13 Graphene Synthesis by Chemical
Vapor Deposition on Copper

Kemal Celebi, Ning Yang, Matthew T. Cole,
Kenneth B. K. Teo, and Hyung Gyu Park

CONTENTS

ADSITAC ..ottt ettt s
13.1 INtroduCtion .........c.cceceeveecieniieieneeiineeieeeeeee e eenes
13.2 CVD by Carbon Precipitation on Transition Metals .........
13.3 Surface-Mediated Graphene CVD on Cu..........ccecueeneenee.
13.3.1 Substrate Preparation.........cccceeeveeveenieernieenienneens
13.3.2 Crystal Nucleation ...........ccceeeevveienienieerneenienneenns
13.3.3 Growth Kinetics.......ccecceevuervieeniinniienieeieenieeieens
13.3.4 Reaction Energetics .......c.cceeveeviieniienieennieenienieens
13.3.5 Crystal Morphology.......ccccceveeviirnienieeenieniennieens
13.3.6 Secondary Crystal ........ccceeveeniirnieniieeniienienieens
13.4 Transfer and Direct Growth on Insulators..........c...cc.c......
13.4.1 Graphene Transfer ........ccocceeveevviiinienieeenieniennieens
13.4.2 Transfer Cleanliness ..........cccceevvveeneenieernieeniiennieenns
13.4.3 Direct Growth on Dielectrics .........ccocceeveeruennnenns
13.5 Electronic Properties of CVD-Synthesized Graphene......
13.6 Scaling-Up Schemes.........ccceeveeriienieriiieniiiiienieeeeeeeee
13.7 SUMMATY eouviiiiiiiieeieeiieeieete ettt
References. ......coeevveriiienieiiicicccceec e

ABSTRACT

Progress in the synthesis of high-quality monolayer graphene
has taken a giant leap forward with the introduction of copper
as the growth catalyst. This progress has also drawn interest
from the industry because of its promise to yield large-area
graphene at low cost. In this chapter, we provide a detailed
description of the chemical vapor deposition of graphene
on copper, the fundamental mechanisms that govern it, the
effects of the growth conditions on the morphology, and the
electrical properties. We also present graphene transfer meth-
ods and cleanliness of the transfer processes. The chapter
concludes with a review of the prospects on the scaling-up
schemes for the industrial production of graphene.

13.1 INTRODUCTION

The dimensionality paradigm in materials science has under-
gone a phenomenal shift with the introduction of graphene.
Unlike other low-dimensional materials, such as the fuller-
enes and nanotubes, graphene has provided unprecedented
applicability along with intrinsic processability. Since its first
isolation,! graphene has been widely studied and has been
shown to possess unique properties such as extremely large
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charge mobilities up to 1,000,000 cm? V™' 712 broadband
optical transparency, linear dispersion resulting in massless
Dirac fermions,*® a near-zero intrinsic bandgap resulting in sat-
urable optical absorption,* tunable bandgap,’ unprecedented
mechanical strength (1 TPa tensile modulus),® and one of the
highest thermal conductivities ever reported (5300 W m™ K1)
second only to superfluid He.”

Most investigations on the fundamental properties of
graphene have been carried out using mechanically exfoli-
ated graphene from highly oriented pyrolytic graphite or
kish sources.! The high graphitic quality and cleanliness of
this method have provided a crystallographically ideal mate-
rial perfectly suited for a test bed for fundamental explora-
tion. Indeed, graphene obtained through this method is what
allowed the measurement of many, if not all, of the above
properties in practice. However, exfoliation techniques can
only provide micron- and submicron-sized graphene crystals
at random and uncontrolled locations. Despite a wide variety
of chemical and mechanical exfoliation techniques available
and compatible with an arbitrary range of substrates, such
approaches are unsuitable for technological purposes due to
issues with scaling and reproducibility.

Given the unquestionably large catalog of excellent mechan-
ical, optical, and electronic properties demonstrated, graphene
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is evidently a very promising material for a lot of technologi-
cal applications such as flexible transparent conductors,? inte-
grated circuit elements,” high-frequency (GHz) transistors, '
ultracapacitors,!! battery electrodes,!?> porous membranes for
filtration'* and desalination,'* passivation layers,”> catalytic
support,'¢ plasmonic sensor,"” and composite materials.’® All
of these applications require large-area graphene produced
via scalable, economical means. Thus, alternative methods
of isolation to mechanical cleavage are in critical need, with
particular interest in direct chemical synthesis (Table 13.1).
One example of this alternative approach is to use other top-
down methods based on chemical exfoliation!® that employ
agitation of intercalated graphite or chemical reduction of
graphene oxide in order to produce large quantities of crystals
that can coat extremely large surfaces®?° if coupled with vari-
ous mechanical deposition techniques such as casting, spray
casting, Meyer rod, Langmuir Blodgett, screen printing, and
electrophoretic deposition. However, the resulting layer is an
ensemble of graphitic material that is far from having the high
quality (and subsequent properties therein) of the graphene
monolayer, ascribed to the out-of-plane interflake connectiv-
ity, tunnel barrier dominance, and altered chemical structure.
As such, atomistic (or bottom-up) synthesis methods are the
sole option to obtain a high-quality continuous monolayer of
graphene.

