1D.materials),.and.three.dimensions.(quantum.
dots,.0D.materials)..This.quantum.confinement.leads.to.exciting.properties,.such.as.
production.of.more. than.one.electron–hole.pair. from.a.single.absorbed.photon. (a.
process.popularly.known.as.multiple exciton generation).[13]..Thus,.certain.nano-
materials. that. show.quantum.confinement.have. the. required.potential. to. improve.
the.energy.conversion.efficiency.of.solar.cells..Fullerenes,.carbon.nanotubes.(CNTs).
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[14],.and.graphene.(the.result.of.confinement.of.Dirac.electrons.in.graphene.is.known.
as.Zitterbewegung.or.jittery.motion.of.the.wave.function.of.the.Dirac.electrons).[15].
are.known.to.offer.confinement.effects,.which.has.generated.interest.in.their.appli-
cation.in.solar.cells.[16]..CNTs.were.used.first. in.TiO2-based.dye-sensitized.solar.
cells.(DSSC);.however,.the.structure.resulted.in.marginal.enhancement.of.efficiency.
of. the.solar.cell. [17,18].. It.could.be.pointed.out. that.a.very.small.point.of.contact.
between.CNTs.and.TiO2.nanospheres. restricted.electron. transport,. and.hence. the.
efficiency.of.the.cell..At.that.point. in.time,. it.seemed.obvious.that.a.2D.material,.
having. electrical. properties. equal. to. that. of. CNTs,. could. be. the. best. alternative..
TiO2.nanospheres.could.easily.anchor.to.such.2D.materials,.accelerate.electron.flow.
from.the.conduction.band.of.TiO2,.and.enhance.charge.separation.[19]..Moreover,.
graphene.shows.carrier.relaxation.channels,.which.bridge.the.valence.and.conduc-
tion.bands.leading.to.carrier.multiplication.[20,21]..Such.multiplication.is.extremely.
important.for.increasing.the.efficiency.of.solar.cells..Thus,.graphene.offers.a.good.
opportunity.for.application.in.solar.cells,.especially.in.DSSCs.

Apart. from. these. issues,.optical. transparency. is. a. critical.parameter. for. the.
materials. to. be. used. in. solar. cells. as. conducting. electrodes.. Two. materials,.
indium.tin.oxide.(ITO).and.fluorine.tin.oxide.(FTO),.are.popularly.used.in.solar.
cells.as.the.transparent,.conducting.electrodes.[7],.ITO.being.more.effective.than.
FTO..For.future.solar.cells,.ITO.needs.to.be.replaced.by.another.suitable.mate-
rial. because. ITO. (a). is. brittle,. (b). is. unstable. in. acidic. or. basic. environments,.
(c).offers.poor.transparency.in.the.near-infrared.region,.and.(d).is.highly.expen-
sive.due.to.limited.natural.resources.of.indium..In.search.of.a.suitable.material.
with.high.sheet.conductivity.and.transparency,.CNT.films.were.again.explored.
[22,23].. However,. the. performance. of. these. films. was. found. to. be. inferior. to.
ITO.. With. its. remarkable. electrical. and. thermal. properties,. chemical. stability,.
mechanical.strength,.high.transparency.even.in.the.infrared.spectrum,.and.scal-
able. and. low-cost. synthesis. routes. to. produce. atomic. layer. films. on. a. variety.
of. substrates,. graphene. emerged. as. the. best. choice. for. such. applications. [24]..
Graphene.is.known.to.have.97.7%.optical.transparency.for.single-layer.graphene.
and.the.transparency.is.a.function.of.the.number.of.layers.in.graphene.[25,26];.
it.degrades.to.almost.88%.for.just.five.graphene.layers.(Figure 10.3)..The.num-
ber.of.layers.of.graphene.is.also.known.to.affect.the.open.circuit.voltage.(OCV).
of. graphene-based. solar. cells. [27].. Thus,. controlling. graphene. thickness. is. of.
extreme.importance..Various.techniques.for.controllable.graphene.synthesis.have.
already.been.reported.[28].

All.the.properties.discussed.previously.were.the.driving.force.for.application.of.
graphene.as.the.transparent,.conducting.electrode.in.different.varieties.of.solar.cells..
However,.in.DSSCs,.large.surface.area.of.graphene.is.expected.to.generate.further.
interest..The.counter.electrode.is.an.important.part.of.DSSCs,.where.tri-iodide.ions.
are.reduced.to.iodide.ions..The.counter.electrode.material.that.is.most.often.used,.
platinum.(Pt),.catalyzes.this.reduction.process.[29]..The.high.cost.of.Pt.electrodes.
demands.replacement.of.this.material.by.an.equivalent.material..Graphene,.with.its.
high.charge.transport.properties.and.large.surface.area,.seems.to.be.a.good.candi-
date.for.this.application.
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The.following.sections.are.dedicated.to.a.discussion.of.research.developments.and.
applications.of.graphene.and.graphene-based.materials.in.various.types.of.solar.cells.

10.3  GRAPHENE-BASED STRUCTURES 
IN SOLAR CELL APPLICATIONS

Graphene.has.been.and.is.being.used.as.a.transparent.conducting.electrode.material.
in.various. types.of. inorganic,. organic,. and.dye-sensitized. solar. cells,. and. also. as.
counter.electrodes.in.DSSCs.(Figure 10.4).[30]..Moreover,.functionalized.graphene.
and. graphene-based. hybrid. structures. have. also. been. used. in. first-,. second-. and.
third-generation.solar.cells.to.enhance.their.performance..The.following.subsections.
will. briefly. present. research. developments. in. each. of. these. categories.. It. may. be.
mentioned.at.this.point.that.to.date,.commercial.products.are.not.available.for.many.
of.these.types.of.solar.cells.and.properties.of.commercial-grade.cells.are.often.lower.
than.those.mentioned.for.research-grade.cells.

10.3.1   Graphene-based Materials as transparent conductinG 
electrodes in inorGanic solar cells

Graphene.has. attracted. the.most. attention. as. a. transparent,. conducting. electrode. in.
solar. cells..For. such.application,.graphene. should.have.good. transmittance.and. low.
sheet.resistance..Figure 10.5.presents.a.comparison.of.these.properties.of.graphene.with.
those.of.other.popularly.used.electrode.materials..The.figure.clearly.shows.the.superior.
performance.of.graphene.as.compared.to.other.materials,.as.far.as.these.two.properties.
are.concerned..It.may.also.be.noted.that.transmittance.and.sheet.resistance.is.a.func-
tion.of.the.graphene.synthesis.technique.used,.and.as.of.now,.chemical.vapor.deposited.
(CVD).graphene.has.shown.the.best.properties,.almost.comparable.to.theoretically.pre-
dicted.values..With.these.excellent.properties,.graphene.takes.a.lead.role.in.the.latest.
research.activities.in.development.of.new.electrode.materials.for.solar.cells.[31].
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FIGURE 10.3 Transmittance.of.white.light.as.a.function.of.the.number.of.graphene.lay-
ers..(From.Nair,.R.R.,.Blake,.P.,.Grigorenko,.A.N.,.Novoselov,.K.S.,.Booth,.T.J.,.Stauber,.T.,.
Peres,.N.M.R.,.and.A.K..Geim..2008..Fine.structure.constant.defines.visual.transparency.of.
graphene..Science.320:.1308..With.permission.from.AAAS.)
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FIGURE 10.4 Schematics. of. graphene-based. solar. cells:. (a). inorganic,. (b). organic,. and.
(c). dye-sensitized. solar. cells.. (From. Bonaccorso,. F.,. Sun,. Z.,. Hasan. T.,. and. A.C.. Ferrari..
2010..Graphene.photonics.and.optoelectronics..Nature Photonics.4:.611–622..With.permis-
sion.from.Macmillan.Publishers.Limited.)

FIGURE 10.5 (See facing page).Graphene.as.a.transparent.conductor..(a).Transmittance.for.
different.transparent.conductors..(b).Thickness.dependence.of.the.sheet.resistance..Two.limit-
ing.lines.for.GTCFs.are.also.plotted.(enclosing.the.shaded.area);.calculated.from.theoretical.
predictions.. (c).Transmittance.versus. sheet. resistance. for.different. transparent. conductors;.
shaded.area.enclosed.by.limiting.lines.for.graphene.are.calculated.from.theoretical.predic-
tions..(d).Transmittance.versus.sheet.resistance.for.graphene.grouped.according.to.production.
strategies:.triangles,.CVD;.blue.rhombuses,.micromechanical.cleavage.(MC);.red.rhombuses,.
organic. synthesis. from. polyaromatic. hydrocarbons. (PAHs);. dots,. liquid-phase. exfoliation.
(LPE). of. pristine. graphene;. and. stars,. reduced. graphene. oxide. (RGO).. A. theoretical. line.
is.also.plotted.for.comparison..(From.Bonaccorso,.F.,.Sun,.Z.,.Hasan.T.,.and.A.C..Ferrari..
2010..Graphene.photonics.and.optoelectronics..Nature Photonics.4:.611–622..With.permis-
sion.from.Macmillan.Publishers.Limited.)
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One.of. the. initial.efforts. in. this.field. involved.application.of.water-processable.
single-layer.graphene.oxide.(GO).films.on.quartz.surfaces.[32]..Though.unreduced.
film.has.shown.sufficient.conductivity.and.high.transmittance,.a.reduction.procedure.
was.followed.to.enhance.its.properties.further..A.proper.selection.of.the.reduction.
process. is. expected. to. improve. film. conductivity. as. well. as. its. transmittance..
Thickness.of.the.film.also.showed.a.strong.relationship.to.transmittance;.while.6-nm.
film.showed.~88%.transmittance,.an.8-nm.film.offered.only.~60%.transmittance..
These.experimental.results.indicate.the.importance.of.layer-controlled.synthesis.of.
graphene.film.for.solar.cell.application..However,.the.solution.processing.of.the.film.
reduces. the. production. cost. by. a. huge. margin.. Following. this. trend,. it. was. later.
shown.that.a.controlled.chemical.reduction.of.exfoliated.GO.can.produce.a.so-called.
chemically. converted. graphene. (CCG). [33].. This. CCG. film. demonstrated. suffi-
ciently.high.bulk.conductivity.(102.S/cm).and.80%.transparency.at.550.nm..A.ther-
mal.annealing.of.the.CCG.film.was.found.to.restore.the.sp2.network.in.the.graphene.
film,.enhancing.the.charge.transport.in.individual.sheets..Furthermore,.the.thermal.
annealing.treatment.also.helped.in.reducing.the.interlayer.distance,.which.aided.in.
charge.transport.across.CCG.sheets..Though.the.power.conversion.efficiency.of.this.
electrode.was.almost.half.of.that.offered.by.the.ITO.electrode,.its. low.processing.
cost. and. higher. fill. factor. (as. compared. to. other. carbon. film. electrodes. reported.
earlier).showed.promise.

A. practical. solar. cell. electrode. will,. however,. need. large-area. films,. which. is.
another.challenging.task.related.to.graphene..Recently.it.was.reported.that.a.modi-
fied. chemical. exfoliation. technique. could.be.used. to. prepare. large-area.GO.films.
(up.to.40,000.μm2.area).and.a.novel.low-temperature.(<100°C).fast.reduction.by.HI.
acid.could.lead.to.graphene.films.of.similar.area.[34]..The.larger.the.area.of.the.film,.
the.lower.the.sheet.resistance,.which.could.be.related.to.a.decrease.in.the.number.of.
intersheet.tunneling.barriers.for.large-area.graphene.sheets..Resistance.of.such.large-
area.graphene.films.could.be.reduced.by.p-type.doping.by.HNO3.[35]..Nitric.acid.is.a.
well-known.p-type.dopant.for.graphitic.materials,.transferring.one.electron.from.gra-
phene.to.nitric.acid.and.forming.a.charge-transfer.complex.according.to.the.reaction

. 6HNO3.+.25C.→.C25
+NO3

–.4HNO3.+.NO2.+.H2O

This.doping.leads.to.a.shift.in.Fermi.level,.and.increases.the.carrier.concentration.
(and.hence,.conductivity).of.the.graphene.layers.(Figure 10.6)..Two.ways.of.doping.
could.be.adopted—last-layer.doping.(doping.done.after.all. the. layers.are.stacked).
and.interlayer.doping.(doping.done.after.stacking.each.layer)..This.p-type.doping.of.
the.graphene.layer.could.reduce.the.sheet.resistance.of.graphene.up.to.a.factor.of.3,.
thus.enhancing.its.performance.in.solar.cells.

Another.school.of.scientists.opted.to.experiment.with.mixing.graphene.with.other.
forms.of.carbon.(carbon.nanotubes.or.amorphous.carbon.films).and.analyzing.their.
properties.for.possible.application.in.solar.cells..In.one.such.effort,.graphene–CNT.
hybrid.thin.films.were.deposited.on.a.polyethylene.terephthalate.(PET).substrate.and.
the.films.were.doped.using.HNO3.[36]..While.graphene–CNT.hybrid.film.showed.
almost. an. order. of. magnitude. reduction. in. resistance. (at. similar. transmittance).
as.compared. to.graphene.films,.both.films.have.shown.positive.effects.of.doping..
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Furthermore,.the.films.have.shown.excellent.integrity.(compared.to.brittle.ITO.coat-
ings).after.several.bending.cycles,.indicating.their.promise.to.be.used.as.transparent,.
conducting,.flexible.electrodes.in.next-generation.flexible.solar.cells..Such.exciting.
findings.encourage.researchers.to.explore.more.and.more.important.applications.of.
graphene-based.materials.in.solar.cells.

10.3.2   Graphene-based Materials as electrodes 
in dye-sensitized solar cells

Photoelectrochemistry. has. opened. up. a. new. direction. of. converting. solar. energy.
into.electrical.energy.by.photoelectrochemical.cells..The.most.common.form.of.this.
type.of.cell.is.dye-sensitized.solar.cells.(DSSCs)..DSSCs.are.composed.of.two.elec-
trodes,.one.of.which.has.a.porous.layer.of.particulates.covered.with.a.dye.sensitizer.
that.absorbs.sunlight,.and.is.immersed.in.an.electrolyte.solution..In.a.typical.DSSC,.
the.dye.molecules.become.photo-excited.upon.light.illumination.and.rapidly.inject.
electrons.into.the.conduction.band.of.the.semiconductor.TiO2.nanocrystalline.films,.
followed.by.transportation.of.the.separated.holes.to.the.counter.electrode.by.means.
of.a.red-ox.process. However,.even.though.the.conventional.TiO2.DSSCs.can.reach.
power.conversion.efficiency.up.to.13.4%,.the.performance.of.DSSCs.is.expected.to.be.
enhanced.further.by.adapting.new.materials,.a.new.design.of.energy.band.gap.align-
ment,.and.a.new.method.of.photo.excitation..Apart.from.offering.good.energy.conver-
sion.efficiency,.DSSCs.show.good.transparency.and.flexibility,.at.a.much.lower.cost.
(as.compared.to.industrial.solar.cells)..Recent.research.focus.in.DSSCs.is.centered.on.
applications.of.n-type.semiconducting.nanostructured.electrodes,.ionic.liquid.elec-
trolytes,.and.graphene.and.carbon.nanotube.electrodes.[37–39]..This.subsection.will.
present.an.overview.of.the.developments.in.the.use.of.graphene.in.DSSCs.

It.is.important.to.mention.here.that.maximum.attainable.solar-to-electrical.power.
conversion.efficiency.of.an. ideal. single-junction.device. is.almost.30%.[40]..First-
generation.single-crystal.silicon.solar.cells.have.shown.efficiencies.up.to.25%,.which.
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FIGURE 10.6 (a).Schematic. illustrating. the. two.different.doping.methods.pursued.here..
In.the.interlayer-doped.case,.the.sample.is.exposed.to.nitric.acid.after.each.layer.is.stacked,.
whereas.in.the.last-layer-doped.case,.the.film.is.exposed.to.nitric.acid.after.the.final.layer.is.
stacked..(b).Illustration.of.the.graphene.band.structure,.showing.the.change.in.the.Fermi.level.
due. to.chemical.p-type.doping.. (From.Kasry,.A.,.Kuroda,.M.A.,.Martyna,.G..J.,.Tulevski,.
G..S.,.and.A..A..Bol..2010..Chemical.doping.of.large-area.stacked.graphene.films.for.use.as.
transparent,.conducting.electrodes..ACS Nano.4.(7):.3839–3844..With.permission.from.the.
American.Chemical.Society.)
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is.very.close.to.the.theoretical.limit.[41]..However,.DSSCs.are.not.ideal.cells..With.
the.currently.available.technology.(which.results.in.a.loss.in.potential.of.0.75.eV),.
DSSCs.can.show.a.maximum.power.conversion.efficiency.of.13.4%..If.the.loss.in.
potential.can.be.reduced.to.0.40.eV,.then.the.maximum.efficiency.could.be.as.high.
as.20.25%,.with.an.optical.band.gap.of.1.31.eV.(940.nm).[42]..One.of.the.ways.to.
reduce.loss.in.potential.is.to.lessen.the.disorder.at.the.interface.and.the.heterogeneity.
of.the.electron.transfer.process..Graphene.is.expected.to.play.an.important.role.in.
this.respect.

