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ABSTRACT

Versatile and Tunable Transparent Conducting Electrodes Based on Doped
Graphene

Ahmed E. Mansour

The continued growth of the optoelectraniedustry and the emergence of wearalnlé a
flexible electronics will continue to pla@ever increasing pressure on replacing ITO,
the most widely used transparent conducting electrode (TCE). Among the various
candidates, graphene shows the highest optical transmittance in addition to gromisin
electrical transport properties. The currently available laogde synthesis routes of
graphene result in polycrystalline samples rife with grain boundaries and other defects
which limit its transport properties. Chemical doping of graphene is a vialtie

towards increasing its conductivity and tuning its work functidmwever dopants are
typically present at the surface of the graphene sheet, making them highly susceptible to
degradation in environmental conditions. Fiewers graphene (FLG) ismaore resilient
form of graphene exhibiting higher conductivity and performance stability under
stretching and bending as contrasted to sitayler graphendn addition FLG presents

the advantage of being amenable bulk doping by intercalation.

Herein, weexplore norcovalentdoping routes of CVD FLGsuch as surface doping,
intercalation and combination theredhrough irdepth and systematic characterization
of the electrical transport properties and energy levels shifts. The intercalation of FLG
with Br, and Fe( is demonstrated, showing the highest improvements of the figure of

merit of TCEs of any doping scheme, which results from up to gdidencrease in
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conductivity while maintaining the transmittance within 3% of that for the pristine value.
Importantly the intercalation yields TCEs that aresgable, due to encapsulation of the
intercalant in the bulk of FLG. Surface doping with novel soluporcessed metal

organic molecular species-(@nd ptype) is demonstrated with an unprecedentedean

of work function modulation, resulting from electron transfer and the formation of
molecularsurfacedipoles. However, the conductivity increases compared modestly to
intercalation as the electron transfer is limited to the uppermost graphene layalig, Fi

a novel and universal multhodal doping strategg developed, thanks to the unique
platform offered by FLG, where surface and intercalation doping are combined to
mutually achieve high conductivity with an extended tunability of the work function.
This work presents dopdel.G as a prospective and versatile candidate among emerging
TCEs, given the need for efficient and stable doping routes capable of controllably tuning

its properties to meet the criteria of a broad range of applications.



5

ACKNOWL EDGEMENTS

The beauty of doing a Ph.D. liesthre obstacles;hallenges, and trechievements
involved | have to admit that my Ph.D. has been full of frustratnmmentsand equally
joyful pleasuresohc hi evement s, and it wtalttndt have

continuous support my family, friendend colleagues.

First of all, I would like to thank my advisor Prof. Aram Amassian for his confidence and
complete trusin my abilities, and continuous support for my achievements and

progression toward$e successful completion of my Ph.D.

My parents arethereastore ver yt hing I 6 m now! Their cont
pride in ne have been persistently strengthening me throughout this journey. My father

Esam Mansour is my role model, | alwaysKkaup to him as inspiration for hard work,

persistence and ethical conduct. My mother Hanan Kamal has been calling me almost
every day during the past five years, to c
thank them enough and appreciate thedarstanding of my absenderingseveral

family events and gatheriaguring my Ph.D.

My beautiful and loving wife Ghada Albeik has equally contributed to my degree and this
thesis, as | did. She has lived every single moment with me dursgHtD., sharing and
soothing my frustrations of a rejected manuscript or avmarking experiment, and
celebrating every milestone and achievement | have come &engmile, the proud

look in her eyes, and patienlcave been strengthening m8he has éen completely

understanding for my late nights in the lab and continuously supplying me with Ph.D



6
survi val kit (meals, snacks, and coffee) d
home. | fully dedicate this Ph.D. thesis to her snghy son Esamwho since he was

born has given a meaning to everything | do in bfeciallymy Ph.D.

| would also like to thank a kagfluence and mentor who have accompanied me
throughmy graduate studies journey, Prof. Husam Alshareef. His door was the firlst tha
would knock for advice and support. He has taught me various courses, and supported
several of my extracurricular activities. | have learned from him the importance of loyalty
to our newly established institute, KAUST, and that my achievements adeatsiill

have a huge impact on its reputation and progression.

Finally, | would like to acknowledge every single member of our laboratory, the Organic
Electronics and Photovoltaics Lab (OEPV). We have been through a lot together, which
has reflectedn ou interactions to act as a family rather than just colleagues. | would like
to specifically mentior. Guy Olivier NgongangNdjawa, who has accompanied me

throughout thesis writing and preparation for the defense.



7

TABLE OF CONTENTS

EXAMINATION COMMITTEE PAGE ...ttt e eieen e e e e e e e 2
AB ST RACT oeiiiiiie e ettt ettt e e e e e e e s e e et ee e e e e ettt ——eeeae e e e e e ———reeaaee e e nanaaneeeeeeen s — 3
ACKNOWLEDGEMENTS  ..oiiiiiiiiiie ittt s ettt e e e e e e e s s e e e e e e e e e snsnnaaeeeaaeannnsseneesmn 5
TABLE OF CONTENTS ...oiiiiiiiiiiie ettt e e s s ee e e e e e s s ee e e e e s s ensnaeeeeeeeeesannnnneeeaaens 7
LIST OF ILLUSTRATIONS oottt ettt e e s e e e e e e et s 9
LIST OF TABLES ..ottt e e e e e e e e e e e e e e e e nnnaenaaaeeas 12
CHAPTER 1: INtrOCUCEION ....uueeiieeeiiiiiiiiiuiiieiiieiiintianeebeeeeeeeaseennesnsessssseseesnessssssessnnnseessennnen, 13
CHAPTER 2: Literature REVIEW ........cuuiiiiieiiiiiiiiiiiiee s sttt e e e s s s siiiiteee e e e e e s s snnnaeeeeeeeaaans 21
2.1 Transparent conductive electrodes (TCES)........cccuvvviiieieiiiiiiiiiiee e 21
2.1.1 Historical perspective of TCES.......uuuuiiiiiiiiiiiiiiiiee e 21
2.1.2 General requirements fOr TCES.......coouuiiiiiiiee it 22
2.1.3 Emerging TCEs towards replacing ITQ.........oooiiiiiiiiiiiieeee e 24
2.1.4 Figure of Mat (FOM) Of TCES.........uuiiiiiiiiiiiiiiieeee e 25
2.1.5 Graphene as emerging TCE.........oiiiiiiiie e 28
2.2 Production routes ofgraphenebasedmaterials ..............eevvvveeveeeivieiiieeeeeeeeennens, 31
2.2.1 Nomenclature of Graphene.........cccuuviiiiiii i 32
2.2.2 Mechanically exfoliated graphene.............ccccoviiiiiiiiieee s 36
2.2.3 Epitaxial growth of graphene on SiC..........cooiiiiiiiie e 37
2.2.4 Solution processed graphene oxide (GO) and rddwaphene oxide (rGQO).....38
2.2.5 Chemical vapor deposition (CVD) graphene...........cccccuvveeeeeeeiiiiiiinieeeeeeeees 39
2.2.6 CVD single layevs. few layers graphene.........cccoooiiiiiiiieeiiiiiiieeeeee e 47
2.3 Electronic structure and optoelectronic properties of graphene...................... 49
2.3.1 Electronic structure of graphene..............ccoeviiiiiiiiiiee e 49
2.3.2 Electrical transport propertiesgraphene...........cccccooiiiiiiiieees 50
2.3.3 Optical properties of graphene.........ceooccveeieieeiiiiiiieeee e 60
2.4 Doping of graphene towardsts application asa TCE material .............cccccc...... 64
2.4.1 Motivation for doping Of graphene.............ceeeviiiiiiiiiieiee e 64
2.4.2 Enhancing the conductivity of graphene through chemical doping.............. 66
2.4.3Tuning the work function of graphene by doping.........cccccoovvciiiiiieeiiinnninnee. 85
CHAPTER 3: MethOOIOQY .....ceeeeeiiiiiiiiiiiie ettt 92
3.1 Design and description of tube furnacassembly...........cc.oooeeiiiiiiiii s 92
3.1.1 Gas supply and CONLrOl UNILS..........ooieumiiiiiieeeeiie e, 92
3.1.2 Heating unit: threeones tube furnNace...........cccvvviieiiiiiiiiie e 94