Early work on graphene synthesis focused on epitaxy of
SiC by removal of the Si atoms from the crystalline surface.
This method became popular among researchers because of
the high quality of graphene obtained?! and has been used to
demonstrate some of the fastest GHz circuits ever produced.??
Unfortunately, the SiC substrate is particularly expensive,
confining the commercial feasibility to specialized applica-
tions such as electronics of very high performance. Moreover,
the Si sublimation process requires quite high temperatures
(ca. 1500°C) making the epitaxial growth incompatible with
many substrates as well as further increasing the per-area cost
of the synthesized material. Direct chemical assembly of ben-
zene subunits, as well as material properties thereof, has also
been investigated.?® Although the feasibility of this promising

Graphene Science Handbook

approach has been evidenced, the use of this method of syn-
thesis remains limited because of poor areal coverage and
graphitic quality. More efforts are ongoing to overcome these
issues.

Perhaps the most industrially viable approach is chemical
vapor deposition (CVD) on catalytic metal substrates. CVD
of graphene is emerging as the preferred method of synthe-
sizing graphene for almost all applications, attributed, in
part, to a wide process window, large-area compatibility, and
technical familiarity with the semiconductor industry. Early
CVD processes employed transition metal substrates such as
Ir,* Ru,? Pt,2° Pd,”” and Ni?® with exploiting the high car-
bon solubility of these metals to precipitate carbon from the
supersaturated solid-solution reservoir in their bulk lattices to
form graphene layers on their surfaces. Among them, Ni has
recently proven to be favorable. Nevertheless, the cost of some
of these high-purity catalysts, especially Ir, coupled with dif-
ficulties in controlling the number of precipitated layers has
urged researchers to search for metals with lower carbon solu-
bility. More recently, Cu has proven to be the most widely
adopted substrate for producing polycrystalline graphene
monolayers.?? State-of-the-art Cu-based CVD graphene has
been evolved to the extent that it is now extremely graphitic
in nature, and approaching a point where it can yield almost
as good electronic quality as an individual graphene flake
exfoliated mechanically*® while capably scaled to hundreds
of meters by emerging roll-to-roll processes.>!

This chapter reviews graphene synthesis by CVD, with par-
ticular reference to Cu-catalyzed CVD throughout. An insight
on the precipitation-based CVD synthesis is first given, fol-
lowed by the underlying surface catalysis. The nucleation and
growth mechanisms, and the effects of growth conditions on
crystal morphology are then reviewed in detail. The important
aspects of graphene transfer and cleanliness are subsequently
explained, and the efforts toward transfer-free direct growth
on insulators are summarized. Next, the quality of CVD gra-
phene and the film quality implications of the growth condi-
tions are discussed. Lastly, the recent scale-up schemes for the
mass production of large-area materials are presented.

TABLE 13.1

Comparison of Major Methods to Obtain Graphene

Method Mechanical Exfoliation Chemical Exfoliation SiC Epitaxy CVD on Ni CVD on Cu
T(°C) Ambient Ambient ~1500 900-1000 ~1000
Mobility (cm? V! s7) Up to 10° 1007 3000-11,000 3700 Up to 65,000
Thickness Single Few Single Single-few Single
Crystallite size (Lm) >1000 <0.1 50 20 <5000
Scalability Low Medium High High High
Transferability High - Low High High
Sample size (mm) >1 Infinite? 100 10 762 (30 inch)
Cost Very high Low High Low Low
References 1,2 19 21 28,36 30,31

@ Overlapping graphitic flakes.
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13.2 CVD BY CARBON PRECIPITATION
ON TRANSITION METALS