Initial.efforts.to.incorporate.graphene.in.DSSCs.occurred.in.2008,.when.stable.
aqueous.dispersions.of.graphene.sheets.were.prepared.by.noncovalent.functionaliza-
tion.with.1-pyrenebutyrate.(PB−).and.spin-coated.on.ITO.substrates.to.form.DSSC.
counter.electrodes.[43]..However,.poor.quality.and. the.relatively. low.conductivity.
(200–300.S/m).of.the.graphene.film.restricts.efficiency.of.this.cell.to.an.unsatisfac-
tory. level. of. 2.2%.. Polystyrene. sulfonate-doped. poly(3,4-ethylenedioxythiophene).
(PEDOT–PSS).has.a.higher.conductivity.and.much.better.film-forming.ability..Thus,.
a.graphene–PEDOT-PSS.electrode.is.expected.to.perform.better,.and.in.reality,.such.
a.solar.cell.was.found.to.show.high.transparency.(>80%).in.the.visible.wavelength.
range.and.a.higher.energy.conversion.efficiency.of.4.5%.[44]..Although.performance.
of.this.cell.is.also.far.from.theoretical.expectations,.still.it.shows.that.with.proper.
combination.of.materials,.graphene.has.the.potential.to.be.used.in.DSSCs..Another.
well-studied.material.system.as.the.electrode.material.for.DSSCs.is.graphene–TiO2.
[45–48].(Figure 10.7)..Electrostatic.attractive.force.between.these.two.materials.is.
favorable.to.bind.TiO2.nanoparticles.to.the.surface.of.graphene..Thus,.this.material.
combination.can.offer.good.structural.stability..Different.methods.could.be.followed.
to.produce.this.hybrid.material—exfoliation.of.graphene.oxide.followed.by.thermal.
reduction.[45],.heterogeneous.coagulation.between.graphene.and.TiO2.nanoparticles.
[46],. and. molecular. grafting. of. chemically. exfoliated. graphene. sheets. into. TiO2.
nanoparticle.film.[47]..Out.of.all.these.methods,.the.first.method.(exfoliation.of.gra-
phene.oxide.followed.by.thermal.reduction).showed.poor.performance.as.compared.
to.the.control.FTO.electrode,.due.to.series.resistances.in.the.cell..However,.the.other.
two.methods.have.shown.appreciable.performances..While.the.structure.produced.
by. the. coagulation. method. has. shown. very. high. short-circuit. photo-current. den-
sity.(Jsc).and.overall.energy.conversion.efficiency.(η).of.8.38.mA/cm2.and.4.28%,.
respectively,.these.values.were.actually.66%.and.59%.more.than.the.control.samples.
(without.graphene)..The.molecular.grafted.structure.showed.lower.absolute.values.
of.JSC. and.η.−.6.67.mA/cm2.and.1.68%,. respectively..These.values. are,.however,.
3.5.and.5.times.higher.than.the.corresponding.values.of.the.control.sample.(without.
graphene)..Analyzing.all.these.results,.it.seems.that.structural.integrity.of.the.elec-
trode. is. very. important. to. reduce. cell. resistances. and. the. synthesis. route. plays.
an. extremely. important. role. in. determining. the. final. properties. of. the. electrode..
Properties.of.graphene.sheets,.if.annealed,.depend.strongly.on.the.annealing.cycles,.
too;.it.was.found.that.graphene.nanosheets.that.are.annealed.at.higher.temperatures.
offered.higher.JSC.and.η.[49]..This.observation.is.also.related.to.the.morphology.of.
the.graphene..Positive.effects.of.graphene.addition.in.TiO2.can.be.manifold:.(a).lower.
charge-transfer.resistance.in.the.hybrid.films.creating.a.continuous.electron.conduct-
ing. network,. which. facilitates. transport. of. electrons. (significantly. longer. electron.
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lifetime).and.reduces.the.probability.of.recombination.[50],.(b).graphene.introduces.
unique.surface.morphologies.that.enhance.absorption.of.more.dye.molecules,.lead-
ing.to.more.light.harvesting,.and.finally,.generation.of.more.photo-induced.electrons.

Graphene.has.another.strong.contribution.in.DSSCs;.it.shows.catalytic.activ-
ity.to.I–/I3

–..Both.graphene.[51].and.partially.reduced.graphene.oxide.(GO).[52].
show.this.type.of.electrocatalytic.activity..Cyclic.voltammetry.(CV).and.electri-
cal.impedance.spectroscopy.(EIS).are.the.best.experimental.tools.to.analyze.the.
catalytic.effects..It.was.found.that.the.synthesis.techniques.have.a.strong.effect.
on.the.electrocatalytic.properties..The.degree.of.reduction.of.a.reduced.GO.sheet.
was.found.to.affect.catalytic.reaction;.a. lower.degree.of.reduction.causes.slug-
gish. catalytic. activity.. Further,. defect. density. of. the. graphene. also. influences.
catalytic.activity..Graphene.with.higher.defects.shows.improved.electrocatalytic.
properties..This. indicates. the.possibility.of. tuning. the.catalytic.activity.on. the.
graphene.surface.by.functionalization.or.modification.[53].. In.a. recent.study,.a.
functionalized.graphene.with.oxygen-containing.sites.was.observed.to.offer.very.
high.catalytic.activity.and.overall.conversion.efficiency.comparable.to.that.of.a.
Pt.electrode.[54].
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FIGURE 10.7 Schematics.of.solar.cell.based.on.graphene.electrodes..(a).DSSCs.using.gra-
phene.film.as.electrode;. the.four. layers. from.bottom.to. top.are.Au,.dye-sensitized.hetero-
junction,.compact.TiO2,.and.graphene.film..(b).Energy.level.diagram.of.graphene/TiO2/dye/
spiro-OMeTAD/Au.device..(From.Wang,.X.,.Zhi,.L.,.and.K..Mullen..2008..Transparent,.con-
ductive.graphene.electrodes.for.dye-sensitized.solar.cells..Nano Lett..8.(1):.323–327..With.
permission.from.the.American.Chemical.Society.)
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Success.of.graphene.as.an.electrode.material.in.DSSCs.has.initiated.research.in.
various.related.directions..These.include.synthesis.of.graphene.at.lower.temperatures.
or.room.temperature.through.simple.and.cost-effective.techniques.like.solvent-based.
routes.[55],.application.of.different.types.of.graphene-based.hybrid.materials,.espe-
cially. with. other. C-based. nanostructures. like. CNTs. [56,57],. development. of. new.
morphologies.of.graphene.to.further.enhance.its.activities.[58,59],.and.so.on..These.
new.structures.have.often.shown.interesting.properties,.including.efficiencies.higher.
than.5%..However,.multiwalled.carbon.nanotubes. (MWCNT).are.not.expected. to.
offer.any.enhancement.in.solar.cell.applications,.as.its.inner.walls.do.not.contribute.
to.the.electrochemical.activities,.but.absorb.light..Other.graphene-based.composite.
structures.have.good.potential.to.replace.conventional.Pt.and.FTO.in.DSSCs.

Very.recently,.other.graphene-based.composite.structures—polystyrene.(PS).and.
polyvinyl.chloride.(PVC).fibers.incorporated.into.TiO2.nanoparticles.and.graphene.
nanoflakes—have.shown.tunable.superhydrophobicity.and.electrochemical.proper-
ties.[60]..Such.materials.can.provide.a.new.dimension.to.DSSCs.by.offering.self-
cleaning.and.anti-icing.surfaces..Detailed.characterization.of.such.materials.for.their.
suitability. in.solar.cell.application. is.yet. to.be.performed,.but.with.such.new.and.
exciting.discoveries,.the.future.of.DSSCs.looks.really.promising.

10.3.3   Graphene-based Materials as electrodes in orGanic solar cells

Recently,. organic–polymer. solar. cells. have. attracted. immense. attention. due. to. their.
capability.to.offer.a.new.dimension.to.conventional.solar.cells—flexibility..Moreover,.
materials.for.this.type.of.cell.are.often.solution-processable,.lightweight,.and.low.cost,.
making.the.cell.attractive.for.practical.applications..Graphene.has.also.shown.a.capabil-
ity.to.maintain.structural.integrity.and.sheet.resistance.under.bent.state,.creating.more.
enthusiasm.for.application.of.graphene.as.electrodes.in.organic.solar.cells..Though.many.
polymer-based.graphene.materials.have.found.application.in.DSSCs,. in.organic.solar.
cells,.graphene.is.mainly.added.as.an.electron.acceptor.[61]..To.understand.its.function.in.
organic.solar.cells,.a.glimpse.into.the.basic.mechanism.of.organic.cells.[7].is.necessary.

When.a.photon.is.absorbed.by.a.conjugated.polymer.having.highly.conjugated.
π-systems,. an. electron. is. excited. from. the. highest. occupied. molecular. orbital.
(HOMO).to.the.lowest.unoccupied.molecular.orbital.(LUMO),.leading.to.a.strongly.
bound.electron–hole.pair.(exciton)..This.pair.can.be.separated.by.creating.a.hetero-
junction.with.an.acceptor.material..The.acceptor.material.should.have.an.electron.
affinity. larger. than. that. of. the. polymer,. but. lower. than. its. ionization. potential..
Moreover,. its. HOMO. level. should. be. at. a. level. lower. than. that. of. the. polymer..
These.properties.ensure.that.the.photo-excited.polymer.transfers.the.electron.to.the.
acceptor.material,.but. retains. the.hole. in. its.valence.band..The.most.widely.used.
heterojunction.is.bulk.heterojunction.(BHJ)..Many.polymers.and.their.composites.
have.been.used.so.far.in.BHJ.materials..The.most.successful.materials.have.been.
soluble.poly(3-.hexylthiophene).(P3HT).and/or.poly(3-octythiophene).(P3OT).as.the.
donor. and. [6,6]-phenyl. C61-butyric. acid. methyl. ester. (PCBM). (this. material. is. a.
fullerene.derivative).as.the.electron.acceptor..Since.efficiency.of.organic.photovol-
taic.(OPV).devices.using.these.materials.is.still.low,.it.is.necessary.to.look.for.new.
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materials..In.this.context,.graphene.is.being.explored.for.its.function.as.an.electron.
acceptor.material.

Simulation.studies.have.predicted.efficiencies.for.graphene-based.organic.photo-
voltaic.devices:.12%.for.single.cells.and.up.to.24%.for.stacked.cells.[62]..Experiments.
regarding.application.of.graphene.in.such.cells.are.thus.aimed.at.achieving.this.effi-
ciency. level.. Initial. efforts. of. using. graphene. in. organic. solar. cells. were. not. very.
successful;.these.cells.have.shown.lower.short-circuit.photo-current.density.(Jsc).and.
lower. energy. conversion. efficiency. (η). [63,64],. compared. to. their. control. devices..
Such. inferior. properties. were. related. to. higher. sheet. resistance. of. graphene. and.
unoptimized.process.parameters.during. synthesis.of.graphene.. In.a. little.different.
approach,. chemically.converted.graphene–CNT.composite.films.were.prepared. in.
a. solution-based. low-temperature. process. without. using. surfactant. and. later. used.
as.a.platform.for.the.fabrication.of.P3HT:PCBM.photovoltaic.devices.[65]..Though.
this.hybrid.material.has.shown.better.properties.compared.to.its.ITO-based.control.
device,.especially.after.bending,.the.overall.JSC.and.η.were.low,.3.45.mA/cm2.and.
0.85%,.respectively..Electrodes.prepared.from.graphene.could.be.bent.to.138°.without.
any.degradation,.while.ITO.electrodes.start.cracking.at.a.60°.bending.angle,.leading.
to. irreversible.failure.[66]..Although.this.proof-of-concept.device.failed.to.provide.
excellent.results,.it.showed.promise.of.graphene-based.structures.in.OPV.devices.

Continuity.of.graphene.film.is.one.of.the.important.issues..Compared.to.stacked.
graphene.flakes,.a.continuous.graphene.sheet.(of.similar.transparency).shows.much.
lower. sheet. resistance.and.higher.efficiency.of. the.cell. [66]..This.finding.poses.a.
challenge. to. scientists. to. synthesize. larger-area. continuous.graphene.films.and. to.
successfully.transfer.them.onto.polymeric.substrates..Such.large-area.graphene.could.
be. produced. by. chemical. vapor. deposition. (CVD). [66]. and. a. solution-processing.
route.[67]..Apart. from.controlling. the.morphology.of. the.graphene.sheet,.another.
way. to. improve. efficiency. of. graphene-based. OPVs. is. to. functionalize. the. gra-
phene.. Different. organic. and. inorganic. materials. such. as. AuCl3. [68],. butylamine.
[69],. pyrenebutyrate. [70],. P3HT. [71],. have. been. used. to. functionalize. graphene.
before.using.it.in.electrodes.of.BHJ.solar.cells..Among.different.varieties.of.func-
tionalized.graphene,.the.electrode.in.which.CH2OH-terminated.regioregular.poly(3-.
hexylthiophene).(P3HT).was.chemically.grafted.onto.carboxylic.groups.of.graphene.
oxide.(GO).via esterification.reaction.[71].(Figure 10.8).was.found.to.offer.a.200%.
increase.in.power.conversion.efficiency.over.the.control.sample..Though.the.actual.
efficiency.was.still.very.low.(0.61%),.proper.functionalization.of.graphene.could.be.
a.feasible.route.to.enhance.the.efficiencies.of.organic.solar.cells.

Composites. of. graphene,. especially. with. other. carbon-based. nanostructures,.
could. be. treated. as. alternate. options.. Transparent. graphene. constructed. carbon.
films.(TGF),.when.used.in.organic.solar.cells,.have.shown.appreciable.(81%).trans-
parency.at.550.nm,.good.conductivity,.and.minimum.leakage.current.[72]..On.the.
other.hand,.a.composite.electrode.of.solution-processable.functionalized.graphene.
(SPFGraphene).and.functionalized.multiwalled.carbon.nanotubes.(f-MWCNT).also.
showed. improved.performance. in.a.heterojunction.solar.cell. [73]..This.composite.
structure. offers. good. carrier. transport,. better. exciton. separation,. and. suppresses.
charge.recombination,.all.of.which.lead.to.better.photovoltaic.performance..A.recent.
report.has.proposed.a.new.kind.of.composite.structure.using.graphene.as.an.atomic.
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template.and. structural. scaffold.on.which. to.assemble.1D.organic.nanostructures.
[74]..This.novel.graphene-organic.hybrid.structure.has.generated.interest.in.applica-
tion.of.novel.nanostructures.in.solar.cells.

Graphene. oxide. (GO). thin. films. can. also. be. used. in. organic. solar. cells. as. a.
hole. transport. and.electron.blocking. layer. [75–77]..This. layer. is.generally.depos-
ited.between.the.photoactive.P3HT:PCBM.and.transparent,.conducting.ITO.layers..
Presence.of.this.GO.layer.inhibits.electron–hole.recombination,.decreases.leakage.
current,.and.enhances.efficiency.of. the.OPV.cell..The.function.of. the.GO.film.is.
again.strongly.dependent.on.the.film.thickness.[76].(optimum.at.2–3.nm.thickness),.
functionalizing,. and. annealing. effects. [78].. Ongoing. and. future. research. on. this.
topic.will.be.designed.to.optimize.these.parameters.to.extract. the.best.achievable.
properties.from.these.materials.