3.1.3 Pumping station and pPreSSOBRIGES .......coveeeeeeiiieeeeeae e 98



3.1.4 CoNNECLIONS AMHLINGS .....ovvvieiiieieiiiiiie e a e, 99
3.2 Synthesis and transfer of CVD graphene.........cccocccvviiieiiiiiiniiiiiiieeee e 100
3.2.1Singlelayergraphene (SLG)......cocuuiiiiiiii et 100
3.2.2FewLayergraphene (FLG)........ccuiiiiiiiiiiec e 101
3.2.3 Transfer of SLG and FLG SAMPIES........cooviiiiiiiiiiieiiiiiiieieceee e 102
3.3 Intercalation- and surface-doping of graphene ............ccccccccivvviniiieiinniinniinnnnn, 105
3.3.1 EXperimentanVirONMENT. ........cooiiiiiiiiie et 105
3.3.2 DopiNg WIthBrOIMINE ......eiiiiiiiiiie et 109
3.3.3 Doping With Ferri€hloride...........ocuuiiiiiiieeeeee e 110
3.3.4 Doping with solution processed organic and r@@dnicmolecules ................ 111
3.4 Characterization of pristine and dopedgraphene...........cc.ccccco. 112
3.4.1 OptoelectronicharacCterization .............cccccoiiiiiiiiiieeee e 113
3.4.2 Morphological, Structural and Chemical characterization...............ccccccvee.e. 122
3.4.3Work functioncharacterization ............coouveeiiiiiiiiieeece e 139
CHAPTER 4: Bromination of Graphene: A New Route to Making HighPerformance
TCES With LOW OPLICAl LOSSES ....ceeiiieiiiiiiiiiiiiee ettt e e 142
7 I 11 0T 1 Tox 1T o 144
4.2 RESUILS aNd iSCUSSION.......cuuniiiiiiiiii it e e e et e e e e s e e s s e e e e s sabaaeeees 146
R N o] o To] [V o ] o N 159
CHAPTER 5: Facile Doping and Work-function Modification of FLG Using Molecular
Oxidants aNdREAUCTANTS .........cevviiiiiiiiiiiiiiiiceree e 162
oI [ a1 10T [T 1o o IR PPPPR PP 164
5.2 ReSUItS and diSCUSSION.......ccoiiiiiee e 167
TR 1 @0 [od 1113 (o o IR PP 189
CHAPTER 6: Novel Hybrid Doping Strategy of FLG viaa Combination of
Intercalation and SurfaceDOoPING ....cccooeeeiieei i 191
0 I T 0T [ i1 o PP 193
6.2 ReSUILS and diSCUSSION.......ccoiiiiiee e 195
T N @ o [od 0151 o TP 210
CHAPTER 7: Concluson and FUtUure PerspecCtiVe ..........ccccuuveiiieeeeiniiiiiieeeeee e 212
BIBLIOGRAPHY ettt e et e e e e e e e e e e e e e e e e e et e e e e e e e e rene s 218
APPENDICES ..ottt ittt ettt e e e ettt e e e e e e e e aab et e e e e e e e e nnenneee e e e e 226
Appendix A: Optimization process of CVD growth of SLG...........ccvviiiiiiieiiiiiiiiiiieeee, 226
Appendix B: The effect of annealing after PMMA transfer............cccoccoiiieiiiiiiiiiiiiiiiiiiiees 229

Appendix C: Bulk doping of CVD FLG via FeClzintercalation .............ccccceeviiiiiiiiiinnennne, 231



Figure 1.1
Figure 1.2
Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21

9

LIST OF ILLUSTRATIONS

Indium prices and scarcity

Schematic illustration of potential applications of Graphene TCE
Applications of TCE and their posed requirements on the sheet resistance
Optoelectronic properties fararious emerging TCEs

FoM of graphene synthesized by various routes

Suggested nomenclature of graphene

Morphological images of graphene synthesized by different methods
Growth mechanisms of CVBraphene

Roll-to-Roll processing of CVD graphene

Variation of the electrical transport graphene under bending and stretching

Electronic Structure of Graphene
Effect of the number of electron withdrawing groupsnoleculeson graphene
doping

Effect of layer stacking of CVD SLG on the sheet resistance and transmittance

Interlayer doped graphene

A homebuilt tubefurnace system used in this work

Four channel gas control system (B83L-42)

Three zones split tube furnace (GTEOOX-III -S-UL)

Temperaturgrofile and controller parameters for production of CVD SLG
Temperaturgrofile and controller parameters for sample annealing

Temperaturgrofile and controller parameters for tiwone vapor transport doping

Pumping station and pressgauges

Connections anfitting used for the tube furnace

Schematic of CVD graphene growth

Graphene transfer using PMMA

Graphene transfer using PDMS

Comparison of oxygen and moisture contents in vagoaosures
Oxygen and moisture content in the nitrogen filled glove bag.
Schematic of vapor exposure doping of FLG with Bromine
Schematic of twezone vapor transport of Fe@htercalation into FLG
Schematic of the FLG dipping into the dopant solution
Comparison of twepoint probe and fodpoint probe

lllustration of the Hall effect

Schematic of Hall effect measurement setup and corgasfgyuration
Schematic of Van der Pauw measurement setup and contacts configuration
Light Scattering mechanisms in Raman spectroscopy

15
16
24
25

30
33
37
40
42
48

100
102
104
105
106
107
109
111
111
115
117
118
120
124



Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25
Figure 3.26
Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.0
Figure 5.11
Figure 5.12
Figure 5.13
Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10
Figure A.1
Figure A.2

10

Phonon dispersion relation in graphene

Scatteringorocesses in graphene

Photoelectric effect and various energy levels in the material
lllustration of the photoelectron attenuation

Schematic of the PESA setup and the epaunter detector.

Schematic of bromine intercalation into FLG

Raman spectra of pristine and brominated FLG

XPS survey scan of a brominated FLG sample (Gbox) for 180 minutes.

Comparison between the exposure of FLG tpaBid HBr vapors

STM images pristine and brominated FLG

SEM images of pristine and brominated FLG

Sheet resistance, transmittance and work function of brominated graphene
Stability of brominated graphene

Percentage change of the figure of merit (FoM) for different doping methods
Schematic of work function modulation in FLG usingpd i dopants

The chemical structures of surface dopants and their redox potential

Surface coverage of thedopants as a function of dipping time

UPS spectra anthe work function of pristine and surface doped FLG.
Comparison of Fermi level and work function shifts in surface doped graphene
Raman spectra of pristine and surface doped FLG

Fitting of Raman 2D peak of pristine FLG andgped FLG

The variation of Ramaparameters for pristine and surfacdqped FLG

Transport properties of pristine FLG and doped FLG for 60 minutes dipping tim
Stability of Magic Blue doped FLG in air

Effect of doping time on the transp@roperties of FLG

STM images pristine anslrfacedoped FLG with Magic Blue

Doping mechanism of FLG as a function of coverage

Schematic of the hybrid doping approach, showing fHatércalants

Survey XPS spectra showing the coexistence of bulk intercalants and surface ¢
Angle-resolved XPS on hybrid doped FLG

Raman spectra of pristine and intercalated FLG with either Br2 or FeCI3
Electrical Transport properties of hybrid doped FLG

PESA spectra and the deduced work function for

Comparison of Fermi level and work function shifts in hybrid doped FLG

Schematics of the hybrid dopingwith n-type surface dopants

Hall effect measurement on hybrid doped FLG wHiype surface dopants
PESA on hybrid doped FLG withtype surface dopants

Conventional chemal vapor deposition of graphene

High-quality monolayer graphene films on thenfined surface othe copperfolil

125
127
131
136
141
143
148
151

152

153
155
157
159
161
163
167
170
172

175
175
176
178
182
183
183
190
196
197
200
203
205
206
207

208
209
210
226
227



Figure A.3
Figure B.1
Figure C.1
Figure C.2
Figure C.3
Figure C.4

11

Modified chemical vapor deposition of graphene

Effect of annealing on transferred graphene samples
Optimizationconditions for FeGlintercalation into CVD graphene

Doping FLG by dipping in an aqueous solution of the Eé&glvarious durations
Histogram of the sheet resistance of Ré@krcalated FLG
Opticaltransmission of pristine and Fe@itercalated FLG

228
230
232
232
233
234



12

LIST OF TABLES

Tablel.1 Various routes of graphene production compared based on their scalability and ot 17

Table 2.1
Table2.2
Table 2.3

Table 3.1

Table 3.2
Table 3.3
Table 5.1

Table 5.2

Table 5.3
Table 5.4

properties.
Requirements of TCEs for various applications.