The history of the growth of graphene on metals can be
traced back to more than half a century, with the first reports
of monolayer and few-layer graphite on Pt*? and Ni.’3 At that
time, the interpretation of the observed monolayers to be of
a graphitic nature was not always immediate.’* The lack of
interest in graphene has limited further research for a few
decades. It was not until 2004 when the mechanical exfo-
liation method by Novoselov et al.! nurtured the research
on graphene and its production, much to the surprise of
fervent Mermin followers who have believed that the isola-
tion of monolayer materials at finite temperatures was non-
physical because of inherent thermodynamic instabilities of
their lattices.>> Thus, traditional methods based on direct
growth were revived. Initial works in this period started with
Ni-based growths* and continued with the help of demon-
strations on other metals. So far, graphene has been synthe-
sized on polycrystalline Ni,?® Fe,” Au,? stainless steel, and
single crystals of Ru(0001),> Ir(111),* Rh(111),* Pt(111),%
and Pd(111).?” Since these metals can dissolve a large amount
of carbon in bulk, the growth mechanism roots mainly in pre-
cipitation with additional contributions from decomposition
of the precursors on the metal surface. During cooling down,
the carbon from the bulk precipitates on the surface and forms
the graphitic layers. Nevertheless, many of these catalysts,
including materials processing cost, are quite expensive, as
most of them are single crystalline metals of extremely high
purity. Furthermore, controlling the number of layers during
the growth has also proved to be challenging. Nevertheless,
conventional metallurgical approaches were adopted to
achieve monolayer growth, including rapid quenching and
more exotic means of direct engineering of the catalyst, such
as developing binary alloys.* Meanwhile, lattice mismatch
between graphene and the catalyst metals (with the exception
of Ni, with a mismatch of less than 1%) became an important
hurdle. Lattice mismatch stimulates corrugation and wrinkle
formation, altering the intrinsic properties of graphene, such
as the strain-dependent work function, and producing Moire
patterns,*? often undesired for most purposes. Substrate inter-
actions, in particular with Ru(0001), can also cause modifica-
tions in the electronic band structure.’® So far, in this carbon
precipitation method, only polycrystalline Ni has been dem-
onstrated to yield graphene of reasonable quality (i.e., a
charge mobility of 3700 cm? V- s7') at low cost, scalable
size, and low lattice mismatch.?%* However, it is extremely
difficult to control the number of layers on polycrystalline
Ni, which has different carbon saturation depending on the
metallic grains, causing spatial variation of the graphene
thickness. It is actually easier to grow monolayer graphene
on Cu and transfer it three times to a triple-layer graphene
stack than to precipitate exactly three layers of graphene on
polycrystalline Ni. Therefore, even Ni has been surpassed by
the controlled growths enabled by Cu. At present, Cu-based
CVD is, by far, the most popular production method for the
production of graphene on a large scale.*?
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13.3 SURFACE-MEDIATED
GRAPHENE CVD ON CU

The practically zero carbon solubility of Cu** (10%—-102%
for Cu at 1000°C) makes it an ideal catalyst to synthesize gra-
phene. Surface catalysis and the lack of bulk carbon cause
the reaction to be self-terminating under particular growth
conditions, yielding monolayer graphene.?®* Surface-based
growth was experimentally evidenced by Li et al. using iso-
tope labeling of the carbon precursor during growth.?®® They
showed that the graphene grows by attachment of the surface-
adsorbed carbon to the edge, resulting in a periodic, nested
alternating isotope pattern (Figure 13.1a), which is distinct
from the carbon precipitation from the bulk, which would
have produced a random isotope spatial distribution (Figure
13.1b).°* Cu is also preferable for graphene transfer because
it can be etched selectively and at low cost by chemicals, for
example, ammonium persulfate. Though it was extensively
argued that the financial burden associated with the etching
of the catalyst material dramatically increased the manufac-
turing cost, this issue has recently been circumnavigated with
the advent of frame-assisted bubble transfer,* the reuse and
purification of low-cost etchants, such as ferric chloride, and
the recovery of Cu from the solution.*®

A typical growth on Cu starts with conditioning of the
substrate to reduce any native oxide (>500°C or with plasma
in reducing gas, such as H,), high-temperature annealing
to crystallize the Cu (i.e., 700-1000°C), and then, finally,
exposure to the hydrocarbon precursor (e.g., C,H,,*” C,H,,*
CH,,?* C¢Hq,* etc.), solid® or liquid®® at similar or lower
temperatures. Graphene crystals then nucleate and enlarge
after consuming the reactants formed by the catalysis of the
carbon precursor on Cu. The available parametric window for
continuous monolayer synthesis is wide.! For CH,, growth
temperatures can lie between 800°C and 1050°C, at chamber
pressures of 0.01 mTorr to 760 Torr. However, the variation
of the morphology by the growth parameters causes impor-
tant variations in the physical properties of the deposited
materials. In this section, we describe the growth process in
further detail and explain the fundamental mechanisms and
kinetics that govern it. Flake morphology and secondary lay-
ers are also discussed.

13.3.1  SUBSTRATE PREPARATION

Substrate preparation is a crucial step prior to growth of gra-
phene (Table 13.2). If the surface of the substrate is rough,
an initial chemical mechanical polishing step is often neces-
sary.>? Scratches and defects on the substrate could function as
nucleation sites during the synthesis (Figure 13.1c). Smoother
substrates have less nucleation sites, thereby reducing the
nucleation density and enlarging the attainable grain size.”
However, excessive polishing may disturb the spatial unifor-
mity of the sizes of graphene grains. Although the nucleation
sites are less dense compared with an unpolished surface, tiny
defects on the polished surface can act as nucleation sites. It
is these sparsely and inhomogeneously distributed defects
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FIGURE 13.1 Surface growth mechanism. (a, b) Micro-Raman characterization of isotope-labeled graphene monolayers grown on Cu
(a) and Ni (b) foils. The integrated intensity of the G peak is shown, indicating spatially alternating regions of C'?> and C" isotopes. (c)
The schematics of the graphene nucleation, indicating the higher nucleation density at the scratch sites. (Reprinted with permission from
Li, X. et al., Evolution of graphene growth on Cu and Ni studied by carbon isotope labeling. Nano Letters, 9, 4268—4272. Copyright 2009
American Chemical Society; Reprinted with permission from Han, G. H. et al., Influence of copper morphology in forming nucleation seeds
for graphene growth. Nano Letters, 11 (10), 4144—-4148. Copyright 2011 American Chemical Society.)