Through.the.analysis.of.extensive.research.done.in.the.last.few.years.involving.
the. application. of. graphene. in. organic. solar. cells,. it. seems. that. a. single. layer. of.
graphene.is.not.sufficient.to.offer.the.high.sheet.conductivity.required.for.such.appli-
cation..Thus,.doping.and. stacking.multiple. layers.of.graphene.become.necessary..
During.stacking,.interface.coupling.between.different.layers.becomes.an.important.
issue..Recently.it.was.demonstrated.that.a.direct.layer-by-layer.transfer.of.graphene.
without.any.impurities.can.achieve.83.3%.of.the.power.conversion.efficiency.of.the.
ITO-based.control.samples.[79]..There.could.be.other.ways.to.control.the.interface..
Jo.et.al..[80].used.a.work-function.engineered.multilayered.graphene.structure.in.an.
organic.solar.cell..Basically,.an.interfacial.dipole.layer.has.been.applied.to.increase.
the. built-in. potential. and. improve. charge. extraction.. Interface. engineering. seems.
to.play. a. significant. role. in.device.design. and.more.detailed. studies. are. required.
to.optimize.the.interface..A.different.way.to.achieve.better.performance.from.gra-
phene-based.solar.cells.could.be.through.band-gap.engineering..In.order.to.effec-
tively.tune.the.band.gap,.2D.graphene.sheets.are.converted.to.0D.graphene.quantum.
dots. [81]..Graphene.quantum.dots. (QDs).were.prepared. through.an.electrochemi-
cal.route.and.the.process.was.performed.in.0.1.M.phosphate.buffer.solution.(PBS).
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FIGURE 10.8 Schematic. process. chart. of. synthesis. for. chemical. grafting. of. CH2OH-
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the.esterification.reaction.between.acyl-chloride-functionalized.GO.and.MeOH-terminated.
P3HT.(step.2)..(From.Yu,.D.,.Yang,.Y.,.Durstock,.M.,.Baek,.J.-B.,.and.L..Dai..2010..Soluble.
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with.a.filtration-formed.graphene.film.as.a.working.electrode..As-prepared.graphene.
quantum.dots.were.mono-dispersed.in.a.uniform.diameter.of.~3–5.nm..The.solution.
remained.homogeneous.even.after.3.months.at.room.temperature.without.any.visible.
change.(e.g.,.aggregation.or.color.change)..These.graphene.QDs.offer.unique.elec-
tron.transport.along.with.new.quantum.confinement.and.edge.effects..Moreover,.its.
shape.and.size.control.can.lead.to.realization.of.new.properties.

10.3.4   Graphene-based Materials as electrodes in other solar cells

DSSCs. and. organic–polymer. solar. cells. have. shown. definite. promise. as. next-.
generation.solar.cells.and.application.of.graphene.in.these.types.of.cells.has.been.
very.exciting.so.far..Apart.from.these.two.types.of.cells,.graphene.has.also.been.used.
either. individually.or.as.a.hybrid.material. in.many.other.types.of.solar.cells..The.
silicon.Schottky.junction.solar.cell.is.one.such.cell..A.graphene-on-silicon.solar.cell,.
which.was.created.by.depositing.a.graphene.sheet.on.an.n-type.Si.wafer.and.then.
constructing.the.Schottky.junction.cell.(Figure 10.9),.has.shown.an.energy.conver-
sion.efficiency.of.~1.65%,.a.fill.factor.of.0.56,.open.circuit.voltage.of.0.48.V,.and.
short.circuit.current.of.6.5.mA.[82,83],.measured.in.well-known.“air.mass.1.5.global.
illumination”.conditions..Though.efficiency.of. this.cell. is. low,. it.still. represents.a.
new.type.of.photovoltaic.device..Similar.attempts.to.use.graphene.nanowhiskers.on.
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FIGURE 10.9 Graphene-silicon.Schottky. junction.cell.. (a).Schematic.of. the.device.con-
figuration..Bottom-left. inset:.cross-sectional.view,.photogenerated.holes. (h+).and.electrons.
(e−).are.driven.into.graphene.sheet.(GS).and.n-Si,.respectively,.by.the.built-in.electric.field..
Bottom-right. inset:. photograph. of. a. GS/n-Si. Schottky. cell. with. a. 0.1. cm2. junction. area..
(b).Energy.diagram.of.the.forward-biased.GS/n-Si.Schottky.junction.upon.illumination..ΦG.
(4.8.≈.5.0.eV),.Φn-Si. (4.25.eV). is. the.work. function.of.GS.and.n-Si,. respectively..V0. is. the.
built-in.potential..Φ.b.is.the.barrier.height..χ.is.the.electron.affinity.of.silicon.(4.05.eV)..Eg.is.
the.band.gap.of.silicon.(1.12.eV),.and.EF.is.the.energy.of.the.Fermi.level..V bias.is.the.applied.
voltage..The.depth.of.the.Fermi.level.below.the.Si.conduction.band.edge.(EC.–.EF.).is.≈0.25.eV.
for.the.n-Si.used.in.this.work..(From.Li,.X.,.Zhu,.H.,.Wang,.K.,.Cao,.A.,.Wei,.J.,.Li,.C.,.Jia,.Y.,.
Li,.Z.,.Li,.X.,.and.D..Wu..2010..Graphene-on-silicon.Schottky.junction.solar.cells..Adv. Mater..
22:.2743–2748..©.2010.Wiley-VCH.Verlag.GmbH.&.Co..KGaA,.Weinheim..With.permission.)
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amorphous.carbon.[84].or.CNT.films.and.graphene.[85].in.silicon.Schottky.junction.
solar.cells.have. resulted. in.almost.comparable.properties..However,.when.a.CNT.
network.patched.with.graphene.sheets.was.prepared.by.a. solid-phase. layer. stack-
ing.with.ethanol.wetting,.the.electrodes.showed.high.flexibility,.transparency.(90%.
transmittance.at.550.nm),.low.sheet.resistance.(735.Ω/sq),.and.good.power.conversion.
efficiency.of.up.to.5.2%.(under.AM1.5.illumination).[86]..Properties.of.this.film.are.
much.better.than.other.similar.types.of.electrodes,.pointing.to.the.importance.of.the.
morphology.of.the.structure.and.the.preparation.techniques.on.the.final.achievable.
properties.of.the.electrode..Overall,.these.studies.show.the.potential.of.graphene.in.
Si-based.solar.cells.

Graphene.has.also.shown.good.potential.for.application.in.CdS.quantum.dot.(QD).
solar.cells.[87]..A.layer-by-layer.composite.of.graphene.and.CdS.QDs.(Figure 10.10).
showed.very.exciting.properties—6%.incident.photon-to-charge.carrier.generation.
efficiency.(ICPE).[88]..This.enhancement.is.more.than.three.times.that.of.any.other.
carbon.QD.solar.cell..The.performance.of.this.cell.is.probably.attributable.to.sin-
gle. layers.of.graphene,.probably.enhancing. light.absorption.and.charge. transport,.
and.the.favorable.energy.band.match.of.graphene.and.CdS..This.success.inspired.
further.efforts.in.different.directions.to.better.understand.and.develop.this.field.of.
research..While.some.research.aims.to.develop.new.synthesis.techniques.to.prepare.
the.graphene–CdS.QD.structure.in.a.straightforward.one-step.process,. like.direct.
synthesis.from.graphene.oxide.by.an.easy.one-step.reaction.[89],.many.other.efforts.
are.concentrated.on.understanding.the.basic.mechanism.of.these.types.of.solar.cells.
through. application. of. new. characterization. techniques,. such. as. scanning. photo-
current.microscopy.(SPCM).[90]..In.a.variation.of.graphene.in.CdS.QD.solar.cells,.
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FIGURE 10.10 Schematic.of.fabrication.of.graphene-CdS.quantum.dot.layered.composite.
on.ITO.glass.for.solar.cell.application..(From.Guo,.C.X.,.Yang,.H.B.,.Sheng,.Z.M.,.Lu,.Z.S.,.
Song,. Q.L.,. and. C.M.. Li.. 2010.. Layered. graphene/quantum. dots. for. photovoltaic. devices..
Angew. Chem. Int. Ed. 49:. 3014–3017.. ©. 2010. Wiley-VCH. Verlag. GmbH. &. Co.. KGaA,.
Weinheim..With.permission.)
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new.materials.were.also.introduced.to.demonstrate.the.potential.of.such.new.materi-
als.systems.and.to.enhance.the.performance.of.QD-sensitized.solar.cells..TiO2.is.a.
popular.material.in.solar.cells,.and.a.combination.of.graphene,.TiO2,.and.CdS.QDs.
was.used.for.a.solar.cell.[91],.which.showed.56%.higher.power.conversion.efficiency.
as.compared. to.cells.prepared.without.graphene.. In. such.cells,.graphene.contrib-
utes. significantly. to. enhancing. electron. transport. within. the. cells.. Following. this.
trend.of.using.graphene-based.hybrid.materials.in.solar.cells,.graphene.has.also.been.
used.in.CdTe.QD-sensitized.solar.cells.[92]..Though.this.very.recent.effort.failed.to.
show.any.impressive.power.conversion.efficiency,.still.it.clearly.demonstrated.that.
the.hybrid.material.performs.much.better.than.materials.with.graphene.or.QD.alone..
All.such.developments.show.the.potential.of.graphene.in.various.types.of.solar.cells..
The.most. important.point. is. that.all.such.exciting.developments. took.place. in. the.
last.couple.of.years,.so.it.would.be.reasonable.to.predict.that.further.exciting.results.
might.be.reported. in. the.near. future..Further. investigation. is. required. to. improve.
performance.of.all.these.graphene-based.hybrid.materials.in.solar.cell.applications.

In. a. recent. and. significantly. different. approach. [93],. monocrystalline. ZnO.
nanorods. (NR). (ZnO. has. high. donor. concentration). were. electrochemically.
deposited.on.highly.conductive.reduced.graphene.oxide.(rGO).films.on.quartz..
This.hybrid.material.was.further.used.to.fabricate.inorganic–organic.hybrid.solar.
cells. with. a. layered. structure. of. quartz/rGO/ZnO. NR/poly(3-hexylthiophene)/.
poly(3,4-ethylenedioxythiophene):. poly(styrenesulfonate). (P3HT/PEDOT:PSS)/
Au..Though.the.initial.power.conversion.efficiency.reported.from.this.structure.
is.not.very.high,. this.study.opens.up.a.new.horizon.of.materials.application. in.
solar.cell.research.

10.4  SUMMARY

In.a.nutshell,.exciting.mechanical,.electronic,.and.chemical.properties,.along.with.
transparency. and. flexibility,. suggest. that. graphene. will. be. introduced. in. a. wide.
variety. of. solar. cells.. Graphene,. graphene. oxide,. functionalized. graphene,. and.
.graphene-based.hybrid.structures.have.been.used.in.many.solar.cells.and.most.of.
those. applications. have. shown. easy. processability. and. better. performance.. New.
ideas. like. interface. control,. band-gap. engineering,. and. graphene-based. organic.
nanowire.structures.show.good.potential.for.the.next.generation.of.solar.cells..The.
future.of.graphene.in.solar.cell.applications.seems.to.be.highly.promising,.though.
much.research.work.is.needed.to.fully.explore.the.benefits.of.this.“wonder”.material.
and.convert.these.research.efforts.into.industrial.solar.cells.
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11 Graphene
Thermal and 
Thermoelectric Properties

Suchismita Ghosh and Alexander A. Balandin

11.1  INTRODUCTION

There.has.been.increasing.interest.in.thermal.properties.of.materials.in.the.scientific.
and.industrial.research.communities.in.recent.years..This.has.been.mostly.motivated.
by.the.heat.removal.and.thermal.management.issues.in.the.electronic.industry.and.
also.by.the.need.to.understand.heat.conduction.at.nanoscale.from.a.fundamental.sci-
ence.perspective.[1–3]..A.material’s.ability.to.conduct.heat.is.ingrained.in.its.atomic.
structure.and.knowledge.of.thermal.conductivity.can.shed.light.on.many.other.mate-
rials’.properties..Thermal.transport.in.two-dimensional.(2-D).and.one-dimensional.
(1-D).systems.presents.a.particularly.interesting.scientific.problem..Materials.with.
very.high.or.very.low.thermal.conductivities.attract.attention.due.to.possible.applica-
tions.for.either.heat.removal.or.thermal.insulation.
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11.1.1   therMal transport at nanoscale

Rapid.advancement.in.the.synthesis.and.processing.of.structures.in.the.nanometer.
length.scale.has.advocated.the.scientific.understanding.of.thermal.transport.in.nano-
structured. materials,. devices,. and. individual. nanostructures.. We. are. mostly. con-
cerned.about.thermal.transport.in.nonmetallic,.semiconductor.systems.in.which.heat.
is. transported.by.phonons. through. lattice.vibrations. [4–6]..Phonons.cover.a. large.
range.in.frequency.and.an.even.larger.range.in.their.mean.free.path.values..However,.
most.of.the.heat.is.carried.by.phonons.having.a.large.wave.vector.and.a.mean.free.
path.(MFP).between.1.and.100.nm.at.room.temperature..Hence,.in.many.systems.
and.devices.of.our.present. interest,. the. scale.of. the.micro/nanostructure. is.of. the.
same.scale.as.the.phonon.mean.free.path.and.sometimes.comparable.to.the.phonon.
wavelength..The. room. temperature.MFP.of.bulk. silicon. ranges. from.40–300.nm.
and.the.transistor.gate.length.is.20–40.nm..Table 11.1.(adapted.from.Balandin.[7]).
will.elucidate.the.different.phonon.dispersion.and.scattering.mechanisms.that.have.
dominant. effects. in. various. scales. of. length,. L.. In. the. table,. the. phonon. thermal.
wavelength.has.been.symbolized.as.λ..Cahill.et.al..[8].pointed.out.that.the.defini-
tion.of.temperature.becomes.very.important.in.the.scale.of.phonon.mean.free.path.
and. wavelength.. Two. regions. of. space. that. have. a. difference. in. temperature. will.
also.have.a.difference.in.the.distribution.of.phonons..Scattering.of.phonons.changes.
their.distribution..The.anharmonic.scattering.process.occurs.on.the.length.of.mean.
free.path.

A.local.region.with.a.particular.temperature.should.therefore.be.larger.than.the.
phonon.scattering.distance..It.is.quite.difficult.to.define.temperature.within.the.scale.
of. average. phonon. mean. free. path.. The. low-frequency. phonons. have. long. mean.
free.paths.and.vice.versa.for.high-frequency.phonons..Hence,. for.phonons,.which.
carry. the. bulk. portion. of. the. heat,. one. can. think. of. an. average. mean. free. path..

TABLE 11.1
Scattering Process and Length Scale Considerations in Phonon 
Transport Regime

Length Scale Phonon Dispersion Dominant Phonon Scattering Process

L.».MFP Bulk.dispersion 3-phonon.Umklapp,.point.defect.scattering

λ.«.L.≤.MFP Bulk.dispersion 3-phonon.Umklapp,.point.defect,.
boundary.scattering

λ.≤.L.«.MFP Modified.dispersion,.many.phonon.
branches.populated

3-phonon.Umklapp,.point.defect,.
boundary.scattering

L.<.λ Modified.dispersion,.lowest.number.
of.phonon.branches.populated

Ballistic.mode.of.transport

Source:. Adapted. from.A..A.. Balandin.. 2004..Thermal. conductivity. of. semiconductor. nanostruc-
tures..In.Encyclopedia of Nanoscience and Nanotechnology,.edited.by.H..S..Nalwa,.vol..10,.
425–445..Stevenson.Ranch,.CA:.American.Scientific.Publishers.
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This.theory.might.not.apply.across.grain.boundaries,.since.the.boundary.provides.
a.natural.limit.to.the.temperature.region..Wave.interference.is.also.quite.significant.
in.nanoscale.devices..In.most.solids.at.room.temperature,.all.the.phonon.states.in.
the. Brillouin. zone. are. engaged. in. the. transport. mechanism.. But. since. the. wave-
length.of.the.heat-carrier.phonons.becomes.comparable.to.the.length.scale.of.nano-
structures,.the.traditional.Boltzmann.equation.cannot.explain.all.phenomena..Other.
theoretical.approaches.come.into.play.at.this.point..The.phonon.confinement.effect.
has.a.strong.influence.on.phonon.relaxation.rates,.modifies.the.group.velocity,.and,.
in. turn,. thermal.properties.. In. low-dimensional.materials. like.quantum.wells.and.
thin.films,.phonon.scattering.from.boundaries,.alteration.of.the.phonon.dispersion,.
and.anharmonic.interactions.can.decrease.lattice.thermal.conductivity.and.thereby.
enhance.thermoelectric.properties.[9–11].