Electron scattering Mechanisms in Graphene

List of dopants and the respective work function shift in graphene

Metal-organic and organic molecules used for surface doping of FLG

Data points measured to determine the Hall voltage in Hall effect measurement.

Data points measured in Van der Pauw measurements

Calculation of the dopants coverage for various dipping durations from XPS

Comparison between the sheet resistance measuregthgrdbe in glove box and that
measure using Van der Pauw method in air

Sheet Hall coefficient of doped FLG
Reduction in mobility in nortovalently doped SLG

23
56
91
112

118
120

178

180
181



13

CHAPTER 1
Introduction

Transparent conductive electrodes (TCE) are mateviailsh are characterized by their

high electrical conductivity and optical transmittanthese characteristics enable a wide
range of applications includingpw-emissivity windows, eledtally controlled smart
windows, defrosting windows, touch screepisptovoltaicsand display$t TCEsform a
crucial part of anyoptoelectroni@and photovoltaidevice, acting as a window fight to

enter or exit whilesimultaneouslyroviding or colleting electrical currentin

conventional thin film photovoltaics, including organic, quantum dot and perovskite solar
cells,light is transmitted througtihe TCE into the light absorber layer wheséher

excitons offreecarriers are generated. Transpaiteole ancelectrontransporting layers

(HTL and ETL) selectively transport holes and electrons to the anode and cathode,

respectively, while also blocking the opposite charge from reaching the eldéffode.

Applications and technologies relying on TC&ts persistently increasing, placiag
continuouddemandor such materials. Touch panélavebeen producedt a rate of
more than 3.5 million units in 2010 with annual growth of 20% through 2018, E-
paperdisplayshave seen30 foldincrease from 2008 to 2014ndsalesare expected to
exceedb13 billion by 2017ighlightingthe ever increasing demand on TCs.
Similarly, the market of wearables using smart textiles is expected to grow abh rate
132% between 2016 and 2022 whitdmslates into &70 billion dollars potential
market®® Furthermore, the paradigm shift in the electromicsistry from being

technologyoriented (faster, smaller and larger capacity) towardsarsemted (wearable,



14
flexible and novel humamterfachg methods) has further increased the demand on
TCEsand motivatedheir developmerib satisfythe additionatequirements of being

flexible, bendableandproduciblewith tunableoptoelectroni@nd energetic propertié

Historically, ransparent conductive oxides (TCO) were the first TCEs used, with indium
tin oxide (ITO) being the most popular dudtoconductivitybeing the highestmong

all TCOs andsince it has beconmeemature material thaes been extensively studied and
developed since its discovery in 194%.ITO exhibits a sheet resistance as lova fsv

tens of Ohms per square and transmittance of around 80% in the visible range, making it

suitable for various optoelectronic, photowaids and touch screen technologiéd.

The incumbent transparent conducting electstdietoday is ITO, occupying 93% of the
of the market share as of the year 2013 at $1.6 billion sales in the touch screen
technology alon€! andthe market ixpeced togrowto $6.3 billion in 2024 This
continuous growth in demarmdmbinedwith the scarcity of indium has led to an ever
increasing cost of ITOAs shown irFigure 1.1A, indium currently sells at $745 per kg
as compared to $200 per kg in the ely 19905 Furthermore, indium has been
flagged as a critical energy element by AMRS study panel and the U.S. DOE, defined
as elements required for emerging sustainable energy sourcaseforgcast to

encounter supply disruptionigure 1.1B).1*? In addition, ITO has shown chemical
stability issue$® and a degraded performance under bending and stretching

conditionst**!

Even though analysts predict a continuous dominance of ITO during the next 20 years,

immense reseah is directed towardseekingalternative materials, which would match
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its performancevhile beingmechanical flexible and chemically stabl&® ¢!
Emerging TCEs include metal nanowires, carbon nanotubes, conductive polymers, and

graphene, which combined are forecastelb more than $220 million in 2026, forming

more than 25% of the market share of TEfs.

A B

1000 |

] PERIODIC TABLE OF THE ELEMENTS

| olements (ECEs) Elements also selected

800

600 |

400 |

Price ($/Kg)

200 |

0.

SRR 10"‘“’ \J.l. IHJM!
e oo o o o

Figure 1.1: (A) Fluctuations and the overall increase in the prices of indium. The cyclic
trend characterized by various sharp rises in the price in 1980, 198 and 2005 are
attributed to factors related to the economy, resource availability, and introduction of

new technological innovations factors. The recent price decrease in 2009 was driven by a
recession in the global economy. The increasing demandoétter 2009 is the reason

for the continuous increase in indium price since th8iata are obtained from U.S.
Geological Survey (USGS8}! (B) The periodic tablavith highlighted energy critical
element$t?

\96 91 91

Since its discovery in 200%! grapheré snique properties hawaarked tremendous
interest andnterdisciplinary research agdtowardsintegrating ita wide range of
emerging applications including TCE8 Mechanically, it is the strongest known
material withaY o u n g 8 s md@aard intsinsio strendth of 138Pa*"!
Moreover charge transport inrgphenas ballistic on the submicrastalewith a
fundamental limti of carrier mobility of 20000@m?/(Vs)and a carrier densityn the
order of10*? cm?.?! Optically, graphene ialso remarkablyransparent, assingle

layer absorbsnly 2.3% of white lightand reflectdess than 0.1%t allwavelengtis.*?
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This leads graphene to exhibit the highest transmittance among other existing and

emerging TCE such as metal nanowires @artbon nanotubg?

The combination of theemarkableelectrical transport and optical transmittance of
graphene, in addition to being atomically flat and continuous, which beats the nanowires
and tubes structure with respect to surface roughness anlbéadjinesistance at

tubes/wires junction$;?*?® has led to increased interest in utilizing graphene as TCE

and various demonstrations in optoelectronic and photovoltaics applications as

schematically shown iRigure 1.2.

Figure 1.2: Schematidllustration of potential applications of Graphene TEEA)
Inorganic, (B) organic, and (C) dysensitized solar cells. (D) Capacitive touch screen,
(E) organic light emitting diode, (F) photodetector, and (G) smart screen wititlow.

However, the enaliig of industrial applications based on graphene TCE requires the
availability of large-scale production routes, for which much research effort has been
investedas will be discussed in details@hapter 2.2. Chemical vapor deposition

(CVD) of graphen@n metalsis currently the most promising route towards lasgale
production, which is currently used to grow either single layer graphene (SLG) or few
layer graphene (FLG). CVD graphene, in general, has outperformed graphene

synthesized by any other sdalaroute such as solutigprocessed reduced graphene
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oxide as shown ifable 1.1 However,CVD typically yields polycrystalline samples
which becomeanore defective and impure aftiie requiredransferstep resulting in
inferior conductivity as compared theoretical predictions artle conductivity of
mechanically exfoliated grapheﬁ@.This has hindered the industrial realization of CVD
graphene aa TCE. To tackle thighe research communihas folbwedtwo main
directions; (1) understanding and optimizing the growth of CVD graphene and the
subsequent transfer meth8@>" and (2) the engineering of grown C\gpapheneo
increase its conductivity without sacrificing dptical transmission, whidhave been
generally done through layers stacking and dofiff?® This second route has the
added advantage of the ability to modulate the work function of graphene TCEs so that it
better interfaceby formingenergetically favorable paths for electmxtraction and

injection. This dissertation adds to the efforts along the secwtg for which an

extensive literature review is provided@mapter 2.4

Tablel.1: Various routes of graphene production compared based on their scalability
and other popertiest®

Method

Mechanical exfoliation

Chemical reduction
from graphene oxide

Epitaxial growth on SIC

CVD based graphene
growth on Ni, Cu, Fe,
Co

Size

10~100 pm

> 6 inch

<4inch

> 6inch

Mobility

best

bad

high

high

Transfer

yes

yes

no

yes

Applications

no

yes

little

most

Scalable

yes

not yet

yes

Our literature survey demonstrates that most of the work done in this area has focused on
using surface molecular dopants on SLG, which being exposed on the surface can reduce

the longterm stability of doped graphene TCEs. In addition, benefits of maledaping
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result frominterplaybetween increasing the carrier density in graphene andingdhe
mobility attributed to ©@ulomb scattering by the charged molecules of the dopant as
detailed inChapter 2.3 On the other hand, several groups have adoptedayer
doping of graphene, in which cumbersome sequential cycles of SLG doping and transfer
took place, to form an artificial structure similar to graphite intercalation compounds
(GIC) so that longerm stability is enhanced. Few reports on spontasetearcalation of
FLG in a similar manner to GIC have appeared more recently, where the small guest
molecule would intercalate and provide an efficient doping for the bulk of FLG.
However, this effort has mainly been focused on thesuatable mechanidgl

exfoliated FLG.