that cause an inhomogeneous nucleation density and uneven
distribution of grain sizes. Consequently, the resulting mono-
layer film could have poor grain connectivity, high sheet
resistances, and perturbed and undulating surfaces owing to
polishing.>*

The next step of preparation is the chemical reduction
often involving acetic or hydrochloric acid pretreatments.>
A high-temperature annealing under pressures of 0.01 mTorr
to 760 Torr at 900—1000°C is the main furnace process to pre-
pare the surface right before the growth step. Here, higher
annealing pressures are known to smoothen the Cu surface.>
This process of preparation can take up to 30 min (for com-
mercial 25-um-thick foils). What is critical in this preparation
step is the metallurgical composition of the Cu foil. Additional
coatings or solvent impurities from the rolling manufacturing
processes may cause nanometer-sized particles to form on the
foils during the growth of graphene, visible under a scanning
electron microscope (secondary electron detection).*®34 These

small particles are difficult to remove and can remain attached
to graphene even after transferring to other substrates.
Besides the composition, Cu crystallinity’’ and grain
conformation have also been shown to be important for the
catalytic process. Single or polycrystalline Cu can be used
for graphene growth.>® However, owing to their low cost and
wide availability, the most popular forms of Cu so far have
been commercial foils and polycrystalline physical vapor-
deposited thin films. Larger grains are favorable, and the
grain sizes of evaporation-deposited Cu films can be enlarged
from tens of nanometers to a few micrometers by anneal-
ing at 900-1000°C.* This increase in the grain size can be
more dramatic in Cu foils, with sizes increasing up to hun-
dreds of micrometers.?** Crystalline orientation is also critical
for graphene growth.’’” Thermal annealing can recrystallize
the catalysis-sensitive surface, yielding mostly monocrys-
talline orientation over the entire surface.*® Electron back-
scattering diffraction (Figure 13.2a) shows that the annealing

TABLE 13.2
Cu Substrate Preparation Procedure
Step Method
1 Chemical mechanical
polishing
2 Reduction
3 Annealing

25 um thick Cu foil

Condition

3.0-6.0 V 60s in electropolishing solution

Acetic or hydrochloric acid pretreatments
900-1000°C 15-30 min for commercial

Rational
Reduce defects sites thereby eliminate
nucleation density*>°?
Remove surface oxide>
Yield larger Cu grains up to hundreds
of micrometers*®
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FIGURE 13.2 Influence of the copper crystalline orientation. (a) EBSD microscan of the Cu foil surface after high-temperature annealing
at 900°C for 30 min. Inset: Inverse pole figure for the surface normal direction, showing the dominant copper crystallographic orientation
is (100). (b) Intensity ratios I5/1; and I/I; for different Cu surface crystallographic orientations (the G” peak shown as 2D in the figure).
Cu(111) has monolayer graphene, while others have multilayer coverage. Defect density appears to be independent of the surface orientation.
(Reprinted with permission from Celebi, K. et al., Evolutionary kinetics of graphene formation on copper. Nano Letters, 13 (3), 967-974.
Copyright 2013 American Chemical Society; Reprinted with permission from Wood, J. D. et al., Effects of polycrystalline Cu substrate on
graphene growth by chemical vapor deposition. Nano Letters, 11 (11), 4547-4554. Copyright 2011 American Chemical Society.)

pretreatment renders the dominant surface orientation of Cu
foils to become (100); while for Cu films, annealing crys-
tallizes the otherwise amorphous film to (111) surfaces.”
Low-index Cu facets tend to yield higher areal densities of
monolayer graphene with less defects (Figure 13.2b).5” On the
other hand, Tao et al. has reported that Cu films can produce
higher-quality graphene compared to foils,®® where it is pro-
posed that the higher H, content of the films may replace the
need for the gas-phase hydrogen and reduce the defect density.

13.3.2 CRrystAL NUCLEATION

Most carbon precursors, such as CH,, C,H,, C,H, and simi-
larly reactive hydrocarbons, readily chemisorb onto a faceted
Cu surface and face only a comparatively small energy barrier
on the order of 0.1 eV.%! As the adsorbed carbon species, the
form of which is still presently unknown, populate the sur-
face and subsurface, supersaturation is reached. The surface
defects, facets, and lattice impurities then trigger heteroge-
neous nucleation. Direct experimental evidence of the growth
nucleation at lattice defects, a scratch in this instance, was
observed® and is shown in Figure 13.1c. Upon initial nucle-
ation, these graphene seeds begin to deplete the nearby solid
solution of carbon reactants. The form of these reactants is
disputed, with indications ranging from carbon adatoms*
to carbon clusters®? or even hydrocarbons.563 As the nucle-
ation is governed by the initial carbon supersaturation of the
catalyst and the availability of suitable lattice defects, the
hydrocarbon partial pressure and the catalyst temperature
determine, in part, the spatial number density of the nucle-
ation events. Figure 13.3a shows a reduction in the nucleation
density caused by depletion of the available CH, gas (Figure
13.3b), which reduces the number of available carbon reac-
tants at the moment of the seeding event.* Any disturbances
in the gas flow related to local facets or turbulence may
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also cause spatial inhomogeneity in the nucleation distribu-
tion (Figure 13.3a(ii)) which is often critically important in
horizontal-flow tube furnaces with short precursor residence
time that constitute perhaps the most common type of CVD
systems. The nucleation density is proportional to decreasing
temperature and increasing hydrocarbon partial pressure as
well as flow rate (largely for atmospheric pressure CVD).308
Temperature also determines the degree of supersaturation
because the carbon capture and reactant desorption rates are
highly dependent on temperature.®> Figure 13.3c shows that
at lower CVD temperatures, the nucleation is limited by the
capture events of the reactants with an activation energy (E,)
of ca. 1 eV, while at higher temperatures, desorption becomes
the dominant physicochemical mechanism with a higher E,
of ca. 3 eV.>*