11.1.2   therMal ManaGeMent in scaled-down devices and circuits

With.the.advent.of.transistors.and.integrated.circuits,.there.has.been.a.tremendous.
growth. in. the. technological. sphere.. Gordon. Moore. predicted. that. the. number. of.
transistors.on.a.chip.would.double.every.two.years.[12]..Known.widely.as.Moore’s.
Law,.this.observation.has.driven.the.semiconductor. industry.and.the.development.
of.silicon-based.integrated.circuit.design..This.device.miniaturization.trend.has.led.
to.shrinking.transistor.gate.length,.wafer.size.growth,.and.defect.density.reduction..
This.has.led.to.an.unprecedented.revolution.in.microprocessor.architecture,.and.the.
device.design.methods.have.increased.the.performance–cost.ratio,.integration.den-
sity,.and.portability.with.a.generation.of.huge.computing.power.[13].

In.order.to.achieve.the.projected.performance.gain,.the.threshold.leakage.current.
in.devices.had.to.be.relaxed.and.the.power.density.became.a.cause.of.concern.in.
high-speed.microprocessors..Before.long,.the.power.density.on.chips.had.increased.
tremendously,. and. at. present. this. value. is. on. the. order. of. 100. W/cm2,. which. is.
almost.equivalent.to.that.in.a.nuclear.reactor,.and.it.may.rise.even.further.as.seen.in.
Figure 11.1..As.the.device.feature.size.is.approaching.10.nm.and.beyond,.the.increased.
power.densities.and.high.chip.temperatures.will.hinder.reliable.performance.of.inte-
grated.circuits.[14,15]..While.this.is.an.issue.at.the.chip.level.and.poses.a.problem.
for.circuit.designers,.device.designers.have.started.facing.problems.within.individual.
transistors,.which.gives.rise.to.thermal.management.issues..During.the.operation.of.
devices,.self-heating.might.occur.as.a.result.of.interaction.between.current.carrier.
electrons.and.phonons,.which.are.the.units.of.lattice.vibration.and.carriers.of.heat..
Complex.device.structure.and.the.choice.of.materials.also.have.significant.roles.to.
play.in.this.increased.power.dissipation..Materials.with.lower.thermal.conductivity.
than. silicon,. like. low.K-dielectrics,.when.used. in. a. silicon-on-insulator. structure,.
cause.increased.thermal.resistance.due.to.the.presence.of.interconnects..For.a.wide.
range. of. devices. like. complementary. metal-oxide. semiconductor. (CMOS),. high.
electron.mobility.transistors,.and.quantum.cascade.lasers,.excessive.heating.severely.
impedes.operations..For.photonic.devices,.this.might.create.a.severe.problem.as.heat.
generation. reaches.a.million.watts.per.unit. square.area..One.of. the.main. reasons.
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behind. this. is. the.nanoscale.device. feature. size.approaching. the.phonon.MFP;.at.
such. a. length. scale,. phonon. boundary. scattering. starts. dominating. three-phonon.
Umklapp.scattering..Particularly.in.the.ballistic.regime,.when.device.feature.size.is.
much.less.than.the.phonon.MFP,.there.is.a.nonequilibrium.state.in.the.electron–pho-
non.interaction.and.the.phonons.generated.have.diverse.contributions.to.the.thermal.
transport.in.devices..Acoustic.phonons.with.large.group.velocities.contribute.more.to.
thermal.conductivity,.as.opposed.to.optical.phonons.with.smaller.group.velocities..In.
a.CMOS.device,.the.total.power.loss.can.be.vastly.attributed.to.the.switching.power.
loss.and.the.device.leakage.power..Techniques.like.transistor.gating,.power.gating,.
and.low-power.designs.are.often.implemented.to.reduce.power.dissipation,.though.at.
the.cost.of.performance.and.allowable.noise.limits.[16]..Scaling.of.the.supply.volt-
age.is.also.limited.by.voltage.fluctuations.[17]..When.conventional.design.is.power.
constrained,.in.order.to.maintain.optimum.device.performance,.one.has.to.take.into.
account.engineering.of.material.parameters.or.structural.geometry.so.that.heat.can.
be.removed.efficiently..With.downscaling.of.devices.and.circuits.and.the.increasing.
problem.of.heat.dissipation,.one.possible.approach.to.solving.this.thermal.issue.is.to.
find.a.material.with.very.high.thermal.conductivity.so.that.it.can.be.integrated.with.
Si-based.complementary.metal-oxide-semiconductor.(CMOS).technology.
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FIGURE 11.1 Transistor.density.on.a.chip.and.corresponding.power.density.over.the.past.
20.years.. (Based.on.data. from.P..P..Gelsinger..2001..Microprocessors. for. the.new.millen-
nium:.Challenges,.opportunities,.and.new.frontiers..Solid-State Circuits Conference, Digest 
of Technical Papers, ISSCC, 2001 IEEE International,.22.and.from.P..P..Gelsinger’s.lecture.
”The.Era.of.Tera,”.Intel.Developer.Forum,.San.Francisco,.CA,.Spring.2004.)
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11.2  THERMAL PROPERTIES OF GRAPHENE

Graphene. is. a. single. isolated. layer.of.sp2. hybridized.carbon.atoms.packed. in. the.
form. of. a. honeycomb. lattice.. Graphene. was. isolated. in. its. free. state,. only. a. few.
years.ago,.by.micromechanical.cleavage.of.bulk.graphite.by.Novoselov.et.al..[18,19]..
Graphene.exhibits.many.interesting.physical.properties..This.2-D.material.forms.a.
unique.building.block.for.other.graphitic.materials;.it.can.be.enfolded.into.0-D.large.
fullerenes,.rolled.into.1-D.carbon.nanotubes,.or.can.also.be.stacked.up.to.form.3-D.
bulk.graphite..Figure 11.2.shows.a.unit.cell.of.graphene.

Graphene.has.a.rather.unusual.energy.dispersion.relation;.the.low-lying.electrons.
in.single-layer.graphene.behave. like.massless.relativistic.Dirac.fermions.[19].This.
gives.rise.to.unique.phenomena.such.as.quantum.spin.Hall.effect.[20–22],.enhanced.
Coulomb.interaction.[22–24],.suppression.of.the.weak.localization.[19],.and.devia-
tion. from. the. adiabatic. Born-Oppenheimer. approximation. [25].. Graphene. also.
has. an. extraordinarily. high. room. temperature. (RT). carrier. mobility. exceeding.
15,000.cm2V−1s−1.and.the.electric.field.effect.is.tunable.with.either.electrons.or.holes.
as.charger.carriers.with.a.concentration.of.~1013.cm−2.[18,26]..In.addition,.conduc-
tance.quantization.possibilities.of.inducing.a.band.gap.through.lateral.quantum.con-
finement. effects. [24,26]. and. prospects. of. epitaxial. growth. [27]. make. graphene. a.
promising.material.for.future.electronic.circuits.

There. have. been. theoretical. suggestions. that. graphene. has. an. unusually. high.
thermal. conductivity.. Ballistic. thermal. conductance. of. a. two-dimensional. system.
was.calculated.directly.by.using.the.dispersion.relations.of.electrons.and.phonons,.
and.this.method.was.applied.to.graphene..Dependence.of.thermal.conductance.on.
temperature.and.Fermi.energy.was.studied.by.Saito.et.al..[28]..Peres.and.team.have.
used. a. semiclassical. approach. and. experimental. data. to. study. the. dependence. of.
thermal.conductivity,.K,.and.thermo-power.of.doped.graphene.on.electron.density.
[29].. Mingo. et. al.. calculated. quantum. mechanical. ballistic. thermal. conductivity.
for.carbon.nanotubes. (CNTs),.graphene,.and.graphite. [30]..However,.before.2008.
there.was.no.experimental.measurement.reported.to.support.the.claim.of.these.theo-
retical.works..In.order.to.understand.the.unique.thermal.properties.of.graphene,.it.
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FIGURE 11.2 Unit.cell.of.graphene. lattice. in. (a). real.and. (b). reciprocal. space.shown.as.
dotted.rhombus..The.shaded.hexagon.is.(a). the.Wigner.Seitz.cell. in.real.space.and.(b). the.
Brillouin.zone.of.graphene.in.reciprocal.space.
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would.be.useful.to.start.with.a.review.of.thermal.transport.in.graphite.and.CNTs,.
which.are.essentially.precursors.to.graphene.in.terms.of.advancement.in.research.of.
.carbon-based.materials.

11.2.1   therMal properties of Graphite and carbon nanotubes

In-plane.graphite.has.been.known. to.have.one.of. the.highest. thermal.conductivi-
ties.(2000.W/mK).among.carbon-based.materials.for.a.long.time.[31]..Researchers.
have.also.investigated.c-axis.thermal.conductivity.of.graphite.using.the.Debye.model.
[32,33].. These. values. are. up. to. two-orders. of. magnitude. smaller. than. the. values.
extracted.for.graphite.basal.planes..The.calculations.were.done.assuming.that.graph-
ite. consists. of. a. few. monolayers;. defect. and. boundary. scattering. were. not. taken.
into.consideration.

After. discovery. of. CNTs,. which. are. unique. one-dimensional. forms. of. carbon.
[34],.there.were.suggestions.that.this.material.would.have.thermal.conductivity.even.
higher.than.crystal.graphite.[35]..Theoretical.studies.of.thermal.conductivity.of.infi-
nitely.long.nanotubes.have.yielded.high.values.comparable.to.or.higher.than.those.
of. graphite. [36].. Single-walled. carbon. nanotubes. (SWCNT). grown. in. crystalline.
bundles.were.studied.by.Hone.et.al..[37]..The.tubes.were.a.few.microns.in.length.
with.a.diameter.around.1.4.nm..Room.temperature.(RT).values.of.K for.a.single.rope.
of.CNTs.were.found.to.be.1750–5800.W/mK..Though.graphite.and.CNTs.are.both.
made.of.graphene.sheets,.in.the.case.of.highly.ordered.pyrolytic.graphite.(HOPG),.
the.ab-plane.thermal.conductivity,.dominated.by.acoustic.phonons,.varies.as.T 2−3.up.
to.around.150.K..At.higher.temperatures,.the.3-phonon.Umklapp.scattering.process.
causes.K. to.decrease.with.an. increase. in. temperature,.T.. Interplanar.vibrations. in.
graphite.give.rise.to.extra.phonon.modes,.which.are.absent.in.a.single.nanotube..The.
tubular.shape.of.CNTs.affects.the.phonon.spectrum.and.scattering.times.significantly.
[38]..Thermal.conductivity.and.thermoelectric.power.of.an.isolated.multiwalled.CNT.
(MWCNT).were.measured.and.the.value.of.K.was.found.to.be.~3000.W/mK.around.
RT.[39]..The.measured.thermoelectric.power.shows.a.linear.temperature.dependence.
with.a.value.of.80.μV/K at. room.temperature..This.was.subsequently.followed.by.
thermal.conductance.analysis.of.a.suspended.metallic.SWCNT.of.1.7.nm.diameter.
and.K.was.found.to.be.3500.W/mK.at.RT.[40]..Recent.work.by.Aliev.et.al..[41].shows.
that. the.K.value.for.a.single.MWCNT.is.600±100.W/mK.,.bundled.MWCNT.has.
150.W/mK,.and. that.of.an.aligned,. free-standing.MWCNT.sheet. is.50.W/mK..A.
self-heating,.3-ω.technique.was.used.for.this.purpose,.and.this.gradual.decrease.in.
K.was.attributed.to.the.quenching.of.phonon.modes.in.CNTs..A.theoretical.work.by.
Berber.et.al. [42].uses.molecular.dynamic.(MD).simulations.to.determine.thermal.
conductivity.of.an.isolated.nanotube.at.room.temperature.and.indicates.an.extremely.
high.value,.K ≈.6600.W/mK..The.same.calculations.suggested.that.the.thermal.con-
ductivity.of.graphene,.a.single.planar.layer.of.carbon.atoms,.would.be.even.higher.

11.2.2   therMal conductivity of Graphene

In. spite. of. the. importance. of. the. knowledge. of. thermal. conduction. in. graphene.
and. theoretical. predictions. of. a. very. high. thermal. conductivity,. there. were. no.
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experimental.studies.on.this.subject.prior.to.the.pioneering.work.at.the.University.
of.California-Riverside..This.is.explained.by.the.fact.that.conventional.techniques.
like.3-ω,. laser.flash,. thermal.bridge,.or. transient.plane. source. techniques.are.not.
well.suited.for.single-layer.graphene..In.2007,.through.direct.measurements,.it.was.
discovered.experimentally.that.graphene.indeed.reveals.an.extremely.high.thermal.
conductivity.[43,44]..The.measurements.by.Balandin.et.al..[43].and.Ghosh.et.al..[44].
were.performed.using.Raman.spectroscopy,.where.the.local.temperature.rise.due.to.
the.laser.heating.was.determined.through.independently.measured.temperature.coef-
ficients.of.the.peaks.in.the.graphene.Raman.spectrum.[45,46]..It.was.found.that.the.
near-RT.thermal.conductivity.of.partially.suspended.single-layer.graphene.(SLG).is.
in.the.range.of.K.~.3000.–.5300.W/mK.depending.on.the.graphene.flake.size..These.
experiments.motivated.theoretical.work.on.the.subject..Nika.et.al..[47].performed.a.
detailed.numerical.study.of.the.thermal.conductivity.of.graphene.using.the.phonon.
dispersion. obtained. from. the. valence. force. field. (VFF). method,. and. treating. the.
three-phonon.Umklapp.scattering.directly.considering.all.phonon.relaxation.chan-
nels.allowed.in.graphene’s.2-D.Brillouin.zone.(BZ).[47]..The.authors.also.proposed.
a.simple.model.for.the.lattice.thermal.conductivity.of.graphene.[48].showing.that.the.
Umklapp-limited.thermal.conductivity.of.graphene.increases.with.the.linear.dimen-
sions.of.graphene.flakes..The.results.are.in.agreement.with.experimental.data.from.
Balandin. et. al.. [43]. and.Ghosh.et. al.. [44]..This. experimental. technique.was. then.
extended.to.few-layer.graphene.(FLG).by.Ghosh.et.al..[49],.which.allowed.the.study.
of.dimensional.crossover.of.thermal.transport..It.was.shown.that.as.the.number.of.
atomic.planes.increases.from.2.to.4,. thermal.conductivity.changes.from.~2800.to.
~1300.W/mK,.approaching.bulk.graphite.limit.

Reports.of.the.initial.experimental.and.theoretical.studies.of.thermal.conduction.
in.graphene.stimulated.several.other.interesting.research.studies.in.this.field..Jiang.
et.al..[50].calculated.the.thermal.conductance.of.graphene.in.the.pure.ballistic.limit.
obtaining.a.very.high.value,.which.is.expected.for.the.ballistic.regime.when.no.scat-
tering.is.present..Jauregui.et.al..[51].reported.thermal.conduction.in.chemical.vapor.
deposition.(CVD)–grown.graphene.samples.both.suspended.and.SiO2/Si.substrate-
supported..The.measurement.technique.was.a.combination.of.Raman.spectroscopy.
for. thermometry. and. electrical. transport. for. Joule’s. heating. so. that. both. thermal.
conductivity. and. graphene–substrate. interface. thermal. resistance. could. be. calcu-
lated..The.thermal.conductivity.of.suspended.graphene.was.1500–5000.W/mK..As.
a.comparison,.using.thermal.coefficients.from.Calizo.et.al..[45,46].provided.similar.
results.in.the.range.of.~1500–4000.W/mK..A.couple.of.very.important.results.were.
reported.by.Cai.et.al.. [52].and.Chen.et.al.. [53].on. thermal.conductivity.values.of.
CVD-grown.suspended.and.supported.monolayer.graphene.samples..For.supported.
graphene,. the.RT.thermal.conductivity.was.370.+.650/−320.W/mK..For.graphene.
suspended.over.a.3.8-μm-diameter.hole,.K decreases.from.2500.±.1100.W/mK.at.
350.K.to.1400.±.500.W/mK.at.500.K..Figure 11.3.shows.these.thermal.conductivity.
values.as.compared.to.previously.reported.values.of.basal.planes.of.pyrolytic.graph-
ite.[54,55]..