In this dissertation, we focus on the chemical doping of CVD graphene as the most
promising route towards industrial realization of graphene TCEs, aiming to provide a
better understanding of the doping process, in addition to providéag$rto enhance the
figure of merit (FoM) of graphene TCEs through the development of efficient and novel
doping strategies. We adopt FLG grown on nickel thin firasause they are more
resilient, and exhibit favorabkability under stretching and bendiconditionswhich to

a largeextentis in contrasto SLG. FLG intrinsically inheritthe advantages dfielayer
stacking strategy, thus eliminating the need for the cumbersome process of sequential
transfer that includes additional defects and contatians into graphene. With respect

to chemical doping of FLG, larger benefits are demonstrated fnolecular surface
doping, as Gulomb scattering of the chaymolecules would be screened by the top
most layers, and thus causing smaller carrier mghdgses as compared to surface

doped SLG, while being amenable to forming lasgeale intercalation compounds in a
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similar manner to GIC, and thus providing an efficient doping of graphene layers in the

bulk of FLG. These advantages of FLG are furthebaiated inrSection2.2.6

Our approach includes the detailed investigation of the evolution of the electronic,
electrical transport, optical and structural properties of CVD FLG usingogaient
chemical dopants that would either adsorb on the surfesfgootaneously intercalate in
between the sheets of FLG. Followed by the development of a universal hybrid doping
approach, where FLG is mutually bedloped through intercalation, and surfaimgped by
large molecular species providing a maximized dopirgrabst all avdable graphene
layers in FLG. Further detaitsn the methodlogies used throughout this theare

provided inChapter 3, as well as ilAppendices AandB.

The results of this work show that intercalation doping leads to significantly large
improvements in the FoM of CVBLG based TCEs, which result from the large increase
in the conductivity due tthe effectivedoping the bulk of FLG, and the minimal

reduction of optical transmittance. In addition, longer air stability is achieved due to t
encapsulation of dopants in between the sheets. This is demonstrated in a comparative
study of bromine doping of FLG and SLG, where benefits of intercalation are evident
through the former as will be discussedinapter 4. Furthermore, this dissertatio
provides a guideline for the selection of molecular surface dopants and the need to
optimize their coveragm order toachieve a desirable performance of graphene TCEs.
This is realized through a systematic study of organic and ‘mefahic moleculesral

the effect of their doping strength and coverage on the optoelectronic properties of

graphene which is described@tapter 5. Finally, a novel and universal doping strategy
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hasbeen developed, where increased conductivity and further work functidwiltiyna
areachieved through the combination of intercalation and surface molecular doping,
which effectively work together towards achieving desired properties of graphene TCEs,
through maximizing the number of doped graphene layers in FLG. This appsoach i

detailed inChapter 6.

The combination of the scientific aspect presented by tdepth understanding of the
charge transport and energy level adjustments in dopedegrapéind the engineering
aspecpresented by the demonstration of doping strategies that would enhance the FoM
of graphene TCE, demonstrates the significant contribution of this giogq the need

for effective and stable doping routes for graphene synthesized by thadaige

prodwction methods such as chemical vapor deposition towards application as TCE.

Conclusions and future perspective are providedhapter 7.
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CHAPTER 2
Literature Review

2.1 Transparent conductive electrodes (TCE)

The combination of optical tramsttanceandhigh electrical conductivity in thin films of
materiak has enabled several technologaesl abroad range of applications such as
displays, lightingglectromagnetic shield windows and photovoltdcs! Materials
exhibiting these two propertisgmultaneouslyare widely known as transparent
conductive electrodes (TGE of which transparent conductive oxides (TS @ere the
first to beextensivelyutilized inthe abovementionedapplications®” “°! |n this section,
the historical development of TCEs is surveyed, along with applications and general
requirements. Next, trehortcoming®f the most popular TCE to date, indium tin oxide
(ITO) are presented and contrasted to emerg@Bs including graphee. The Figure of
Merit (FoM) defining the performance of TG&then described, followed by discussing
the potential of graphene as emerging TCE along with strategies towards it being utilized

in applications.

2.1.1 Historical perspective of TCEs

The discovery of thirfilm transparent metallic compounds in 1907Badekeris well
recognized as the starting point in history for this field and semiconductor electt8nics.
During his work on electrical conduction in met&sadekerhas successfully
demongrated the synthesis of various transparent conductive metallic compounds by

sputtering on glass and mica followed by oxidation in air, such as CdO, &l PbO,
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and precisely determined their thickness and conduct&ignificant development of
TCOs ha occurred with the advent of quantum mechanics, which has enabled solid
understanding of the electronic structures and transport properties of such materials,
motivating the improvement of their synthesis pro¢€sé! Several investigations on
using TQ in optoelectronics such as selenium rectifier based photaselgll as
heated and antistatic windows has followed, and was celebrated by the first application
in 1947 asatransparenheating layer for cockpit windows in planes using S ater
on, with the introduction of flat panel displaystire 1970s the application of metals
oxides as TCEs has grown ai@® became the most commonly used TCO, mainly due
to its high electrical conductivity® The discovery of ITO as TCO came unplanned,
during experiments on metal oxide insulators at Corning laboratories inf820% was
later on mentioned clearly in a patent filed in 1§47The increased awareness of the
importance of energy conservation and sustainability after the oil crises i{>f¥tas
generated research opportunities and applications for TCO in the form of Iggi\8tyi
windows, that controleeat and light flux intdouildings, where a metal sandwiched
between two TCO layers have dominated the maKen addition, the eer increasing
interest in photovoltaics, which utilizes TE&s a window that allows light into the
active materials while being able to transport the plgeteerated chargaoexternal
circuits, has driven much of the research towards improving §& developing new

materials as TCES”

2.1.2 General requirements for TCEs
The criteriafor choosing a specific TCE cannot be universally defined, since every

application poses different requirements on the physical propedefming the
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performance of the TCE in devices such as electronic, optical and electrical properties
and other practical requirements related to the manufacturing pestessved in these
applications, such as chemical durabiléfjlity to be patternednechanical hardiss and
economic feasibility and toxicity! Referencd1] reviews such requirements for TCOs
and puts them in perspective for various applicatidable 2.1compares the
transmittance and sheet resistance requirements for most common display and touch

panel electronic devicéd.

Table2.1: Requirements of TCEs for varioapplications. Adapted from REf].

Transparent Device Type %T Range Rs Range
Electrode Type (q/l
Touch side Resistive touch panel 86-90 300500
Device side Resistive touch panel 88-90 200500
Top or Bottom Projected Capacitive touch pane 88-92 100-300
Primary Surface Capacitive touch panel 88-90 9001500
Pixel LCD 87-90 100-300
Common LCD 87-90 30-80

Figure 2.lillustrates the wide range of required electrical conductofifyCEs for
different applicationsFor examplea TCEwith~500 q/ 1 is consi der ed
touch screens and smart windows, however, light emitting diodes and photovoltaics pose

more stringent requirement with sheet resistane0 '/ T .

Idealy, a TCE shouldbe highly transparent in the spectral range of interest for the
optoelectronic/photovoltaic device as well as highly conducting, and should be
energetically aligned with buffer amdhotoactivdayers in ordeto inject orextract
charges witta minimal barrier. Accordingly, the properties of TGEhat directly
influencethe performance afevicesarethesheet resistanc&y), thetransmittanceT)

andthework function (i ). More recently, with stretchable and wearable electronics
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appearingpnthe horizonthe additionatequirement of flexibilityand stretchabilithas

also become relevafif*®

Touch screen

(@sq™)
Smart window
Flexible LCD

Flexible OLED

Solar cell

Figure 2.1: Applications of TCE and their posed requirements on the sheet resifance.