13.3.3 GrowTtH KINETICS

The time dependence of the growth rate is critical to under-
standing the fundamental mechanisms that govern the CVD
of graphene. The information about the growth rate can be
extracted by observing the variation in graphene flake size
over the period of growth. Although real-time observation
of an Ru-based graphene growth using low-energy electron
microscopy (LEEM) has been reported,?*%° it is challenging
to employ this technique for Cu due to low carbon density
and substrate sublimation.25®%7 As such, the literature on the
Cu-based CVD kinetics is, at present, rather limited. Recently,
CH,-based graphene CVD investigations by Chhowalla and
colleagues have proposed a supersaturation-driven growth,
a claim that attributes the entire growth to the depletion of
the initial population of carbon adatoms from the surface
(Figure 13.4a).>* An exponential-like kinetics curve on Figure
13.4b was fitted by the Johnson—Mehl-Avrami—Kolmogorov
(IMAK) crystallization model,®® with the assumptions of
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FIGURE 13.3 Nucleation density. (a) (i—iv) Optical photograph and micrographs of the Cu foil after 1 min graphene growth at 1000°C in
a horizontal tube furnace. (b) Schematic of the carbon source distribution near the catalyst surface for the horizontal flow. (Reprinted by
permission from Macmillan Publishers Ltd. Scientific Reports, Jia, C. et al., Direct optical characterization of graphene growth and domains
on growth substrates. 2, 00707, copyright 2012.) (c) Arrhenius plot of the nucleation density on a Cu foil. Higher slope curve indicates the
desorption-limited nucleation regime with an E, of 3 eV. Higher slope indicates the desorption-limited nucleation regime with an E, of
3 eV, while the lower-slope represents capture-controlled regime with an E, of 1 eV. (Reprinted with permission from Celebi, K. et al.,
Evolutionary kinetics of graphene formation on copper. Nano Letters, 13 (3), 967-974. Copyright 2013 American Chemical Society.)

instant nucleation and carbon attachment-limited growth,
where they incorrectly neglected any contribution of the
additional hydrocarbon input during the growth. Their fitting
implied that the growth saturates and a continuous graphene
layer can never be achieved unless there is sufficient source
of carbon available at the initial growth stage. On the basis of
similar assumptions, the continuity of the graphene layer can
be modeled as a function of the ratio of the CH, partial pres-

sure to the square of the hydrogen partial pressure: Py, /Pﬁz.
Growth continuity is achieved for partial pressure ratios of
>0.01 for growth temperatures greater than 900°C.%° Other
carbon precursors such as C,H, can undergo a more complex
reaction cascade due to the wide number of thermally dissoci-
ated intermediaries, as well as a range of possible dehydroge-
nation processes on the Cu surface. Using an C,H,-based CVD
system, Park and colleagues have proposed a Gompertzian
sigmoidal kinetics for graphene growth (Figure 13.4¢c), indi-
cating that the growth is not only influenced by supersatu-
ration but also by continual hydrocarbon supply as well as
associated surface adsorption/desorption dynamics.*8

13.3.4 REeacTiON ENERGETICS

Determination of the reaction energetics is critical in order
to determine the rate-limiting processes during the CVD
growth. The associated energy barrier for each of the possible
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reactions compares the energetic weight of the corresponding
step in the overall reaction potential scheme. A brief sum-
mary of the mechanisms that govern the growth is provided in
Figure 13.5a. When the hydrocarbon feedstock comes in the
hot CVD reactor, gas-phase reactions could thermally rear-
range it prior to adsorption.”® However, unlike the rich litera-
ture on the gas-phase reactions involved in carbon nanotube
growth by often employing in sifu mass spectroscopy,’! analo-
gous study for probing the growth atmosphere during the gra-
phene growth is not abundant. Moreover, since the adsorption
energy barrier of most hydrocarbons on Cu is negligibly small
(~0.1eV),%" any transiently derived C,H, species formed in
the gas phase may rapidly adsorb, disabling direct measure-
ment and leading to the complexity of the underlying catalytic
reactions. Moreover, thermal variations within CVD reactors
only support the formation of such transients in hot zones,
particularly, which further complicates direct measurement.
Currently, very little is known about these hydrocarbon reac-
tion cascades on Cu. Consequently, it is very difficult to make
any assertions on the effects of the gas-phase reactions on the
overall CVD process.