Although.these.values.were.slightly.less.than.the.previous.K.values.[43,44],.the.
error. is. comparable. to. uncertainties. caused. by. Raman. measurements. and. optical.
absorption..The.K.of.graphene.is.still.higher.than.that.of.pyrolytic.graphite..Another.
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research.group. that. repeated. the.measurements.using. the.micro-Raman. spectro.s-
copy-based.technique.found.thermal.conductivity.of.630.W/mK.for.suspended.gra-
phene.at.T.≈.600.K.[56]..Although.the.measurements.were.conducted.at.ambient,.the.
graphene.membrane.was.heated.to.T.=.660.K.in.the.center.and.above.~500.K.over.
most.of.its.area..Since.the.thermal.conductivity.decreases.with.temperature.due.to.
Umklapp.phonon.scattering,.this.fact.can.explain.the.difference.with.Balandin.et.al..
[43].and.Ghosh.et.al..[44],.which.reported.thermal.conductivity.near.room.tempera-
ture..Differences. in.strain.distribution.in. the.suspended.graphene.of.various.sizes.
and.geometries.may.also.affect.the.results..In.another.work.by.Seol.et.al..[57],.exper-
imental.observations. suggest. that.K.of. single-layer.graphene.exfoliated.on.a.SiO2.
support.is.~600.W/mK,.which.is.still.high.as.compared.to.metals.such.as.copper..
This.value.is.lower.than.that.of.freely.suspended.graphene.owing.to.phonon.leakage.
across.the.graphene–substrate.interface.and.strong.interface.scattering.of.the.phonon.
modes..A.study.of.heat.flow.across.Au/Ti/graphene/SiO2.interfaces.shows.that.ther-
mal.conductance.is.~25.MWm−2K−1.at.RT,.which.is.almost.4.times.less.as.compared.
to.Au/Ti/SiO2.interface.[58]..This.shows.that.heat.conduction.across.metal/graphene/
oxide.interfaces.is.restricted.by.a.finite.phonon.transmission.across.metal.and.gra-
phene..For.effective.use.of.graphene.as.a.thermal.management.material.in.devices,.

4000

3500

3000

2500

�
er

m
al

 C
on

du
ct

iv
ity

 (W
/m

 K
)

2000

1500

1000

500

0
0 100 200 300 400

Temperature (K)
500 600 700 800

50X
100X
PG-Hooker
PG24-Slack
PG-Taylor

FIGURE 11.3 Thermal. conductivity. of. the. suspended. CVD. graphene. measured. using.
the.100X.and.50X.objective.lens.as.a.function.of.the.measured.graphene.temperature..Also.
shown.in.comparison.are.the.literature.thermal.conductivity.data.of.pyrolytic.graphite.sam-
ples.as.a.function.of.temperature.[54,.55]..(From.Cai,.W.,.A..L..Moore,.Y..Zhu,.X..Li,.S..Chen,.
L..Shi,.and.R..S..Ruoff..2010,.Thermal.transport.in.suspended.and.supported.monolayer.gra-
phene.grown.by.chemical.vapor.deposition. Nano Letters, 10:1645–1651..©.2010.American.
Chemical.Society..With.permission.)
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it.is.important.to.choose.metals.with.high.Debye.temperatures.for.a.better.energy.
match.between.the.phonon.modes.in.the.graphene.and.the.metals.

11.2.2.1  Thermal Conductivity of Graphene Nanoribbons
With.increasing.interest.in.thermal.conductivity.studies.in.graphene,.there.was.also.a.
parallel.interest.in.graphene.nanoribbons.(GNRs)..These.are.graphene.strips.of.width.
<20.nm..GNRs.are.similar.to.CNTs.yet.have.a.much.simpler.fabrication.process.[59]..
Lan.et.al..[60].determined.the.thermal.conductivity.of.graphene.nanoribbons.com-
bining.the.tight-binding.approach.and.the.phonon.nonequilibrium.Green’s.function.
method..The.authors.found.a.thermal.conductivity.of.K.=.3410.W/mK.[60],.which.is.
clearly.above.the.bulk.graphite.limit.of.2000.W/mK.and.in.agreement.with.the.first.
experiments.[43,44]..A.strong.edge.effect.was.also.revealed.by.the.numerical.data..
Murali.et.al..[61].found.experimentally.that.for.20-nm-wide.graphene.nanoribbons,.
the.value.of.K.was.~1000.W/mK..The.value.is.less.than.those.reported.for.SLG.[42,43].
because.the.nanoribbons.are.a.few.nm.wide.whereas.the.SLG.was.~20.μm.in.size..
This.shows.that.K.is.indeed.dependent.on.flake.size.as.was.reported.earlier.[47,48]..
Another.group.reported.calculation.of.K ~2000.W/mK.for.symmetric.GNRs.using.
MD.studies.[62]..Nanoribbons.with.zigzag.edges.had.larger.K.than.those.with.arm-
chair.edges,.and.thermal.rectification.was.observed.for.asymmetric.nanoribbons..A.
strong.dependence.of.thermal.conductivity.of.GNR.on.shapes.and.edges.was.reported.
by.Guo.et. al.. [63],. similar. to. the. size.dependence. reported.by.Nika.et. al.. [47,48],.
though.the.absolute.values.in.this.case.were.much.smaller.at.~400–500.W/mK.due.
to. the.smaller. size.of. the.structure..Tensile.uniaxial. strain.was. found. to.distinctly.
reduce.the.thermal.conductivity.of.GNRs..These.works.were.followed.by.a.few.more.
on.GNR.thermal.conductance..Equilibrium.MD.simulations.were.used.to.compare.
thermal.conductivity.of.GNRs.with.smooth.and.rough.edges.[64]..Figure 11.4.shows.
K.data.for.different.types.of.GNRs.

The.smooth.edges.led.to.much.higher.K.values.than.rough.edges;.also,.in.case.of.
the.latter,.thermal.conductivity.was.strongly.dependent.on.the.width..While.smooth-
edged.GNRs.of.~20.Å.width.without.H-termination.showed.K ~.3000.W/mK;.the.
GNRs.with.rough.edges.with.similar.attributes.had.K ~.500.W/mK.

11.2.3   therMoelectric properties of Graphene

Thermoelectric. power. (TEP). has. always. been. a. very. powerful. tool. for. prob-
ing. transport. mechanisms. in.metals. and. semiconductors.. Often. the.measurement.
of. conductivity. (or. resistivity). might. not. be. sufficient. to. distinguish. among. vari-
ous.scattering.mechanisms,.but.the.TEP.can.be.used.to.probe.transport.properties.
since. it.also.provides.corresponding.knowledge.about. resistivity..At. low.tempera-
ture,.the.thermo.power.is.inversely.proportional.to.the.impurity.potential.and.density..
The.thermo.power.can.provide.important. information.about. impurity.scattering.in.
graphene.[65]..This.can.be.either.measured.directly.or.extracted.via.application.of.
Mott’s.relation.to.graphene..The.latter.can.also.be.used.to.analyze.charge.conductiv-
ity..There.has.been.other.theoretical.investigation.of.the.thermoelectric.properties.
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of.graphene.[66]..The.TEP.is.extremely.sensitive.to.the.particle–hole.asymmetry.of.
a.system.and.hence.it.helps.in.understanding.the.electronic.transport.[67]..A.recent.
work. by. Zuev. et. al.. [68]. reports. measurement. of. both. the. conductance. and. TEP.
of. graphene. using. a. microfabricated. heater. with. thermometer. electrodes.. As. the.
majority.carrier.density.switches.from.electron.to.hole,.the.TEP.changes.from.posi-
tive.to.negative.across.the.charge.neutrality.point.(CNP)..This.is.clearly.shown.in.
Figure 11.5.where.the.electrical.conductivity.and.TEP.are.measured.as.a.function.
of.applied.gate.voltage.over.a.temperature.range.of.10–300.K..For.the.device.under.
consideration,.the.electrical.conductivity.reaches.a.minimum.value.at.the.CNP..At.
~300.K,.the.TEP.reaches.around.80.μV/K.

Graphene’s.carrier.density–dependent.thermoelectric.coefficient.TEP.scales.lin-
early.with.temperature..Under.the.application.of.high.magnetic.field,.in.the.quan-
tum.Hall.regime,.all.the.TEP-tensor.components.are.quantized.in.nature,.but.there.
were. strong. deviations. from. the. Mott’s. relation. in. the. CNP.. Similar. results. were.
reported.by.Wei.et. al.. [69]..This. involved.a. study.of. thermoelectric.properties.of.
graphene.under.zero.and.applied.magnetic.fields..The.Seebeck.coefficient.was.found.
to.diverge.and.vary.inversely.with.the.square.root.of.carrier.density..Experimental.
observations.showed.a.very.large.Nernst.signal.of.50.μV/K.at.the.Dirac.point.when.
a.magnetic.field.of.8T.was.applied..These.features.can.be.mostly.attributed.to.the.
massless.particles.in.graphene..These.reports.were.followed.by.experimental.work.
of.Checkelsky.and.Ong.[70]..The.authors.aimed.to.elucidate.the.anomalous.nature.
of. the. off-diagonal. thermoelectric. conductivity. peak. near. the. Dirac. point.. In. the.
thermoelectric.response.of.a.quantum.Hall.regime,.the.thermopower.displays.a.large.
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FIGURE 11.4 Comparison. of. computed. thermal. conductivity. for. armchair. and. zigzag.
GNRs.with.smooth,.rough,.and.H-terminated.edges.as.a.function.of.ribbon.width..Armchair.
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J.,.L..Hu,.and.P..Keblinski..2010..Thermal.conductivity.of.graphene.ribbons.from.equilib-
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Applied Physics Letters, 96:203103..©.2010.American.Institute.of.Physics..With.permission.)
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peak.at.each.Landau.level.index.n ≠.0.and.at.n.=.0,.and.the.peak.of.the.thermoelectric.
conductivity.is.anomalously.narrow.by.a.factor.~4.as.compared.to.its.neighbors..The.
peak.magnitude.is.almost.equal.in.each.case,.but.the.area.enclosed.under.the.curve.
is.anomalously.small..Also,.a.work.by.Wang.et.al..[71].addressed.the.same.issue.in.
the. case.of.bilayer.graphene..Electric. and. thermoelectric. transport.measurements.
were.performed.in.a.magnetic.field.up.to.15T..Mott’s.relation.fails.near.the.CNP.as.
in.single-layer.graphene..There.was.also.anomalous.behavior.of.the.transverse.ther-
moelectric.conductivity.and.Seebeck.coefficient.near.the.CNP.and.the.semiclassical.
theory.cannot.explain.this.phenomenon.satisfactorily..This.possibly.implies.the.exis-
tence.of.a.unique.phase.of.counter-propagating.edge.channels.with.opposite.spins.
in.the.spin-polarized.quantum.Hall.regime..This.promises.potential.application.in.
spin-electronics.. Based. on. the. experimental. works. described. previously. [68–70],.
there.was.an.interesting.theoretical.calculation.of.graphene.thermopower.taking.into.
account.the.energy.dependence.of.various.transport.scattering.times.[72]..The.cal-
culations.were.in.agreement.with.the.experimental.thermopower.data.and.showed.
that.the.main.scattering.mechanism.in.graphene.layers.is.screened.Coulomb.scatter-
ing.by.charged.impurities..The.sign.change.of.the.thermopower.in.the.low-density.
regime,.near.the.Dirac.point,.was.explained.using.effective-medium.theory.
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11.3  THERMAL CONDUCTION IN SUSPENDED 
LAYERS OF GRAPHENE

The. first. experimental. investigations. of. thermal. conduction. in. graphene. were.
reported.by.Balandin.et.al..[43].and.Ghosh.et.al..[44]..In.this.section.we.review.our.
experimental.and.theoretical.results.pertinent. to. thermal.conduction.in.suspended.
graphene. layers..The. term. suspended. is. used. to. emphasize. that. the. experimental.
results.were.achieved. for.partially. suspended.graphene.flakes.not.covered.by.any.
cap.or.insulating.layer,.which.might.have.reduced.the.heat.conduction.through.gra-
phene..In. the. theoretical.sense,. the. term.suspended.indicates. that. the. theory.does.
not.include.any.graphene–substrate.interaction,.for.example,.the.derivation.is.per-
formed.for.graphene.in.free.space..In.Sections.11.3.1.and.11.3.2,.the.experimental.
setup.and.the.data.extraction.procedure.are.explained.in.detail.along.with.a.physi-
cal.interpretation.of.the.heat.conduction.in.graphene..This.is.followed.by.a.formal.
theory.in.Section.11.3.3,.which.is.an.intricate.approach.for.treating.the.three-pho-
non.Umklapp.processes.in.graphene.accurately..A.comparatively.simple.theoretical.
model.is.described.in.Section.11.3.4,.which.helps.in.explaining.the.higher.values.of.
thermal.conductivity. in. suspended.graphene.as.compared. to.basal.planes.of.bulk.
graphite..This.model.can.also.be.used.for.quick.estimates.of.the.thermal.conductivity.
in.graphene.flakes.of.different.sizes..The.thermal.conduction.in.few-layer.graphene.
is.explained.in.Section.11.3.5.

11.3.1   experiMental investiGation of heat conduction in Graphene

In.order.to.measure.the.thermal.conductivity.of.suspended.graphene.layers,.a.unique.
noncontact.optical.approach.was.developed.based.on.Raman.spectroscopy.. It.was.
already. known. that. graphene. has. distinctive. signatures. in. Raman. spectra. with. a.
clear.G.peak.and.2D.band.[73,74]..Moreover,.it.was.also.found.that.the.G peak.of.gra-
phene’s.Raman.spectra.exhibits.strong.temperature.dependence.[45,46]..The.latter.
means.that.the.shift.in.the.position.of.the.G.peak.in.response.to.laser.heating.can.be.
used.for.measuring.the.local.temperature.rise..The.correlation.between.the.tempera-
ture.rise.and.the.amount.of.power.dissipated.in.graphene,.for.the.sample.with.given.
geometry.and.proper.heat.sinks,.can.provide.the.value.of.the.thermal.conductivity.K..
The.schematic.for.the.experiment.is.shown.in.Figure 11.6.

Even.a.small.amount.of.power.dissipated.in.single-layer.graphene.(SLG).can.be.
sufficient.for.inducing.a.measurable.shift.in.the.G.peak.position.due.to.the.extremely.
small. thickness.of. the.material—one.atomic.layer..The.suspended.portion.of.gra-
phene.served.several.essential.functions:.(1).accurately.determining.the.amount.of.
power.absorbed.by.graphene.through.the.calibration.procedure,.(2).forming.a.two-
dimensional.in-plane.heat.front.propagating.toward.the.heat.sinks,.and.(3).reducing.
the. thermal.coupling.to. the.substrate. through.the. increased.micro-.and.nanoscale.
corrugations.as.seen.in.Figure 11.7.

The.thermal.coupling.between.the.graphene.and.Si.substrate.is.small.due.to.very.
low.thermal.conductivity.of.the.oxide.(~1.W/mK).and.large.thermal.interface.resis-
tance. of. the. partially. suspended. flake.. Microscale. and. nanoscale. corrugations. of.
partially.suspended.graphene.reduce.the.thermal.coupling..As.a.result,.the.heat.wave.
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generated. over. the. suspended. portion. of. graphene. continues. to. propagate. all. the.
way.to.the.heat.sink..From.the.available.excitation.wavelengths,.488-nm.laser.light.
was.chosen.for.this.experiment..The.shorter.excitation.wavelength.in.the.ultraviolet.
range.(e.g.,.325.nm).is.strongly.absorbed.and.good.for.heating.the.sample.surface.
but.it.does.not.provide.clear.Raman.signatures.for.graphene..The.longer.wavelength.

Suspended
Graphene

Focused laser light

Silicon oxide

Silicon wafer

Heat sink

FIGURE 11.6 Schematic.of.the.experimental.setup.with.the.excitation.laser.light.focused.on.
graphene.suspended.across.a.trench.in.Si.wafer..Laser.power.absorbed.in.graphene.induces.a.
local.hot.spot.and.generates.heat.wave.propagating.toward.the.heat.sinks.