2.1.3 Emerging TCEs towards replacing ITO

Currently, indium tin oxide (ITO) is thenost popular TCRised owingo its low sheet
resistance of few tens of Ohms per square and transmittance of around 80% in the visible
rangel’® However, due to the relative scarcity of indium in the face of growing
demand?®® chemical stability issu€g! and its rigidity!**! a replacement material that

can meet the performance of ITO, and be mechanically flexible and chemically stable has
been the subject of much resedfét®*!'Several candidate TCEs in lieuld0 have

been reported, such as conductive polyrftérd! metal nanowire§*4 singlewalled

carbon nanotutsE®*® and more recently grapheli&>® Compared to graphene, most of
these alternatives haadreadyachievedyoodconductivities that are comparable to ITO

as shown irFigure 2.2A, which plots the transmittance vs. sheet resistance of various
TCEs!™ However, the superiority of graphene liestinflat transmittance spectrum,

which exceeds all of the current TCigsluding ITOas shown irFigure 2.2B. The

shaded area iRigure 2.2A shows thecalculatedimits of graphene performance as TCE
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using commoly achievedmobility and carrier concentratioa$ CVD graphenewhich is
currently the most promising raifor largescale production of highly conductive
graphene as will be discussed in detailSéction2.2.5™* These results shothe
promising potential of graphene to achieve similar levels of conducasi®yO butwith
higher transmittance. The 2Dtoee of graphene resolves several of the challenges
associated with the inherently patchy and rough filmsadbon nanotubes astiver
nanowires, which decreasie shunt resistance pihotovoltaicapplications and
degradstheir performanc&® In addtion, nanowires and nanotubigpically suffer
from high resistance at the junctions of overlapping wires or f&b&$for exampleat
the junction othe overlap otwo carbon nanotuls¢he resistance can be in the range of

200 kq to 20tMod (taos tchoentrreassi st ance “Al ong a s

A:H 3.4 x 1 n B

Figure 2.2: (A) Transmittance (5B1m) vs. sheet resistance and {Bnsmittance spectra
for various emerging CEs.'

2.14 Figure of Merit (FoM) of TCEs

Among the many requirements of TCEdigh electrical conductivity and optical
transmittance are the most crucial, as these directly influence the performance of
optoelectronic and photovoltaic devices. However, achieving thvesgoals in a single

materialmay be challenging due to thectahat they are fundamentally
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contradictind*>®” Direct-current conductivitytbc) linearly increases with increasing
the charge carrier densitg)(and/or mobility €), according tq Q¢ .'However,
increasing the charge carrier density stitits plasma frequency ) to a higher energy,
which determines the threshold energy of absorption in materials, below which photons
would be absorbed. For example, in metals the carrier density is on the ord&mof,0
which puts the plasma frequenioyultra-violate range rendering them opaque and highly
reflective in the visible, whereas, the carrier density in graphene is on the ord&t of 10
cm® resulting in plasma frequency in the-fafrared region, leading graphene to behave
as a transparentaterial in the visible region. Moreover, while increasing the thickness
of a TCE reduces its sheet resistance, it can also increase the absorption losses, especially
in the context of graphene, whose absorbance scales with the number of glapdrsne

aswill be discussed ibection2.3.3

Comparison of the performance metrics of various TCE materials is greatly facilitated by
the definition of a Figure of Merit (FoM) which takes into account both the sheet
resistance and the optical transmittance. Tist $uch FoM was proposed in 1972, and

was simply taken as the ratio between the transmittance and sheet resistance, where a
higher value would indicate a better performing T€BHowever, failure of this FoM

was demonstrated due to the dependence bffa@ndT on thickness, which leth a

FoM valueat the maximum thickness resultingTir= 37%, making it unsuitable for most
TCE applications. To address this, Haacke proposed a new FoM if*48titich used

the ratio between T and,fhowever, adding an exponenix > 1) to the former to

balance the contributions of both effects in the FoOM as sho&nquiation 2.1;
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"O¢ 0 — Equation2.1
The exponenx is set to a value limiting the maximum thickness that would maximize the
FoM to a value that results in an acceptabler the specific application. For exampie,
=10, 20 or 100 would limit the maximum FoM for a TCE with T = 90%, 95% or 99%,
respectivly. The value ok can be derived for each application depending on the

minimum value of T that would yield the desired performance.

More recently, another approach has been introduced that defines the FoMsiafterm
more fundamental material propertgsch as the direct current and optical
conductivities ipc andUop, respectively, and thus eliminates extrinsic effects such as

thickness®? TheRs andT are defined according to following equations,

Y — Equation2.2

Y o p —, O Equation2.3
Eliminating the thickness and taking, ¢ 7o, where U is the abso

coefficient andZ, is the impedance of free space and has the valug 3&@Qeneral
relation between Rand T could be defined for a thin continuous conducting film

according to,

Y o p —— Equation2.4

It is clear fromEquation 2.4, that the ratie— controls the relation betwednandR;,

and thus is defined as the FddM TCEs Equation 2.5). Hence, by measuring the T and

Rs for a specific material the FoM can be calculated with ease and used to compare
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various films with respect to industrial standards for different applications. Transmittance

is reported at 550 nnmylconvention.

"O¢ 0 Equation2.5

2.1.5 Graphene as emergng TCE

The high optical transmittancelectricalconductivity, flexibility and chemical stability
of graphene have triggergdeatinterestin its application aa TCEmaterialin
optoelectronic devicess a potential replacemefiatr [TO.[4°75883lcyD graphendias
emerged in recent yearsthg most promising route for larggcale industrial production
andreplacement of the incumbent ITBowever,improving the quity and performance

of CVD graphene as well asducingthe energy consumption of the growth and transfer

processs contimie to be important in order to repldd®©.

The widerange of available rous¢o synthesis graphene has led to numerous
morphological, structural and electronic properties. Moreover, thickness of graphene
samples in literature are hardly reported, in addition to difficulties involved in the exact
determination of the thickness, niads the extraction and comparison of electrical
resistivity of graphene a neweliable property to compare graphene films obtained using
various routes. Moreover, even in the case of farga SLG synthesized using CVD,

islands of bilayer and trilayer gghene unavoidably and na@ontrollably exist.

The optical properties of graphene also depend on the thickness of graphene film being
studied. Thus, for a comparison of the performance of graphene based materials with
respect to TCEs, a FoOM was proposeddmbine both the electrical transport properties

presented by the sheet resistance, and the optical properties presented by the optical
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transmittance typically taken at 550 nm. As shown in the equations 2.2 and 2.3, these two
parameters are combined byngsthe thickness as a common factor, which would
eliminate the influence of the thickness in such FoM as shown in equation 2.5, and thus

provide a reliable metric to compare graphene produced using different methods.

A recentcomparison of the FOM a@raphenebasedmaterials reveals an upper limit that
makes pristine graphene in general not suitable for applications such as TCEs. However,
it suggests that doping or layer stacking can push these limits further to meet the
industrial standard which was setbe larger than 35 basedog<R 100 q/ I and
90%°? Moreover, as plotted iRigure 2.3, CVD graphene have shown the highest FoM
(~10) as compared with graphene obtained from other rcutels as the nescalable
mechanically exfoliated graphene (FoM=2.7) aotutionprocesseg@raphene and

chemically derived graphene, where the latter woeddlltin a significantly low FoM =

0.7 due to junction resistance between overlapping fl&#é&heoretical estimation of

the FoM of a monolayer grapheleads to a value of 2.58owevey CVD graphendas

shown values as high as 11 which can be attributed to unartahtioping from the
substrateWith the limit of FoM = 11graphenébasedl CEs fall below the industrial

standard of 35. Thus doping of graphene is essential to enhance the FoM, for which an
upper limit of 330 was approximated initially for CVD graphene, significantly higher

than that of ITO (FoM = 1725.2] A stack of 4 layers of CVDrgphene treated with acid
doping has already been demonstrated to exhibit a FoM df*l Moreover, lithium
intercalation of mechanically exfoliated graphene has recently beaten the predicted limit

for CVD, approaching FoM of 1400 which demonstrateshtigee advantage of pursuing
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bulk doping of optically thin few layers graphetheough intercalationhowever, this is

limited by the industrial scalability of mechanically exfoliated graph¥he.
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Figure 2.3: FoM of graphene synthesized by various roatas characterized without
any deliberate dopinf§?!

A recent comparison using Life Cycle assessment method (LCA) of the impact of CVD
growth ofgraphenend ITO production as T&®n the basis of energy consumption and
scacemetal usage, have concludiet the former can indeed haa®werimpact than

the production of ITO under the best scémaroposed by the authdfs Surprisingly,

the highest impact on energy consumption for CVD graphene process comes from the
production of copper foils rathéman high temperature involved in the proc@ssis, an
opportunity to further reduce the impact would be availed by the reuse the copper foll
after the transfer process, which has been demonstrated recently using electrochemical

transfer route, or by thecovery of etched copper from the etcH&H”

Themainchallenge towards using graphene as a TCE in li¢li®@fis increasing its
conductivity to match that of the lat&VD Graphenghowever, exhibits higher sheet

resistance due to the polycrystalline nature of the obtained samples, in addition to the
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induced defects during the transfer process. Key strategies to improve the conductivity of
CVD graphene are: (Orowing higher qualitygraphene through increasing the grain size
in the polycrystalline films, (2)mprove the transfer process to minimize the number of
introduced dects and contaminant&) engineering of graphene films through layers
stacking and (4) chemical doping abghene. The latter point is the main scope of this

dissertatiorandwill be reviewed in details i€hapter 2.4.