Carbon reactant diffusion follows hydrocarbon adsorp-
tion.”> The energy barrier for the diffusion is also low, typi-
cally less than 1eV on Cu.%7? Thus, under equilibrium
conditions, diffusion is rather unlikely to be a rate-limit-
ing step. Diffusion may become dominant under certain
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13 (3), 967-974. Copyright 2013 American Chemical Society.)

conditions, however, in particular when the hydrocarbon
reactions are simpler and diffusion occurs at the subsurface
level. Nie et al. have concluded that diffusion is the plau-
sible rate-limiting mechanism when pure carbon is used as
the precursor on Cu(111) surfaces under ultrahigh vacuum
conditions.’” Besides surface diffusion, gas diffusion can
particularly be important under atmospheric-pressure CVD
(APCVD).” During APCVD, a boundary layer forms above
the substrate surface, and gas diffusion through this bound-
ary layer could become rate limiting. Care must be taken
when extracting the activation energies from the resultant
Arrhenius curves. In order to determine correct energy barri-
ers responsible for chemical processes, these kinds of mass-
transport-limited regimes must be ruled out.

When gaseous transport of hydrocarbon is not the limit-
ing factor, catalytic reactions on the Cu surface determine
the rate of graphene crystal enlargement. Two main reaction
types occur on the surface: (1) a dehydrogenation cascade,
which may also involve dissociation of the radicals depending
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on the carbon precursor, and (2) attachment of carbon in the
form of adatom, chain/cluster, or hydrocarbon at the crystal
edges of growing graphene. The exact nature of these reac-
tions is elusive. A simplistic diagram that displays the approx-
imate energy levels of the adsorption and dehydrogenation is
shown in Figure 13.5b.#° The dehydrogenation energy barrier
indicates that the overall reaction is unfavorable and must be
supported by excessive hydrocarbon feed. This finding also
suggests that reactive precursors can be used for the growth
of graphene at lower temperatures because once these species
are adsorbed, desorption would become more difficult.
Which reaction step of the entire graphene growth process
should be regarded as rate limiting is currently in dispute.
Accurate measurement of E, is required for the determina-
tion of the reaction that determines the speed of growth. For a
CH, precursor, Kim et al. have found out an E, of 2.6 eV>* and
concluded that the carbon adatom attachment (ca. 2 eV energy
barrier)>? is the rate-limiting step, claiming that the dehydro-
genation energy barrier is lower (1.7-1.9 eV).”* The species that
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FIGURE 13.5 Mechanisms and energetics. (a) Illustration of the mechanisms that govern graphene growth on Cu. Atoms are rep-
resented by different shades and sizes: C (gray), H (dark gray), Cu (light gray). (Reprinted with permission from Celebi, K. et al,,
Evolutionary kinetics of graphene formation on copper. Nano Letters, 13 (3), 967-974. Copyright 2013 American Chemical Society.)
(b) Diagram for the energy levels associated with different carbon precursors on copper surface. GS, AS, TS, and DS represent the gas-
eous, adsorbed, transition, and dehydrogenated states, respectively. (Reprinted by permission from Macmillan Publishers Ltd. Scientific
Reports, Choi, J.-H. et al., Drastic reduction in the growth temperature of graphene on copper via enhanced London dispersion force. 3,

01925, copyright 2013.)

attach to the flake edges are also widely debated. While some
reports focus on the adatoms,’*%7 there are also reports that
compare different species to conclude that few-carbon-atom
chains are also important reactant species.®> An increase in the
CVD pressure has also been claimed to favor carbon chains
versus adatom formation.® Alternatively, Celebi et al. have
pointed out that the attachment is not the limiting step; instead,
a reaction cascade of the dissociative dehydrogenation on Cu
determines the growth rate.*® The reported E,, peaking at
3.1 eV, was found to be time dependent, as a result of the dis-
persive nature of this reaction cascade.”” However, the precur-
sor used in this study (C,H,) may well support a more complex
reaction scheme than the simpler hydrocarbon (CH,).” For even
more complex precursors, the understanding of the associated
reactions is much weaker. More investigations are necessary to
elucidate the reactants and mechanisms of the reactions.

13.3.5 CRYSTAL MORPHOLOGY

Graphene grown by CVD is polycrystalline. The flake
crystallinity and edge morphology dramatically influence
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the physical and chemical properties of the as-synthesized
graphene, in particular, charge mobility. This subsection
addresses competing mechanistic models that determine the
crystal morphology. The morphologies reported so far can
be largely described as a mixture of dendritic or hexagonal
geometries, as well as compound structures. Substrate and
growth conditions are certainly responsible for the way in
which the crystal enlargement occurs.