Suspended single layer
graphene

Laser light
Graphitic heat sink

Heat wave
in propagation

Trench
3 µm

Silicon substrate

Silicon oxide Silicon oxide

30
0 

nm

FIGURE 11.7 Illustration.of.the.micro-.and.nanoscale.corrugation.formed.in.the.suspended.
flake,.which.further.reduces.the.thermal.coupling.to.the.substrate..The.depicted.experimen-
tal.technique.allows.one.for.the.steady-state.non-contact.direct.measurement.of.the.thermal.
conductivity..(Adapted.from.Ghosh,.S.,.D..L..Nika,.E..P..Pokatilov,.and.A..A..Balandin..2009..
Heat.conduction.in.graphene:.Experimental.study.and.theoretical.interpretation..New Journal 
of Physics, 11:095012.)
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(e.g.,.633.nm).excites.informative.scattering.spectra.from.graphene.but.does.not.pro-
duce.local.heating.as.efficiently.as.488-nm.laser.light.

The.first.step.in.the.measurements.was.determining.the.temperature.coefficient.
χG.for.the.G.peak..To.accomplish.this.task,.the.laser.excitation.power.was.kept.at.
a.minimal.level.and.the.temperature.of.the.graphene.flake.was.changed.externally.
through.the.hot–cold.cell.[45,46]..After.the.change.in.the.temperature.∆T has.been.
correlated.with.the.change.in.the.∆ω peak.position,.the.micro-Raman.spectrometer.
can.be.used.as.a.thermometer..During.the.measurement.of.the.thermal.conductiv-
ity,.the.excitation.power.is.intentionally.increased.to.induce.local.heating..The.local.
temperature.rise.is.determined.through.the.expression.∆T.=.∆ωG /χG..It.is.important.
to.mention.here.that.the.measurement.technique.is.steady.state..Each.data.point.in.
the.thermal.conductivity.measurement,.that.is,.recording.the.G.peak.position.as.a.
function.of.the.excitation.power,.takes.sufficient.time.(several.minutes).for.achiev-
ing.the.steady.state..The.energy.deposited.by.the.laser.light.to.the.electron.gas.in.
graphene.is.being.transferred.to.phonons.very.fast..The.time.constant.for.the.energy.
transfer.from.the.electrons.to.acoustic.phonons.in.graphene.is.on.the.order.of.several.
picoseconds.[75–77]..Thus,.for.the.large.graphene.flakes.utilized.in.our.experiments.
(tens.of.microns),.the.changes.in.the.induced.hot.spot.due.to.the.finite.thermalization.
time.are.small.and.can.be.neglected..From.the.other.side,.our.measurement.time.was.
small.compared.to.hours,.which.are.required.in.order.to.induce.damage.or.surface.
modification.in.graphene.by.laser.light.[78].

The.long.graphene.flakes.for.these.measurements.were.produced.using.the.stan-
dard.technique.of.mechanical.exfoliation.of.bulk.Kish.and.highly.oriented.pyrolytic.
graphite.(HOPG).[18,19]..The.trenches.were.fabricated.using.reactive.ion.etching..
The.width.of.these.trenches.ranged.from.1.μm.to.5.μm.with.the.nominal.depth.of.
300.nm.. In. the.first. set.of.measurements.we.selected.graphene.flakes.of.approxi-
mately.rectangular.shape.connected.to.large.graphitic.pieces,.which.acted.as.heat.
sinks..The.rectangular.shape.was.selected.in.order.to.use.a.simple.data.extraction.
procedure.based.on. the.one-dimensional.heat.diffusion.equation..These.graphitic.
pieces.were.at.a.distance.of.a.few.micrometers.from.the.trench.edges.to.ensure.that.
the.transport.was.at.least.partially.diffusive.and.the.phonon.mean.free.path.is.not.
limited.just.by.the.length.of.the.flake..In.the.later.measurements.we.utilized.well-
defined.massive.metal.heat.sinks.and.an.elaborate.procedure.for.thermal.conductivity.
extraction.based.on.the.numerical.solution.of.the.heat.diffusion.equation..The.single-
layer.graphene.flakes.were.selected.using.micro.Raman.spectroscopy.by.checking.
the.intensity.ratio.of.the.G.and.2D.peaks.and.by.2D.band.deconvolution.[73,74]..The.
combination.of.these.two.Raman.techniques.with.atomic.force.microscopy.(AFM).
and.scanning.electron.microscopy.(SEM).allowed.us.to.verify.the.number.of.atomic.
planes.and.flake.uniformity.with.a.high.degree.of.accuracy.

For. the.plane-wave.heat. front.propagating. in. two.opposite.directions. from. the.
middle. of. the. SLG,. the. expression. for. K. can. also. be. written. as. K. =. (L/2aGW)
(ΔPG /ΔTG),.where.L is. the.distance.from.the.middle.of. the.suspended.SLG.to. the.
heat.sink,.W is.the.width,.and.aG is.the.thickness.of.the.flake..Here,.∆TG.is.the.change.
in.the.temperature.in.the.suspended.portion.of.graphene.flake.due.to.the.change.in.
the. power. ∆PG. dissipated. in. graphene.. Finally,. using. the. temperature. coefficient,.
χG.the.thermal.conductivity.can.be.determined.as
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. K L a W PG G G= −( ) ( )/ /2 1χ ω .. (11.1)

The.increase.in.the.excitation.power.led.to.the.increase.in.the.intensity.count.and.
red.shift.of. the.G mode.peak..The.G peak.position.dependence.on. the.dissipated.
power.for.a.high-quality.suspended.SLG.is.shown.in.Figure 11.8..The.red.shift.indi-
cates.a.rise.in.the.local.temperature.in.the.middle.of.the.suspended.graphene..The.
extracted.slope.is.Δω/ΔPG.≈.–.1.29.cm−1/mW.

11.3.2   data extraction and power calibration

The.challenge.in.the.measurement.of. the.thermal.conductivity.with.the.described.
optical.technique.is.in.accurately.determining.the.power.absorbed.in.the.graphene..
Only.a.fraction.PG.of.the.laser.light.focused.on.the.graphene.flake.will.actually.be.
dissipated.in.the.graphene..Most.of.the.light.will.be.reflected.after.the.light.travels.
through.the.flake.to. the. trench.bottom.and.is.reflected.back..The.power,.which.is.
measured.by.the.detector.placed.at.the.position.of.the.flake,.is.the.total.power.PD,.
part.of.which.goes.into.the.graphene.flake.after.two.transmissions.(incident.pass.and.
reflected.pass).and.the.rest.is.lost.in.the.silicon.wafer.PSi..It.is.now.known.that.the.
fraction.of.the.power.absorbed.by.graphene.is.2.3%.per.layer.for.light.wavelength.λ.>.
500.nm..Our.measurements.were.performed.at.a.smaller.wavelength.(λ.=.488.nm).
where. the.absorption. is.enhanced.[79,80,81]..Thus,. it.was. important. to.determine.
the.absorbed.power.in.the.specific.conditions.of.our.experiment..The.power.PG.has.
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FIGURE 11.8 Shift. in. G. peak. spectral. position. with. change. in. total. dissipated. power..
The. spectra. are. excited. at. 488. nm. and. recorded. at. room. temperature. in. the. backscatter-
ing.configuration.
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been.measured.through.the.calibration.procedure.with.the.bulk.graphite.serving.as.a.
reference.as.in.Figure 11.9..It.is.based.on.a.comparison.of.the.experimentally.deter-
mined.integrated.Raman.intensity.for.the.G.peak.from.the.single-layer.graphene.and.
bulk.graphite.[44]..Following.is.a.derivation.of. the.calibration.formula.for.single-
layer.graphene.

In.order.to.determine.the.fraction.of.light.power.absorbed.in.graphene,.we.closely.
follow.the.work.reported.by.Ghosh.et.al..[44,82]..The.intensity.of.Raman.scattering.
in.graphene.is.given.by

. I N IG G= σ 0 ,.. .(11.2)

where.N is.the.number.of.scattering.atoms.on.the.illuminated.surface.of.the.cross.
section.A,.I0.is.the.laser.intensity,.and.σG.is.the.Raman.scattering.cross.section..The.
total.power.absorbed.in.graphene.can.be.written.as

. P a R I AG G G Si o= +α ( ) .1 .. .(11.3)

Here,.RSi. is. the. reflection.coefficient.of.silicon,.aG. is. the. thickness.of. the.SLG,.and.
αG. is. the. absorption. coefficient. of. graphene.. We. take. into. account. the. power. that.
is.reflected.from.the.Si.trench.and.absorbed.by.the.suspended.portion.of.graphene..The.
reflection.from.the.SLG.is.assumed.to.be.negligible..Expressing.I0.through.PG.we.have

 I0.=.
P

a R A
G

G G Siα ( )1+
.. .(11.4)

Plugging.Equation.(11.4).into.Equation.(11.2).we.obtain.the.following.expression.
for.the.integrated.intensity.of.Raman.light.reflected.from.graphene:

(a) (b) (c)

PG
∆IG ∆IBULK

PD

FIGURE 11.9 Illustration.of. the.measurement.and.calibration.procedure.for.power.dissi-
pation.in.SLG..(a).Integrated.Raman.intensity.is.related.to.the.power.absorbed.in.graphene.
through.the.scattering.cross.section.and.absorption.coefficient..(b).Detector.is.placed.at.the.
sample.location.to.measure.the.power.at.the.surface..(c).Bulk.graphite.is.used.as.reference.for.
the.calibration.procedure..The.power.absorbed.in.graphene.is.determined.through.the.ratio.of.
the.integrated.Raman.intensities.of.graphene.and.bulk.graphite..(From.Ghosh,.S.,.D..L..Nika,.
E..P..Pokatilov,.and.A..A..Balandin..2009..Heat.conduction.in.graphene:.Experimental.study.
and.theoretical.interpretation..New Journal of Physics, 11:095012..©.2009.IOP.Publishing.
Limited..With.permission.)
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... .(11.5)

Let.us.now.consider.the.light.absorption.and.Raman.scattering.in.bulk.graphite..
Highly.oriented.crystalline.graphite.consists.of.atomic.planes.of.graphene,.which.are.
bound.by.the.weak.Van.der.Waals.interaction..For.light.with.energy.above.0.5.eV,.
graphite.behaves.essentially.as.a.collection.of.independent.graphene.layers.[81]..It.
is.also.confirmed.by.the.results.of.measurements.of.the.light.absorption.in.graphene.
multilayers,.which.proved.that.for.a.wide.range.of.wavelengths,.the.absorption.is.con-
stant.per.atomic.layer.[79,80]..In.the.analysis.we.take.into.account.that.the.absorption.
coefficient.and.Raman.scattering.cross. section.defined.per. layer.are. the.same. for.
graphene.and.for. the.single.atomic.plane. in.bulk.graphite..The. integrated.Raman.
scattered.intensity.from.bulk.graphite.(or.HOPG).is.obtained.by.summation.over.all.
the.n.atomic.planes.stacked.together,.that.is,

. I N I eH H
a n

n

H H= −

=

∞

∑σ α
0

2

1

. (11.6)

where. αH. is. the. absorption. coefficient. and. aH. is. the. thickness. of. each. layer.. The.
details.of.this.derivation.can.be.found.in.Ghosh.et.al..[82]..This.leads.to.

. I N
a

IH
H

H H

=
σ
α2

0 .

Taking.into.account.that.a.part.of.the.incident.power.is.reflected.from.graphite.and.
does.not.contribute.to.the.Raman.scattered.intensity,.one.obtains

. I N A a P RH H H H D H= −( )( )( ) ( )1 2 1/ / /σ α ... .(11.7)

Combining. Equations. (11.5). and. (11.7). and. introducing. the. ratio. = I IG H/ ,.
which.has.to.be.determined.experimentally,.we.obtain.the.final.expression.for.the.
power.absorbed.in.graphene:

. P a a R R PG H G G G H H Si H D= + −( )[ ]( )( )σ α σ α/ /2 1 1 .. (11.8)

Equation.(11.8).allowed.measurement.of.the.heating.power.dissipated.in.the.sus-
pended.portion.of.graphene.under.the.specific.conditions.of.the.experiment..The.ratio.
= I IG H/ ,.measured.for.graphene.and.reference.bulk.graphite.for.the.G.peak.and.

the.same.frequency.interval,.stays.nearly.constant.over.the.excitation.power.range.
used.in.the.experiments..The.reflection.coefficients.for.silicon.and.bulk.graphite.are.
tabulated.quantities.but.can.also.be.measured.directly,.while.PD.is.the.actual.read-
ing.of.the.power.detector.taken.at.the.position.of.the.sample..Since.the.microscopic.
in-plane.Raman.cross.sections.and.absorption.coefficients.are.the.same.for.graphene.
and.bulk.graphite,.the.square.bracket.term.in.Equation.(11.8).is.close.to.one.
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With. the. calibration.procedure. in.place. for. converting.PD. to.PG,. the.measure-
ment.of.the.thermal.conductivity.of.suspended.graphene.reduces.to.measuring.the.
Raman.shift.∆ωG.as.the.function.of.the.heating.power.PD.determined.by.the.detec-
tor..The.measured.slope.∆ω/∆PD,.ratio.of.the.integrated.intensities.ζ,.and.the.temper-
ature.coefficient.χG.give.the.value.of.the.thermal.conductivity.of.graphene..Initially,.
the. thermal. data. extraction. was. accomplished. with. the. simple. one-dimensional.
model,. and. later. improved.by.utilizing. the.numeric. solution.of. the.heat.diffusion.
equation.for.a.given.flake.shape..It.has.been.found.that.the.near–RT.thermal.conduc-
tivity.of.the.single-layer.suspended.graphene.is.in.the.range.from.~3000.W/mK.to.
5300.W/mK.depending.on.the.lateral.size.or.width.of.the.graphene.flakes.

11.3.3   theory of heat conduction in Graphene

In.this.section.we.outline.the.theory.of.heat.conduction.in.graphene..The.description.
is.based.on.derivations.of.Nika.et.al..[47]..The.heat.flux.along.a.graphene.atomic.
plane.can.be.calculated.according.to.the.expression.[5,83]

.
� � �

�
� � � � �

�
W v s q q N q q v s q

s q

s s= =∑ ( , ) ( ) ( , ( )) ( ,
,

ω ω )) ( ) ( , )
,s q

s sq n q
�

�
� �∑ ω ω ,. .(11.9)
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�
�

v s q qs( , ) ( )ω .is. the. energy. carried. by. one. phonon,.
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v s q( , ) =. dωs /dq. is. the.

phonon.group.velocity,.and.N q N q n q( , ) ( , ) ( , )ω ω ω
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= +0 .is. the.number.of.phonons.

in.the.flux..Here,.N0.is.the.Bose-Einstein.distribution.function.and.n.=.–τtot( )
�
v T

∂N0 /∂T.is.the.nonequilibrium.part.of.the.phonon.distribution.function.N, where.τtot.
the.total.phonon.relaxation.time.and.T.is.the.absolute.temperature.

Comparing.the.microscopic.expression
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with.the.macroscopic.definition.of.the.thermal.conductivity

. W T hL Lx yα αβ βκ= − ( ) ,. .(11.11)

we.obtain.the.following.expression.for.the.thermal.conductivity.tensor

. κ ταβ α β=
∂∑1

hL L
s q v s q v s q

N

x y
tot

s q

( , ) ( , ) ( , )
,

� � �
�

00( )
( )

ω
ωs
s

T
q

∂
�

�
.. .(11.12)

Here,.Lx.=.d. is. the. sample.width. (graphene.flake.width),.Ly. is. the. sample. length,.
and.h =.0.35.nm.is.the.thickness.of.graphene..The.diagonal.element.of.the.thermal.
conductivity. tensor,. which. corresponds. to. the. phonon. flux. along. the. temperature.
gradient,.is.given.by
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Finally,.making.a.transition.from.the.summation.to.integration.and.taking.into.
account.the.two-dimensional.density.of.phonon.states,.we.obtain.the.expression.for.
the.scalar.thermal.conductivity
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The.detailed.description.of.the.theoretical.formalism.for.the.phonon.heat.conduc-
tion.in.graphene.was.recently.reported.by.some.of.us.elsewhere.[47]..Our.theoretical.
approach. utilized. an. original. phase-diagram technique. to. account. for. all. three-.
phonon.Umklapp.scattering.channels.allowed.by.the.energy.and.momentum.conser-
vation..We.consider.two.types.of.three-phonon.Umklapp.scattering.processes.[83]..
The.first.type.is.the.scattering.when.a.phonon.with.the.wave.vector.