2.2 Production routes of graphenebasedmaterials

Since the celebrated exfoliation of single layer graphene using the scotch tapeimethod
2004,*® immense research effort hgsne intodevelopng large-scale production rouse

that can yieldhigh-quality graphene sheetsd thusnabe industrial applications of the
miracle material®® Furthermore, the properties of graphene are higependent on the
synthesis route, which largely determines the potential applications for each, indicating
t hat ther e i sn o tutet symthesivgeapheimsednaterials, amdim r o
should always be discussedirewindow of a specific apptiation of interest and its

required performance metrics.

In this section, efforts to define the nomenclature of graphene are traced, towards the
most recent definition of the term graphene and its related materials. The criteria used to
develop such termblogies are described, with providing examples to clearly define the
various members @rapheneaelatedmaterias family. The terms outlined in this section

is to serve aareferencdor theterminologesused in this thesis. Then, routes for
synthesizng graphene are surveyed along with their potential applications and

limitations. A special emphasize is given to CVD graphene, singéi mosipromising
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method for largescale production of graphene of sufficient conductivity towards

applications a3 CE, in addition to being the focus of this thesis.

2.2.1Nomenclature of graphene

Despite being the most recently discovered
appeared in publications dating back to 1986 in reference to the individual laygfs of s
hybridized carbon making up graphite and its intercalated compounds/{&#epund

the sameperiodgraphene wasgsedto conceptually describe the structure of other

carbonbased materials, such as carbon nanottesitaxial graphité’” fullerene§?

and polycyclic aromatic hydrocarbod.

After the successful isolation of a single layer of graphene in 28@hd the associated
flurry of research activities on graphene
became used broadiy describe a wide range of tvdimensional (2D) or 2D/3D carbon
materials with varying thicknesses, lateral sizes, and structures. This has led to
inconsistencies in the early literature, som&/bich continue to persist, but a serious

effort by the scietific community has led to the adoption of a nomenclature which

precisely describes each member of the graphene fHAif.

In 1986 an editorial article aiming to define the nomenclature and terminology of GIC by
Boehm et al . rgeaghens layedfe asingldatomit thick warbdn sheet
within the 3D graphité® After the realization of isolated single layers of graphene, this
term was strictly used to describe a single carbon layer in any other carbon material of
various dimensionalitee such as graphite (3arbon nanotubes (1D), andlérenes

(OD). On the other hand, the tefimg r a p Wasmesedved to refer to an isolated single
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layer graphene sheet of extended lateral dimension either suspended or placed on a

foreign substratE&®!

A recent recommendation for the nomenclature oftlaphenebasedmaterialshas been
published, to promote a consistent and wlefined usage of terminologies, that precisely
describe the material, thus eliminating confusion in the scientific liter&f!
Grapheneébasedmnaterialshave been defined to comprise a family of nanomaterials

which inherits the 2D characteristic of a graphsineet, accordingli includes

multilayered graphene and chemically derived graphene sheets such as Graphene Oxide.
It is to be distinguished from the 3D?*smarbonaceous materials whiate aogether with
graphenebasedmaterials are part of a larger family labetsxGraptenic-carbon

materials. The various categorieggodpheneaelatedmaterialsareillustrated in

Figure 2.4, and will be described in details below.
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Figure 2.4: Suggested nomenclature of graphene basetde)number of layerand
lateral size
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The suggested recommendations were based on various principles relying on a set of
well-defined characteristics which when varied, alters the physical and chemical
properties ofjrapheneso that each terminology would imply a physically and/o
chemicallydifferent materialThe first among thee principles enforcdbe distinction
between the ternrgrapheneandgraphene layerwhere itclearly defineshe use of
grapheneo refer toisolatedsingle atomic thick carbon sheets, arrahigexagonally in a
hongicombs t r uct ur e, a rtdf any otleiscaridon striictundime depiation
of any graphendasednaterial from this definition shall be reflected in the terminology
by adding a descriptive suffix or prefix to the tegraphene Secondly, grapherteas
been obtained with lateral dimension ranging from tens of nanometers to several
micrometers depending on the synthesis route, and processing conditions. The lateral
dimension can significantly alter the electrical transport and other propertiephegea
and thus a clear definition of such parameter entéiminology of graphereased
materials especially those in solutions 1is
nanosheet s omiocrr ofisghniedbpttheetiickness of graphene is a crlcia
parameter, as the electronic structure evolves with the number of layers, till it resembles
that of bulk graphite once the number of layers exceed&t&uch statement is only
valid in the case where the sheets are electronically coupled througit-BB or
rhombohedral ABCA stacking, however, for randomly stacked (Turbostratic or
rotationally faulted) there is no coupling betweendheetsand thus the electronic
structure resembles that of a monolayer. This makes it important to define thegstecki
well as the number of layers in the terminology of the grapbesed material. The-in

plane shape is an important feature that should also be included such as Graphene ribbons
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or quantum dots which have generaesiignificantamount of research ietest.
Accordingto theprinciplesjust mentionegdgraphenédasedmnaterials were classified
based on the number of weléfined and countable layers in the material. A single layer
of graphene is simply referred to as graphene, two layers and three layers are labeled as
bilayer and trilayer graphene, respectively. Asribmber of layers increasdsy layers
graphene (FLG])s reserved to describe graphene withSLlayers, ananultilayer
graphene (MLGJo describe graphene witfi 110 layers. For thicker materials with
thickness and lateral dimensions less than 10Qmertermgraphite nanoplates to be
used, wi tfih ttehrem fAinmacnlou d e draphite pavdesshataneg ui s h  f r ¢
typically more than10@m thick. This transition from using the term graphene to the
term graphite residtfrom the fact that the eleonic properties of graphene sheets of
more than 10 layers are no longer distinguishable from those of bulk graphite once the

layers are stacked in Bernal stacking (ABA).

With the increased industrial and commercial interest of chemically modified geaphen
and exfoliated graphite, in addition to their different properties and applications as
compared to pristine graphene, a clear distinction shall be made when referring to
graphene oxide (GO) and reduced graphene oxide (rGO) which are the most common
chemtally modified graphene materials. The structure of GO is largely altered due to the
incorporated oxidation process during the synthesis which renders the material
electrically insulating. The reduction of GO can restore the electrical conductivity
partialy by various chemical and thermal processes, however, in either case, GO and
rGO are considered amongtmost important graphettasednaterials As will be

described in details in the next section, the properties of graphene can vary drastically
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from ore synthesis route to another. The synthesis route has been generally used to prefix
the term graphene whigirovides valuable information on what to expect in terms of the
physical and chemical properties, such as CVD graphene, epitaxial graphene and

mechaically exfoliatedgraphene.

2.22 Mechanically exfoliated Graphene

Monolayer gaphenesheetbtained by mechanical exfoliati@meby far the highest

guality grapheneand hae been the favored route by researclierdundamental studs

into its uniquephysical propertie§® Starting from a highly oriented pyrolytic graphite
crystal (HOPG), a scotch tape can be used to peel flakes of graphene by cleaving them
from the crystal via normal force. The flakes commonly attached to the scotch tape are
typicdly few layers graphene and thick graphite platelets, which can be made thinner by
attaching them to a Si substrate, and repeatedly peeling them off until a monolayer
graphene is obtainggFigure 2.5A).”"! Another variation of the mechanical cleavage
process is to applyshearforceto the crystal by drawing it on a target substfate.

Samples obtained through mechanical exfoliatiomtypically on the scale of tens of
micrometers thus typically refered to as micromechanical cleavage addition to

having a very low throughput, since single layers are buried among thicker ones which
obstructits characterizatioanddetection Hence,it is unlikely to develop any mature
industrial mass productiorf graphendasedn this routel’® Larger scale production

routes of graphene have been developed, genecaltypromising the high quality of the

obtained graphene.