Wofford et al. have reported in situ observations of four-
lobed flake enlargement on Cu(100) under ultrahigh vacuum
using a pure carbon precursor.” The growth was claimed to
be attachment limited. The rate of flake enlargement is ori-
entation dependent, and has a twofold symmetry as a result
of the interaction between the sixfold and fourfold symme-
tries of the graphene and Cu, respectively. However, a similar
study by Nie et al. states that for Cu(111) surfaces, the flake
morphology changes from dendritic to hexagonal by simply
increasing the temperature (Figure 13.6a through d).*” They
rationalized these findings via a diffusion-limited model.
Indeed, unlike surface diffusion on Cu(100), carbon adatoms
diffuse through subsurface sites on Cu(111), which requires
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FIGURE 13.6 Graphene flake morphology. (a) LEEM image of dendritic growth of graphene on Cu(111) surface at 690°C. (b) Low-energy
electron diffraction (LEED) pattern showing that the dendritic graphene is polycrystalline. (c) LEEM image of a similar growth at 900°C.
(d, e) LEED patterns of the two different regions of graphene in (c), indicating monocrystallinity (d) and a 3° rotation by Cu step-edges (e).
(Reprinted with permission from Nie, S. et al., Origin of the mosaicity in graphene grown on Cu(111). Physical Review B, 84 (15), 155425.

Copyright 2011 by the American Physical Society.)

surfacing of the adatom, and thus manifests higher energies
compared to attachment-limited systems. However, this sur-
facing mechanism is yet to be explained in any great detail.
At higher temperatures on Cu(111), the graphene crystal also
presents lobed geometries that are coupled to the sixfold
symmetry of the substrate due to the inhomogeneous den-
sity distribution of Cu steps. Regarding the crystallinity, the
hexagonal crystal at higher temperatures has more uniform
crystalline orientation compared with the dendritic crystal
(Figure 13.6b,d). However, when such crystals enlarge and
grow over the catalyst step edges, the crystalline orientation
may change by up to 3° (Figure 13.6¢).

During the thermal dissociation of the hydrocarbon pre-
cursor, atomic hydrogen is liberated. Thus, the effect of con-
comitant lattice etching may not be neglected during growth.
Vlassiouk et al. have reported etching of the graphene crystal
by excessive hydrogen during the growth.®? The reported etch
rate was low for zigzag edges, thereby favoring the hexago-
nality of the crystal. The flake size initially benefits from the
catalytic role of hydrogen, until etching becomes dominant
at higher H, partial pressure. However, the role of hydrogen
on etching is disputed. A contrasting study by Choubak et al.
claimed that it is the O, impurities in the H, line that might
cause the observed etching of graphene crystals.?! Indeed,
negligible etching of graphene occurred when Celebi et al.
grew equally graphitic graphene crystals with and without
a H, ballast and under typical H, partial pressures during
growth. Nonetheless, regardless of the exact etching species,
perhaps the most important finding about the morphology of
the graphene flake is that the degree of hexagonality is cor-
related with total pressure of a reacting chamber.332 APCVD
growths report flakes of hexagonal shapes with good crys-
tallinity,33 although the reason for this behavior is unclear.
Associated explanations include various mechanisms that
occur at higher pressures, namely (1) gas diffusion limita-
tion,”® (2) prevention of the Cu step advancement due to the
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suppression of Cu sublimation,*¥¢” and (3) difference in the
carbon-to-crystal-edge attachment mechanism related to the
formation of carbon chains on the Cu surface.®> Hexagonal
morphology is more favored compared with the dendritic
morphology for better grain crystallinity and connectivity.

13.3.6  SECONDARY CRYSTAL

CVD of graphene on Cu is, under the correct growth condi-
tions, self-terminating. That is, the growth terminates when
monolayer covering is complete. However, even for high-
quality monolayers, two or more additional layers often exist,
covering the catalyst surface area up to a few percent of it. These
layers result from secondary nucleations that occur at areas
that are covered with already-growing crystals. Conflicting
reports exist on the nature of these nucleations. Robertson
et al. have used atomic force microscopy data to claim that the
secondary layers exist on top of the primary layer®*; however,
equivalent surface profiles can also occur when these second-
ary nucleations are under the primary layer. Furthermore, it
is counterintuitive that secondary growth can be catalyzed on
top of the primary graphene layer. Other reports indicate the
additional layers grow under the first, where the growth is still
catalyzed by the Cu and supported by diffusion of the carbon
reactants.’*>% Figure 13.7a through ¢ shows the LEEM data
reported by Nie et al. supporting growth from below.*®® The
intensity decrease in the secondary layer’s diffraction pattern
(Figure 13.7¢c) clearly indicates that the second layer is below
the first one. This claim has been recently supported by Kong
and colleagues through carbon feedstock alteration between
C12 and C13'86

Various strategies can be employed to minimize the forma-
tion of the secondary layers. Han et al. have presented a pulsed
supply scheme of the CH, precursor with incubation intervals
designed to allow the excess reactants to be consumed by the
first layer.8” Figure 13.7d through g describes this approach.
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FIGURE 13.7 Secondary nucleations. (a) LEEM image of a graphene crystal on the Cu surface with a secondary nucleation. (b, ¢) LEED
patterns of the two highlighted regions (inside (b) and outside (c) of the dark hexagon) of (a), showing the secondary layer diffraction pat-
tern having less intensity, which indicates the secondary nucleation occurs below the first one. (From Nie, S. et al., New Journal of Physics
2012, 14 (9), 093028. With permission.) (d—g) Pulse growth schematic for the suppression of the secondary layer growth. (Reproduced from
Han, Z. et al., Suppression of multilayer graphene patches during CVD graphene growth on copper. arXiv preprint arXiv:1205.1337, 2012.