�
q( )ω .absorbs.

another.phonon.from.the.heat.flux.with.the.wave.vector.
�
q ( )ω ,.that.is,.the.phonon.

leaves. the.state.
�
q..For. this. type.of.scattering.process,. the.momentum.and.energy.

conservation.laws.are.written.as
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where.
�
bi ,. i.=.1,.2,.3. is.one.of. the.vectors.of. the.reciprocal. lattice..The.processes.

of. the.second. type.are. those.when. the.phonons.
�
q .of. the.heat.flux.decay. into. two.

phonons. with. the. wave. vectors.
�
q .and.

�
q .leaving. the. state.

�
q,. or,. alternatively,.

two.phonons.
�
q ( )ω .and.

�
q ( )ω .merge.together.forming.a.phonon.with.the.wave.

vector.
�
q( )ω ,.which.corresponds.to.the.phonon.coming.to.the.state.

�
q( )ω ..The.con-

servation.laws.for.this.type.are.given.by
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To.find.all.possible.three-phonon.processes,.we.used.a.fine.mesh.qj.=.(j.–.1)Δq.
( j =.1,.…,.1001).with.the.step.Δq.=.qmax/1000.≈.0.015.nm−1..For.each.phonon.mode.
(qi,.s),.we.found.all.pairs.of.the.phonon.modes.(

�
q ,.s′).and.(

�
q ,.s″).such.that.the.con-

ditions.of.Equations.(11.15).and.(11.16).are.met..The.latter.can.be.done.with.the.help.
of.the.(

�
q )-space.phase diagrams.technique,.which.we.introduced.in.reference.[47].

Using.the.general.expression.for.a.matrix.element.of.the.three-phonon.interaction.
[83].and. taking. into.account.all. relevant.phonon.branches.and. their.dispersion.as.

(11.14)
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well.as.all.unit.vectors.of.the.reciprocal.lattice.
� �
b b1 6...... ,.directed.from.the.Γ.point.to.

the.centers.of.the.neighboring.unit.cells,.we.obtain.for.the.Umklapp.scattering.rates
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Here,.ql .and. ⊥q .are.the.components.of.the.vector.
�
q .parallel.or.perpendicular.to.the.

lines.defined.by.Equations.(11.15).and.(11.16),.correspondingly,.γ s q( )
�

.is. the.mode-
dependent.Gruneisen.parameter,.which.is.determined.for.each.phonon.wave.vector.
and.polarization.branch.and.ρ. is. the.surface.mass.density..In.Equation.(11.17),. the.
upper.signs.correspond.to.the.processes.of.the.first.type.while.the.lower.signs.cor-
respond.to.those.of.the.second.type..Integrating.along.q⊥,.one.obtains.the.line.integral
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The.combined.scattering.rate. in.both. types.of. the. three-phonon.Umklapp.pro-
cesses. for. a. phonon. in. the. state.( , )s q

�
.is. a. sum. of. the. first. and. second. types. of.

Umklapp.processes..One.should.note.here.that.for.the.small.phonon.wave.vectors.
(long.wavelength),.q.→.0,.the.Umklapp.limited.phonon.lifetime.τU.→.∞..For.this.
reason,.the.calculation.of.the.intrinsic.thermal.conductivity.with.only.Umklapp.scat-
tering.is.not.possible.without.an.arbitrary.truncation.procedure.

To. avoid. the. unphysical. assumptions. about. the. limits. of. the. integration. in. the.
thermal.conductivity.integral,.one.can.include.the.phonon.scattering.on.boundaries..
In.the.case.of.graphene,.the.boundary.scattering.term.corresponds.to.scattering.from.
the.rough.edges.of.graphene.flakes..No.scattering.happens.from.the.top.and.bottom.
sides.of.graphene.flake.since.it.is.only.one.atomic.layer.thick.and.the.phonon.flux.is.
parallel.to.the.graphene.plane..One.can.evaluate.the.rough-edge.scattering.using.a.
well-known.equation.[4]
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Here.p.is.the.specularity.parameter,.which.depends.on.the.roughness.at.the.graphene.
edges.and.L.is.the.width.of.the.graphene.flake..The.total.phonon.relaxation.rate.is.
found.as.a.sum.of.the.Umklapp.and.edge.scattering..It.is.important.to.understand.that.
the.thermal.conductivity.of.a.two-dimensional.system.such.as.graphene.cannot.be.
determined.without.the.restriction.on.the.phonon.MFP.in.the.long.wavelength.limit..
The.phonon.scattering.on.the.edges.restricts.the.MFP.in.the.formal.theory.of.thermal.
conductivity.. In. this. sense,. the. thermal. conductivity. limited.by. the.Umklapp.and.
boundary.scattering.can.be.considered.as.an.intrinsic property.of.a.graphene.flake.
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of.a.particular.size..The.extrinsic.effects,.which.reduce.thermal.conductivity,.such.
as.phonon.scattering.on.defects,.impurities,.and.grain.boundaries.are.not.included.
in.the.consideration.

11.3.4   siMple theory of therMal conductivity of Graphene

The.calculation.of.the.thermal.conductivity.within.the.formal.theory.outlined.in.the.
previous. section. is.a. rather.complicated.procedure.. In. this. section,.we.describe.a.
simple.model.of.the.thermal.conductivity.of.graphene..The.model.is.based.on.deri-
vation.reported.by.Nika.et.al..[48]..This.model.uses.a.rather.general.expression.for.
thermal.conductivity.with.the.two.Gruneisen.parameters.γs.obtained.independently.
for.each.of.the.heat-conducting.phonon.polarization.branches.s,.and.separate.phonon.
velocities.and.cutoff. frequencies.for.each.phonon.branch..The.model. includes. the.
specifics.of.phonon.dispersion.in.graphene..The.effective.parameters.γs.are.computed.
by.averaging.the.phonon.mode-dependent.γ s q( )

�
.for.all.relevant.phonons.(here,.

�
q .is.

the.phonon.wave.vector)..The.phonon.branches,.which.carry.heat,.are.longitudinal.
acoustic. (LA). and. transverse. acoustic. (TA).. The. out-of-plane. transverse. acoustic.
phonons.(ZA).do.not.make.contributions.to.heat.conduction.due.to.their.low.group.
velocity.and.high.γ s q( )

�
.

There.is.a.clear.difference.in.the.heat.transport.in.the.basal.planes.of.bulk.graph-
ite.and.in.single-layer.graphene.[84,85]..In.the.former,.the.heat.transport.is.approxi-
mately.two-dimensional.only.until.some.low-bound.cutoff.frequency.ωC..Below.ωC,.
there.appears. strong.coupling.with. the.cross-plane.phonon.modes.and.heat. starts.
to.propagate.in.all.directions,.which.reduces.the.contributions.of.these.low-energy.
modes.to.heat.transport.along.the.basal.planes.to.negligible.values..In.bulk.graphite.
there.is.a.physically.reasonable.reference.point.for.the.onset.of.cross-plane.coupling,.
which. is. the. ZO′. phonon. branch. near. ~4. THz. observed. in. the. spectrum. of. bulk.
graphite..The.presence.of.the.ZO′.branch.and.corresponding.ωC.allows.one.to.avoid.
the. logarithmic. divergence. in. the. Umklapp-limited. thermal. conductivity. integral.
and. calculate. it.without. considering.other. scattering.mechanisms..The.physics.of.
heat.conduction.is.principally.different.in.graphene.where.the.phonon.transport.is.
purely.two-dimensional.all.the.way.to.zero.phonon.frequency.ω(q.=.0).=.0..There.
is.no.onset.of.cross-plane.heat.transport.at.the.long-wavelength.limit.in.the.system,.
which.consists.of.only.one.atomic.plane..There.is.no.ZO′.branch.in.the.phonon.dis-
persion.of.graphene..Thus,.the.cutoff.frequency.for.Umklapp.processes.cannot.be.
introduced.by.analogy.with.bulk.graphite.

Using. an. expression. for. the. three-phonon.Umklapp. scattering. from. references.
[84,85].but.introducing.separate.lifetimes.for.LA.and.TA.phonons,.one.can.write
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where.s =.TA,.LA,.υs. is. the.average.phonon.velocity. for. a.given.branch,.T. is. the.
absolute. temperature,.kB. is. the.Boltzmann.constant,.ωs,max. is. the.maximum.cutoff.
frequency.for.a.given.branch,.and.M. is. the.mass.of.an.atom..To.determine.γs,.we.
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averaged.γs(q) obtained. from. the. accurate.phonon.dispersion.calculated.using. the.
VFF.method.[47].and.ab.initio.theory.[86]..Substituting.τ τtot U s

K= , .in.Equation.(11.14).
in.the.previous.section,.one.can.obtain.the.following.formula.for.intrinsic.thermal.
conductivity.in.graphene
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Equation. (11.21). can. be. used. to. calculate. the. thermal. conductivity. with.
the. actual. dependence. of. the. phonon. frequency. ωs(q). and. the. phonon. velocity.
dωs(q)/dq.on.the.phonon.wave.number..To.simplify.the.model.further,.one.can.use.
the.linear.dispersion.ωs(q).=.υsq and.rewrite.it.as
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Substituting. Equation. (11.20). to. Equation. (11.21). and. performing. integration,.
one.obtains
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where
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In.Equation.(11.24),.ξ.=.ħω/kBT,.and.the.upper.cutoff.frequencies.ωs,max.are.defined.
from.the.actual.phonon.dispersion.in.graphene,.calculated.using.the.VFF.model.[47]:.
ωLA,max.=.104.4.THz,.ωTA,max.=.78.THz..The.low-bound.cutoff.frequencies.ωs,min.for.
each.s are.determined.from.the.condition.that.the.phonon.MFP.cannot.exceed.the.
physical.size.L of.the.flake,.that.is,
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The.integrand.in.Equation.(11.24).can.be.further.simplified.near.RT.when.ħωs,max.>.
kBT,.and it.can.be.expressed.as

(11.21)
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The.obtained.Equations.(11.25).and.(11.26).constitute.a.simple.analytical.model.
for. calculation. of. the. thermal. conductivity. of. graphene. layer,. which. retains. such.
important.features.of.graphene.phonon.spectra.as.different.υs and.γs.for.LA.and.TA.
branches..The.model.also.reflects.the.two-dimensional.nature.of.heat. transport. in.
graphene.all.the.way.down.to.zero.phonon.frequency..Equation.(11.26).reduces.to.
the.Klemens.formula.for.graphene.[85].in.the.limit.ξ.→.0.(ħω.<<.kBT).and.additional.
assumption.of.the.same.γs and.υs.for.LA and.TA.phonons.

Using.the.equations.summarized.in.Section.11.3.4,.we.calculated.the.Umklapp-
limited. intrinsic thermal. conductivity. of. graphene. as. a. function. of. tempera-
ture..The.results.are.shown.in.Figure 11.10.for.several.lateral.sizes.of.graphene.flakes..
The.Gruneisen.parameters.used.in. this.calculation,.γLA.=.1.8.and.γTA.=.0.75,.were.
obtained.by.averaging.of.γs(q).[48]..An.experimental.data.point.after.Balandin.et.al..
[43,44].is.also.shown.for.comparison..There.is.good.agreement.between.our.model.
predictions.and.the.available.experimental.data..One.should.note.that.a.very.differ-
ent.temperature.dependence.was.obtained.within.this.theoretical.model.for.relatively.
small.(or.narrow).graphene.flakes.(5.μm).as.compared.to.large.flakes.(100.μm)..In.
very.narrow.graphene.flakes.and.nanoribbons,.thermal.conductivity.increases.with.
temperature,.which.is.related.to.the.size.(edge).effect.on.the.phonon.MFP.

8000 γLA = 1.8, γTA = 0.75 T = 300 K

L = 100 µm
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FIGURE 11.10 Thermal.conductivity.of.graphene.flake.as.a. function.of. temperature. for.
several.linear.dimensions.L.of.the.flake..(From.Nika,.D..L.,.S..Ghosh,.E..P..Pokatilov,.and.
A.. A.. Balandin.. 2009.. Lattice. thermal. conductivity. of. graphene. flakes:. Comparison. with.
bulk.graphite..Applied Physics Letters, 94:203103..©.2009.American. Institute.of.Physics..
With.permission.)
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Our.model.predictions.are.also.in.agreement.with.the.tight-binding.and.nonequi-
librium.Green’s.function.calculation.of.thermal.transport.in.graphene.nanoribbons.
reported. by. Lan. et. al.. [60].. Lan. et. al.. [60]. obtained. a. very. strong. width. depen-
dence.of. the. thermal.conductance. for.narrow.graphene.ribbons.with. the.width.of.
about.2–20.carbon.atoms..In.their.calculations,.the.thermal.conductance.increases.
with.increasing.width.and.with.temperature..This.is.similar.to.our.results.for.small.
(narrow).graphene.flakes.(see.the.curve.for.L =.5.μm.in.Figure 11.10)..The.RT.value.
of.the.thermal.conductivity.calculated.by.Lan.et.al..[60],.K.=.3410.W/mK,.is.clearly.
above.the.bulk.graphite.limit.of.2000.W/mK.and.in.agreement.with.the.experiments.
of.Balandin.et.al..[43,44].

In.Figure 11.11.we.present.the.calculated.RT.thermal.conductivity.as.a.function.
of.the.flake.lateral.size,.L..The.data.is.presented.for.the.averaged.values.γLA.=.1.8.and.
γTA.=.0.75.obtained.from.ab.initio.calculations,.and.for.several.other.close.sets.of.γLA,TA.
to.illustrate.the.sensitivity.of.the.result.to.Gruneisen.parameters..For.small.graphene.
flakes,.K.dependence.on.L.is.rather.strong..It.weakens.for.flakes.with.L ≥.10.μm..The.
calculated.values.are.in.agreement.with.the.experiment.[43,44]..The.horizontal.dotted.
line.is.the.experimental.thermal.conductivity.for.bulk.graphite,.which.is.lower.than.
the.theoretical.intrinsic.limit.and.is.exceeded.by.graphene’s.thermal.conductivity.at.
smaller.L..The.Klemens.formula.[84,85].gives.similar.dependence.but.with.differ-
ent.absolute.values.of.K.due.to.overestimated.γ.in.his.calculations.and.a.few.other.
simplifying.assumptions..It.should.be.noted.that.the.calculated.thermal.conductivity.
is.an.intrinsic.quantity.limited.by.the.three-phonon.Umklapp.scattering.only..But.it.
is.determined.for.a.specific.graphene.flake.size.since.L.defines.the.low-bound.(long-
wavelength).cutoff.frequency.in.Umklapp.scattering.through.Equation.(11.25).
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FIGURE 11.11 Thermal.conductivity.of.graphene.as.a.function.of.the.graphene.flake.size.L..
It. is. to.be.noted. that. the. thermal.conductivity.of.graphene.exceeds. that.of.basal.planes.of.
graphite.when.the.flake.size.is.larger.than.a.few.micrometers..(From.Nika,.D..L.,.S..Ghosh,.
E..P..Pokatilov,.and.A..A..Balandin..2009..Lattice.thermal.conductivity.of.graphene.flakes:.
Comparison. with. bulk. graphite.. Applied Physics Letters, 94:203103.. ©. 2009. American.
Institute.of.Physics..With.permission.)
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In. experimental. conductions,. the. thermal. conductivity. will. also. be. limited. by.
extrinsic. factors. (defects,. impurities,.grain. size),.which.prevent. the.growth.of. the.
thermal.conductivity.for.very.large.flakes..With.the.decreasing.specularity.param-
eter.(more.diffuse.scattering),.the.thermal.conductivity.calculated.with.the.boundary.
scattering.term.approaches.the.result.obtained.with.the.simple.model..This.is.because.
in. the.simple.model.we.neglect.phonons.with.frequency.ω.<.ωmin,s.by.completely.
restricting.the.phonon.MFP.to.the.lateral.sizes.of.the.flake..The.latter.corresponds.to.
the.perfectly.diffusive.scattering.case..The.described.models.are.in.good.agreement.
with.the.measurements.and.shed.light.on.the.heat.conduction.properties.of.graphene..
Similar.dependences.were.obtained.from.both.approaches:.the.intrinsic thermal.con-
ductivity.of.graphene.grows.with. the. increasing.linear.size.of. the.graphene.flake..
This.is.a.manifestation.of.the.2D-nature.of.the.phonon.transport.in.graphene.