37

B Clls A8
glass : e el
1cm i ,/
graphene B 8

/ -

Figure 2.5: Morphological images of graphene synthesized by different methods. (A)

AFM image of nechanicallyexfoliated graphen&® (B) Optical image of monolayer

CVD graphene transferred to gl&S5 (C) SEM image of monolayer CVD graphene
transferredto Si@ Si s howi ng wrinkles and MUDtil ayer
photograph of largescale spircoated graphene oxide on 300 mm wafer and the

transferred freestanding graphene oxide membrane (IEHYE) AFM image of

graphene gideshowing a step height of individual flake corresponding to 0.67 nm

(acr[(gg]s the geendashedine), scale bar is £ nf* (F) epitaxial graphengrownon

SiC.

2.2.3 Epitaxial growth of graphene on SiC

Graphene has been grown epitaxially on SiC wafers. Annegildat ~ 1500 °Qeads to
the segregatioof graphitized islands of daon, as the Si desorbs from the surface at
around 1000 °GFigure 2.5F).[8% 88 Epitaxial growth of graphene on SiC is a tatep
processfirst the wafer isanneatdin ahydrogenenvironment aiming towardemoving
contamination and minimizingurface roughnegs provide ahigh-quality platform for
graphae growth, followed by annealing atincreasedemperaturéo sublime Si and
grow graphene layef¥! This process has been demonstrated to hold inhitgia
vacuum(1x10% Torr)®® or ambient pressure conditiofé! with the former generally
leading to higher qualitywyafer sizemonolayemgraphene with smoother morphology and

larger crystalline domains
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Several limitationgor thisroute araelated to the use of Si€libstratesince thelateral
sizeof obtained graphene is limited to tlditheavailable standardafersizei . e4. O
inches. Inaddition to posing difficulty anddditional costelated taherequiredtransfer

of graphendo arbitrary substrates for various tectogital applications

2.24 Solution processed graphene oxide (GO) and reduced graphene oxide (rGO)

The development of athods to disperse graphene sheets in solatidirendering its
solutionprocesability has benextensively investigatetHowever,graphene is

hydrophobic and tersto aggregate in aqueous and organic solvents. To overcome this,
modifying the basal plane of graphene with functional groups that would increase its
solubility and stability in solutions has been a subject of much int&feBhe presence

of oxygen based functionalities has led to hydrophilic graphene which is highly soluble in
agueous and common polar solvents. However, the oxidation of graphene would induce
significant defects to its basal plane, so that it losesdts ¢tobnductivity and becomes

insulating.

Oxidationof graphite using the Hummers meth&sfollowed by exfoliation in water

by sonicatiorwas used to produce solutions of single layer and few layers graphene
oxide sheets, hich can be solutioprocessednto largearea substrates as shown in

(Figure 2.5D andE). GOsheets are then reduced either by annealing at high temperature
or using various chemical reducing agents such as hydrazine. The reduction step is
needed to reste the electrical conductiyiin rGO. Even after the reduction process, the
obtained sheets have the lowest conductivity when comparedotbedirouts of

graphene productiotiue tothelarge amount oflefectspresentThe conductivityis
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further reducd by the interlayer junctiomesistance of obtained filmdiminishing the
opportunity of using it in electronic applicatioﬁQ.This, in addition to environmental
and cost impacts of the various chemical reducing agiemtss a majobarrierin the

face of itsindustrial productn.

2.25 Chemical Vapor Deposited (CVD) graphene

Svynthesis of CVD graphene

The gowth of thick graphtic films by the decomposition of hydrocarbomsthe surface

of crystalliné® or polycrystallin€ transition metalsisingCVD has been known for

more than 50 year&" The search for largscale production routes of single layer
graphene has led the community to revisit this approach, attempting to grow single to few
layers graphene films on various transition metals such & &Lpt4 %! co P Njl%®

191 and cu®1%2 Graphenebasedmaterials of varying morphologghicknessand

guality were obtained depending on the processing conditions and the metal of choice.
This variation was ascribed to two different growth mechanisms shokigure 2.6,

which areclassifiedbasedn the solubility of carbon in the transition metal of choice: (1)
surface thermal decomposition of the hydrocarbon precursor which typically occur on
metds with low carbon solubilityFigure 2.6A) and (2) diffusion ad segregation of the
carbon species from the bulk of the metal and metastable metal carbides during the
cooling process, occurring in metalith high carbon solubilityRigure 2.68).[27] The
catalytic behavior of transition metals is attributed to the partially fitedbitals which
allow for reactions either bghanges in theioxidation states or by forimg intermediates

that are appropriate for the growf
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Figure 2.6: Growth mechanisms of CVD graphene. (A) surface thermal
decompositioti®? and (B)diffusionand segregatiof®

In generalCVD growth of graphene @three step procesil) starting with loading of a
transition metal into a tube furnace, feedindgnydrogen while heating up to around 1000
°C allowing for recrystallization of the metal to larger grains and the reduction of any
metal oxide on the surfac@®) andthena hydrocarbon precurseuch as methane is
introduced into the reaction chamlaongwith the hydrogen flovat specifc pressure

and durationduring which ithermallydecomposesto reactive species that forms
graphene nuclei growing and coalescing into a continuous graphene film (3) followed by
controlled cooling of the system. Thetlagep becomes important only when diftus

and segregation mechanisfgure 2.6B) dominates, and the cooling rate should be
carefully controlled to determine the quality and the thickness of graphenéfilms.

Initially, large-scale FLG and MLGverereported by various groups in 206¢1°1

using Ni as the catalytic metal under ambient pressure. Carbon exhibits a relatively high
solubility in Ni ~0.6 weight% at 1326C,*”) and hence the growth mechanism is
dominated by carbodiffusion and segregian during the cooling process. Thus, both
nickel film thickness and the cooling rate had to be optimized to control the thickness of
grown graphene. Typically 300 nm thickbeam evaporated nickel film on SISi yields

the highest quality FL@Ims compsed of 412 layers. Lower thicknesses have been
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reported to affect the morphology of the Ni film during the growth, where the high
temperature of the process would cause its aggregatioteavettinginto clusters with
negative consequences on the qualftgraphené*® The cooling rate has been
systematicallystudiedand has been identified as a key factor in thickness and continuity
of grown FLG. Extremely fast cooling (>5G/s) reduces the mobility of the carbon
atoms in the &Ni solution, and restd in poor film continuity, whereas, the optimum
cooling rate (1G 20 C/s) has achieved high quality and continuous FLG films. Slow
cooling rates (<0.1C/s) provide sufficient time for carbon to diffuse into the bulk and

prevent any film formation a®iewn inFigure 2.68.1°¢!

In 2009, it was reported that graphene with more than 95% single layer (SLG) coverage

can be grown oacopperfoil (<25 em thick) used asP®t he cata
The growth of graphene on copper is a-#igifting surface process, where thermal

decomposition of hydrocarbon precursors occurs at 1000 the presence of hydrogen

at the surface of the copper catalyst. The absence of the precipitation mechaniem see

other metals was an important advantage. Thisigto the low affinity of copper to

carbon, which has a solubility 00-008 weight% at 1084C. This removes the need for

controlling the cooling rate and substrate thickness in order to contrakahty af the

grown monolayer8%*1%Indeed, similar graphene quality was obtained despite cooling

rates varying from20to30€/ mi n and wusing foil thickness
indicating the growth process is dominated by surface catalysist®f' CVD growth

of graphene on thin copper films (<500 nm) on $8Dhas been attempted in a similar

manner to FLG growth on Ni. However, the resulting graphene is generally défé&@tive

and exhibits lower carrier mobilfy* than those obtainesh thick copper foils. This has
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been attributed to changes in the morphology of thin polycrystalline metal films,

including their dewetting athigh-temperatur@ndlow-pressureonditions.