11.3.5   study of therMal conduction in few-layer Graphene

The.evolution.of.heat.conduction.as.one.goes.from.2-D.graphene,.to.few-layer.gra-
phene,.and.then.to.3-D.bulk,.is.of.great.interest.for.both.fundamental.science.and.
practical. applications.. This. question. was. addressed. by. experimentally. measuring.
thermal.conductivity.of.few-layer.graphene.(FLG).as.the.number.of.atomic.planes.
changes.from.n.=.2.to.n.≈.10..The.exact.mechanisms.behind.a.material’s.intrinsic.
ability.to.conduct.heat.as.its.dimensionality.changes.from.two.to.three.dimensions.
have.remained.elusive..A.large.number.of.FLG.samples.were.prepared.by.the.stan-
dard. mechanical. exfoliation. of. bulk. graphite. [18]. and. suspended. across. trenches.
in.Si/SiO2.wafers..The.depth.of.the.trenches.was.~300.nm.while.the.trench.width.
varied.in.the.range.1–5.μm..The.trenches.in.Si/SiO2.wafers.were.made.with.reactive.
ion.etching.(STS)..Metal.heat.sinks.were.fabricated.at.distances.1–5.μm.from.trench.
edges.by.electron-beam. lithography. (SUPRA,.Leo). followed.by.metal.deposition..
The.width.of.the.flakes.was.from.W ≈.5.to.16.μm..The.metal.pads.ensured.proper.
thermal.contact.with.the.flakes.and.constant.temperature.during.the.measurements..
Also,.better.flow.of.heat.was.expected.in.this.setup..The.number.of.atomic.layers.in.
graphene.flakes.was.determined.with.micro-Raman.spectroscopy.(InVia,.Renishaw).
through.well-established.decomposition.of. the.2-D.band.in.graphene’s.spectra,.as.
has.been.mentioned.in.references.[43,45,46,73].

The. measurements. of. thermal. conductivity. were. performed. using. a. direct.
steady-state. noncontact. optical. technique. that. was. developed. on. the. basis. of.
micro-Raman.spectroscopy.and.has.been.used.previously.for.suspended.SLG.flake.
[43,44]..The.size.of.the.laser.spot.was.determined.to.be.0.5–1.μm..The.diameter.
of. the. strongly.heated. region.on. the.flake.was. somewhat. larger.due. to. the. indi-
rect. nature.of. energy. transfer. from. light. to.phonons..FLG.samples.were.heated.
with.a.488-nm.laser.(Argon.Ion).in.the.middle.of.the.suspended.part..The.shift.of.
the. temperature-sensitive.Raman.G.peak. in. the.graphene.spectrum.[46].defined.
the. local. temperature. rise. in. the.suspended.portion.of.FLG.in. response. to.heat-
ing. by. an. excitation. laser. in. the. middle. of. the. suspended. portion. of. the. flakes..
Thermal.conductivity.was.extracted.from.the.power.dissipated.in.the.FLG,.result-
ing.temperature.rise,.and.flake.geometry.through.a.finite-element.method.solution.
of.the.heat.diffusion.equation.[49,87]..It.was.not.possible.to.mechanically.exfoliate.
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FLG.flakes.with.a.different.number.of.atomic.planes.n. and. the.same.geometry..
To.avoid.damage.to.graphene.the.obtained.flakes.were.not.cut.to.the.same.shape..
Instead,.the.heat.diffusion.equation.was.solved.numerically.for.each.sample.shape.
to.extract. its. thermal.conductivity..A. typical.FLG.flake.and. its.heat.distribution.
are.shown.in.Figures 11.12a.and.11.12b,.respectively..The.heat.source.is.modeled.
by.the.Gaussian.distribution.

The.errors.associated.with.the.laser.spot.size.and.intensity.variation.were.~8%,.
that.is,.smaller.than.the.error.associated.with.the.local.temperature.measurement.by.
Raman.spectrometers.(~10–13%)..The.results.were.cross-checked.with.the.assump-
tion.of.a.disk-shaped.source.to.take.into.account.local.hot.spots.that.might.be.formed..
The.calibration.procedure.for.power.absorption.in.graphene.is.based.on.a.comparison.

(a)

(b)

Metal pad as heat sink

Trench

Graphene

Metal pad as heat sink

Substrate

300 305 310 315 320 325 330 335 340 345 350

FIGURE 11.12 (a).Optical.microscopy.images.of.FLG.attached.to.metal.heat.sinks..(b).Heat.
distribution. in.a.nonrectangular-shaped.sample.using.finite.element.modeling.(FEM)..The.
heat.source.is.modeled.using.a.Gaussian.distribution.
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of. the. integrated. Raman. intensity. of. FLG’s. G. peak. IFLG
G and. that. of. reference.

bulk.graphite.IBULK
G ..Figure 11.13.shows.measured.data.for.FLG.with.n =.2,.3,.4,.~8.

and.reference.graphite..An.addition.of.each.atomic.plane.leads.to. IFLG
G increase.and.

convergence.with. the.graphite,.while. the. ratio. = I IFLG
G

BULK
G/ stays.approximately.

independent.of.excitation.power,.indicating.proper.calibration..This.ratio.was.used.
to.estimate.the.amount.of.power.absorbed.in.FLG.and.was.subsequently.used.in.the.
thermal.conductivity.equation.

It.was.found.that.the.near-RT.thermal.conductivity.changes.from.K ~.2800.W/mK.
to.1300.W/mK.as.the.number.of.atomic.plains.n.increases.from.n =.2.to.n =.4.[49]..
Since.thermal.conductivity.of.graphene.depends.on.the.width.of.the.flakes.[47,48].
the.data.for.FLG.is.normalized.to.the.width.W =.5.μm.to.allow.for.direct.compari-
son..At.fixed.W,.the.changes.in.the.K value.with.n are.mostly.due.to.modification.
of.the.three-phonon.Umklapp.scattering..The.thermal.transport.in.this.experiment.
is.in.a.diffusive.regime.since.L.is.larger.than.the.phonon.MFP.in.graphene,.which.
was.measured.to.be.around.~800.nm.near.RT.[44]..Thus,.a.gradual.change.in.K.was.
noticed.for.different.numbers.of.layers.from.n =.2.to.n =.4.and.a.heat.conduction.
crossover.was.actually.observed.from.2-D.graphene.to.3-D.graphite..This.is.shown.
in.Figure 11.14..The.fact.that.addition.of.a.number.of.layers.quenches.thermal.con-
ductivity.in.graphene.is.in.agreement.with.the.theoretical.work.of.Berber.et.al..[42]..
The.bulk.value.of.K.along.the.basal.planes.is.recovered.at.n ≈.8..The.ambiguity.of.
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FIGURE 11.13 Integrated.Raman.intensity.of.the.G.peak.as.a.function.of.the.laser.power.at.
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the.data.point.for.n ≈.8.is.explained.by.the.fact.that.n. in.FLG.can.be.determined.
accurately.from.Raman.spectrum.only.if.n ≤ 6.[45,46].

This.evolution.of.thermal.transport.from.2-D.graphene.to.bulk.can.be.explained.
by. the.cross-plane.coupling.of. the. low-energy.phonons.and. the.change. in.phonon.
Umklapp.scattering..In.a.bilayer.graphene.(BLG),.though.the.number.of.available.pho-
non.branches.doubles,.and.the.number.of.conduction.channels.increases,.K.decreases.
because.the.phase.space.available.for.Umklapp.scattering.increases.even.more.than.
in.SLG..In.a.single.layer.of.graphene,.phonon.Umklapp.scattering.is.quenched.and.
the.heat.transport.is.limited.by.the.edge.or.in-plane.boundary.scattering..This.agrees.
with.Klemens’s. approximation,.which.explains. the.higher. thermal. conductivity. in.
graphene.as.compared.to.graphite.[85]..The.lower.K in.n =.4.can.be.explained.by.
stronger.extrinsic.effects,.which.result.from.nonuniform.thickness.of.samples.

This. theoretical.data.point.at.which. the.crossover.of. thermal.conduction. takes.
place.may.be.related.to.the.AB.Bernal.stacking.and.the.graphite.unit.cell..The.posi-
tion.of.the.crossover.is.also.controlled.by.the.width.and.quality.of.the.FLG.flake.and.
the.strength.of.coupling.to.the.substrate..This.study.helps.in.understanding.the.fun-
damental.properties.of.2-D.systems..The.obtained.results.are.important.for.the.pro-
posed.graphene.and.FLG.applications.in.lateral.heat.spreaders.for.nanoelectronics.
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mal.transport.in.few-layer.graphene..Nature Materials 9:555–558..©.2010.Nature.Publishing.
Group..With.permission.)
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11.4  COMPARISON OF THERMAL CONDUCTION 
IN CARBON ALLOTROPES

Carbon.materials.occupy.a.unique.place. in. terms.of. their.ability. to.conduct.heat..
Different.allotropes.of.carbon.span.a.huge.range.of.thermal.conductivity.from.the.
lowest.value.~.0.1.W/mK.reported.for.some.forms.of.diamond-like.carbons.[88].to.
almost.~3000–5300.W/mK.reported.for.graphene.[43,44]..The.values.for.graphene.
depend. on. the. width. (lateral. size). of. the. flake.. Essentially,. carbon. materials. can.
serve.both.as.thermal.insulators.(diamond-like.carbon),.as.well.as.superconductors.
of.heat,.such.as.graphene..Microcrystalline.diamond.(MCD),.nanocrystalline.dia-
mond.(NCD),.ultra-nanocrystalline.diamond.(UNCD),.tetrahedral.amorphous.car-
bon.(ta-C),.and.carbon-based.films.occupy.all.ranges.between.these.two.extremes.
[88–91]..Diamond,.which.was.known.to.have.the.highest.thermal.conductivity.among.
bulk.materials,.has K.values.ranging.from.800–2000.W/mK.[92,93]..In.Table 11.2,.

TABLE 11.2
Thermal Conductivity of Carbon Materials

Sample K (W/mK) Method Comments Reference

Graphene ~3080–5300 Optical Single.layer,.
mechanical.
exfoliation

Balandin.et.al.,.Ghosh.
et.al..[43,.44]

2-Layer.
Graphene

~2800 Optical Normalized.width.
5.μm

Ghosh.et.al..[49]

3-Layer.
Graphene

~2250 Optical Normalized.width.
5.μm

Ghosh.et.al..[49]

Graphene 1400–3600 Optical CVD.grown Cai.et.al..[52]

Supported.
graphene

600 Electrical Exfoliated.on.SiO2.
substrate

Seol.et.al..[57]

GNR—Smooth.
edge

6000 Theoretical,.
MD.simulations

100.Å.width,.no.
H-termination

Evans.et.al.[.64]

GNR—Rough.
edge

3500 Theoretical,.
MD.simulations

100.Å.width,.no.
H-termination

Evans.et.al.[.64]

MW-CNT >3000 Electrical Individual Kim.et.al..[39]

SW-CNT ~3500 Electrical Individual Pop.et.al..[40]

SW-CNT 1750–5800 Thermocouples Bundles Hone.et.al..[37]

Graphite ~2000 Variety In-plane Klemens.[84,85]

DLCH ~0.6–0.7 3-omega H:.~20–35% Shamsa.et.al..[88]

NCD ~16 3-omega Grain.size:.22.nm Liu.et.al..[89]

UNCD ~6–17 3-omega Grain.size:.<.26.nm Shamsa.et.al..[91]

ta-C 3.5 3-omega sp3:.~.90% Shamsa.et.al..[88]

ta-C 1.4 3-omega sp3.:.~.60% Balandin.et.al..[90]

Diamond 800–2000 Laser.flash In-plane Sukhadolau.et.al..[92]
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thermal. conductivities. of. various. carbon-based.materials. have. been. summarized..
These.include.single-walled.carbon.nanotubes.(SWCNTs),.multiwalled.carbon.nano-
tubes.(MWCNTs),.as.well.as.bulk.carbon.materials.and.thin.films..The.data.on.NCD,.
UNCD,.ta-C,.and.hydrogenated.diamond-like.carbon.(DLC).is.based.on.the.experi-
mental.results.obtained.[88–91]..The.measurements.were.performed.using.a.variety.
of.techniques.including.the.transient.planar.source.(TPS).“hot-disk,”.3-omega,.and.
laser-flash.techniques..Detailed.analysis.of.the.effects.of.the.intrinsic.atomic.struc-
ture.of.carbon.materials,.for.example,.sp2.versus.sp3.bonding,.cluster.formation,.and.
so.on;.from.the.extrinsic,.for.example,.phonon.scattering.on.interfaces,.on.the.ther-
mal.conductivity.of.DLC,.ta-C,.and.NCD.can.be.found.in.references.[88–91]..It.is.
interesting.to.note.that.there.is.a.wide.range.of.data.for.the.thermal.conductivity.of.
CNTs..The.conventionally.accepted.values.for.CNTs.are.~.3000–3500.W/mK..Thus,.
graphene.can.outperform.CNTs.as.heat.conductors..Also.it.was.seen.that.few-layer.
graphene.shows.a.quenching.of.thermal.conductivity.with.an.increase.in.the.number.
of.layers.approaching.the.limit.of.bulk.graphite.[49]..It.still.remains.unclear,.though,.
how. the. thermal. conductivity. of. graphene. will. be. affected. when. it. is. embedded.
inside.a.device.structure..Future.studies.might.include.investigation.of.in-plane.ther-
mal.conductivity.of.graphene.and.the.contact.resistance.when.it.is.embedded.inside.
a.device.structure.or.a.bulk.material..The.theoretical.models.described.in.this.review.
shed.light.on.the.differences.in.heat.conduction.in.carbon.materials..They.can.be.
incorporated.into.the.simulation.software.for.analysis.of.heat.conduction.in.graphene.
layers. and. graphene. devices. [87,94].. In. case. of. CVD-grown. graphene. suspended.
over.a.3.8-μm-diameter.hole,.K was.observed.to.be.(2500.±.1100).W/mK.at.350.[52]..
Thermal.conductivity.of.single-layer.graphene.exfoliated.on.a.SiO2.support.is.~600.
W/mK,.which.is.still.high.as.compared.to.metals.such.as.copper.[57]..Some.inter-
esting.works.on.graphene.nanoribbons.show.that.the.thermal.conductivity.is.higher.
for.smooth.edges.than.rough.edges,.and.the.values.might.vary.widely.ranging.from.
7000.W/mK.to.500.W/mK.depending.on.the.width.of.the.ribbon.and.edge.character-
istics.[60,64]..The.excellent.thermal.properties.of.graphene.and.the.possible.applica-
tions.are.covered.in.reference.[95]..Owing.to.its.planar.geometry,.graphene.may.have.
potential.for.lateral.heat.spreading..The.superior.thermal.conductivity.of.graphene.
is.beneficial.for.all.of.its.proposed.device.applications,.such.as.low-noise.transistors,.
sensors,.and.interconnects.[96,97].

11.5  CONCLUSIONS

In. this. chapter,. we. have. reviewed. the. results. of. the. experimental. and. theoretical.
investigation.of.heat.conduction.in.graphene.layers..We.have.also.discussed.the.ther-
moelectric.properties.of.graphene..The.enhanced.thermal.conductivity.of.graphene.
as.compared.to.that.of.bulk.graphite.basal.planes.can.be.explained.by.the.2-D.nature.
of.thermal.transport.in.graphene.over.the.whole.range.of.phonon.frequencies..The.
thermal.conductivity.of.graphene.was.compared.with.that.of.other.carbon.materials..
The.superior.thermal.properties.of.graphene.are.beneficial.for.the.proposed.device.
applications.and.thermal.management.of.nanoelectronic.chips..Thermoelectric.appli-
cations.of.graphene.can.become.possible.if.its.high.intrinsic.thermal.conductivity.is.
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suppressed.either.by.controlled. introduction.of.defects. and.disorder.or. the.use.of.
narrow.graphene.ribbons.
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