Roll-to-roll CVD growth of graphene was first attempted in ambeamditions on @ne
meterstrip copper foil, leading to the growth of few layers graph€fierhe annealing

and growth regimes of the process were carefully controlled by tuning the rolling speed
and utilizing a specially engineered gas diffusion sydteat is able to directly flow the
gassesat the heated zone whichshown inFigure 2.7A. More recently a concentric

tube CVD furnace was developed for the synthesis of CVD graphene at low pressure, by
helically wrapping the copper foil on the internal quartz tube which was inserted into the
main tube of the furnace as showrFigure 2.7B. The gas is supplied to the central zone

of the furnace througholes on the internal tube that would allow two different zones for
annealing and growth on the furnace. Continuous monolayer grapbsineen

successfully synthesized using this pro¢€%s.
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7 @ 3 foil * Annealing zone Growth zone
main
e ], ' © VA
- 2 ’h\‘i\
L =. = =

==
quartz L wa
tube Inner gas L

\

gas diffuser

A
= Outer gas flow—+t
- Outr tube”
C Graph
Polymer support polymer support Released

polymer support
= é‘”@
.

arget substrate

~  Inner tube
(rotation optional)

Graphene on Cu foil Graphene on !srg‘et

Figure 2.7: Roll-to-Roll processing of CVD graphen@) Growthof FLG using a
diffusion system for thgassesat the heated zoH&", (B) Continuous monolayer growth
using concentric tube CVD systéff! and (C) Transfer of large are CVD SLG to PET
substrates using rolio-roll processing®®!
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Transfer of CVBgrown graphene

CVD has proven to be a successful routeHiesynthesif largeareagraphene films on
transition metals. However, most applications require the graphene (SLG or FLG) to be
transferred to another substrate for device fabrication. Successful transfer of graphene is
not a trivial taskThe main critewn for a successful tresfer process that it should not
damage the CVEyrown graphene and thus result in a smooth and dieéscgraphene

free of residues associated with the tran$fer.

However, the transfer process can cause significant degradation of the quality of CVD
graphene due to tearing and folding of the sH&&Significant effort has therefore been
put in place in order to improve transfer processes to the point that they can maintain the

quality of the aggrown samples.

Transfer methods of CVD graphene graily employ a support layer placed on top of the
graphene, which provides mechanical support during the chemical etching of the
underlying metal film or substrate. After the etching process is complete, the
graphene/support bilayer is transferred todéstination substrate, at which time the
support layer is removed. Depending on the support layer used, transfer methods are
generally classified either as carrier or stamp metHd8€arrier transfer methods

utilize a support layer that adheres strgrtglgraphene and requires aggressive chemical
or thermal treatments to be removed. Examples of carrier transfer processes include the
use of populaPoly-(methyl methacrylateMMA film or thermal release tapes. The

main issue with such methods is thatidees of the support layer are difficult to remove

completely. This negatively impacts the ability to make contacts to graphene. In addition,
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the harsh chemical and thermal treatments used in the removal of the support layer are
likely to be incompatiblevith the destination substrate or device. In this regard, the
stamp transfer method which utilizes an elastomeric support layer that picks up the
graphene layer and stamps it onto the destination substrate has advantages. Stamping
methods typically utilizgpolydimethylsiloxangPDMS) as support layer because of its
weak adhesion to most materials. Removal of the stamp layer relies on the
thermodynamics of the interfacial adhesion forces at the stamp/graphene and
graphene/substrate (destination) interfadég stamp support layer is removed simply
via mechanical peeling, which would leave the graphene film intact on the destination
substrate ankawe no residues on the surface. However, mechanical stresses during the

release step can introduce cracks ineagraphene sample.

A) Carrier transfer methods: PMMA support layer

The PMMA-mediatedransfer has been successfully demonstrated in the context of
carbon nanotubds:! and has been shown to transfer CVD graphene from the catalyst
metal to a wide rangef target substratd® %Y The process consists of a thick spast
polymer layer on graphene, followed by chemical etching of the metal support leaving
the PMMA/graphene floating on the surface of the etchant. After washing with DI water,
the stack iscooped up by the target substrate, forming a PMMA/graphene/substrate
stack. The PMMA is dissolved and washed awéi acetone leaving graphene on the
target substrate. However, the existence of covalent bonds between the PMMA layer and
graphene complicas the transfét’® Some PMMA residues always remain on the

surface of grapherieeven with intense washing, increasing its roughness, introducing

unintentional pdoping, reducing its conductivity and impacting the quality of contacts
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between graphene @mther materials. Removal of PMMA residues requires additional
annealing in vacuutt? or underan Ho/Ar mixturd*** at 300 C, which is quite effective

at removing residues.

The PMMA transfer method has been fineed by Ruoff eal.,[*** who introduced a
second layer of PMMA on the PMMA/Graphene stack after scooping with the target
substrate. Processing the second PMMA layer is believed to partially dissolve the first
one, allowing an easier release of graphene and its internal stresisep during the
etching and transfer processes. This method has been shown to improve the contact

between graphene and the target substrate.

B) Stamp transfer methods: PDMS support layer

Stamp transfer methods most commonly utilize PDMS layer to mieetigrsupport

graphene, a concept borrowed from dibftography, where a microstructure can be

replicated using prpatterned elastomer masks. The PDMS stamp is attached to the
graphene sample, followed by chemical etching on the underlying metal tatedys
PDMS/Graphene can be lifted off using a tweezer, washed and dried and then stamped on
the target substrate. The PDMS stamp can be peeled off leaving the graphene on the
substrate. This is in contrast to the scooping step in the PMMA transfer m@tticld is

less desirable when the target substrate or device is sensitive to moisture, acetone and/or
heating. As PDMS is durable, unreactive and binds to graphene via weak van der Waals
interactions, the transfer process tends toléanerand the surfae of graphene can be

free of residues. This method has been demonstrated to transfer continuous and patterned

SLG* and FLG' graphene onto SiZBi. The only requirement for a successful



46
stamp transfer processtgat the work of adhesidndefined & the energy needed to
separate two solids at the interface into their respective free stirfaetseen the
graphene and PDMS (source) to be lower than that between the graphene and the target

substrate.

The work of adhesion is a function of the surface energy of the materials in contact;
hence this equation can be represented as a comparison between the surface energies of
PDMS and the target substrat e?whi€htendsd or mer 6

be lower than many materids®!

The transfer process can also be adapted toorodlll CVD graphene and has

successfully led to the transfer of CVD graphene onto flexible PET sub&tt&ted”
Largescale transfer of a 30 inch (diagonal) Stt@m a copper foil to PET has also been
made possible by the use of thermal release tapes which are attached to the
graphene/copper by applying soft pressure between two rollers, and finally removed after
the etching of copper and stacking on PET by apglynoderate heating (90120 C) as
shown inFigure 2.7C.1%¥! In addition to various advantages offered by CVD graphene in
terms of quality, scalability, and throughput; the adaptation of the growth process and the
subsequent transfer to batch and aardus manufacturing, including reb-roll

processing, have positioned the CVD route as a front runner for the industrialization and

commercialization of graphene into electronic and optoelectronic applications.
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2.2.6CVD singlelayer vs.few-layer graphene

Our literature survey indicates that FLG, which typically refers to agr@asn stack of 2
5 layers of grapheri&” is a more mechanically and chemically resilient form of
graphene with demonstratadvantages over SL&"including superioperformance in
various applications such as gas senS¥sflash memoyt**® and electrical
interconnect§?**?!FLG electrodes exhibibnly a slight variation in conductivity upon
stretching and bendingith full recovery tothe original performane when thestrain is
removed'® whereashe conductivityof SLG decreasgsignificantly and irreversiblin
similar conditions as shown Figure 2.8,****?making FLG a particularly interesting
TCE candidaterbm the perspective @merging applications, such ffexible

electronicsoptoelectronicsand photovoltaics.

The increased number of layers in Fh@Gtonly increassthe conductivity of graphene

films, but also makethemmoreresistanto adverse effects from the substraiech as

charge impurities, and decreases the contact resistance in devices due to screening effect

of the additional layer$?®2®l|n addition,the fact that at least one graphene layer is
buriedbeneath the surfaceakes FLG more robust and less @om performance
degradation due to contamination and defects during procésgimgoreover as we
will show in this thesisi-LG is amenable tantercalaion by very smalldopantmolecules
in a similar manner as graphitan be intercalated to form graphit¢ercalaton

compounds (GICyvith small redoxactive guests.
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Figure 2.8: Comparison of theariation of the electricalransportof FLG and SLG
under mechanical bending and stretchik@riation of the resistancef &LG as a
function of (A) bending radiusand(B) lateral stretching (strain}:°>And the variation
of the resistance of SL& a function ofC)flat-fold cycles and for various bending
radii,*** and (D) lateral stretching §train).*??

The intercalted dopant molecules are thus encapsulated by graphene overlayers resulting
in a morestable bulk dopingas has been shown for féayer and multilayer graphene

with various intercalants such as,Bf* FeCE!? and Li*¥ This potential nexus

between graphene and GICs offatsemendou@pportunity to independently tune the
properties of graphene via surface and/or bulk doping, a direction which has yet to be

explored and is the main topic of this thesis.