With permission.)

When the excess reactants exist, the probability of having
additional nucleations under the first layer is higher. Indeed,
Wassei et al. have revealed that increasing the carbon con-
tent in the precursor gas can promote secondary nucleations.%8
Alternatively, a carbon sink under a thin catalyst layer can
also be used to limit excessive carbon content on the surface.
However, this method has only been demonstrated for gra-
phene growth on Ni thin films with a Mo underlayer acting as
the carbon sink.®

Another interesting feature of secondary nucleations is
that their hexagonal morphology is more pronounced. Lobe
formation is restricted under the primary graphene cover,
attributed to the suppression of Cu sublimation and the delay
of the Cu step advancement.*® This behavior is analogous
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with the APCVD results, where the crystals are also more
hexagonal with less lobes compared with the low-pressure
CVD (LPCVD) growths.%? Such a similarity bolsters the sub-
limation-based reasoning for the determination of the flake
morphology.

13.4 TRANSFER AND DIRECT
GROWTH ON INSULATORS

Metal-catalyzed graphene may not be applied directly to the
characterization of electronic, optical, or mechanical proper-
ties, or to the applications using these properties. For these
applications and characterizations, it is necessary to transfer
the graphene onto various dielectric substrates, such as SiO,
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and HfO,, or to lay it freestanding. On the one hand, graphene
is chemically inert against most of the common solvents and
acids/bases even though it can be readily doped. On the other
hand, it is possible to selectively remove the catalyst metal
and the transfer media (i.e., polymer) to which graphene is
attached. This selective removability is, in part, one of the
main reasons for the success of the metalcatalytic CVD.

While the polymer-mediated transfer process is easy, com-
plications associated with wrinkle and crack formation as
well as incomplete cleanup of the residues from the transfer
medium could all degrade the physical properties of the trans-
ferred graphene.”® Hence, there have been recent attempts
focusing on direct graphene synthesis on insulators, removing
the need for any transfer. This section reviews common meth-
ods of graphene transfer and discusses the various cleaning
procedures employed. We conclude by summarizing advance-
ments in direct growth on dielectric substrates.

13.4.1 GRAPHENE TRANSFER

Early methods for transfer of graphene from metal substrates
have proven the possibility of relocating graphene by adher-
ing it to a submicrometer-thick polymer layer’! A common
wet transfer procedure begins with spin coating of a polymer
layer, for example, poly methyl-methacrylate (PMMA), on the
as-grown graphene/catalyst stack. The stack is then cured at
120-180°C in the case of PMMA. Next, the catalyst metal
(e.g., Cu) is etched away with the use of aqueous etchant
solutions such as FeCl;,”? Fe(NO,),;,2** HCL?* HNO,,”® and
(NH,),S,04°* at concentrations of 0.1-5 M. After etching Cu,
the floating polymer/graphene stack is rinsed in water and
“picked up” with a destination substrate and dried. Finally, the
polymer layer is removed by a proper etchant such as acetone.
Improvements on this wet transfer scheme have been achieved
over the past few years. For PMMA, a secondary casting pro-
cess has been introduced to release the strain after the initial
polymer cure.”> Groups have also recently abandoned pre-etch
curing of polymer,”* which appears to encourage the PMMA/
graphene to conform better to the destination dielectric sub-
strate, and so to reduce the detrimental wrinkling and cracks.
Alternative methods for removing the graphene-PMMA
from the solution have also been demonstrated, such as pick-
ing up of the film from above, slow lowering of the liquid
level (Figure 13.8a), and reduced-angle fishing with a needle
(Figure 13.8b).°* To retain the novel properties of the gra-
phene, it is critical to ensure the cleanliness of the graphene
during the transfer process. To achieve this goal, PMMA
removal has been widely investigated. Heated acetone,” ace-
tone vapor,”” and additional annealing®® have been reported.
At the moment, acetone is being phased out completely, being
replaced by high-temperature gas annealing, which will be
discussed in detail in the following section. To exemplify the
current state-of-the-art transfer,’* optimal wet-transfer trend
for centimeter-sized graphene starts by the spin-coating of
PMMA (2% in anisole) at ca. 4000 rpm, continued with Cu
etching by the (NH,),S,0; solution (ca. 0.1-0.5 M) in two
steps (first step to remove the graphene on the rear), followed
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by an air drying (ca. 30 min) and a vacuum (ca. 3 h) drying.
Lastly, the PMMA layer is removed by annealing at 400°C
under Ar and H, (e.g., 500 sccm: 500 sccm) flows for 2 h.

Other than the common wet-transfer technique as
described above, numerous wet/dry methods have been
demonstrated.”?** For example, a direct transfer method
exploiting the adhesion force of surface tension has been illus-
trated by sticking as-grown graphene to transmission electron
microscope (TEM) grids.!% Here, a drop of isopropanol is
placed on a TEM grid, which stays on the Cu foil with gra-
phene. During solvent evaporation, the surface tension draws
the graphene from the surface of Cu to the amorphous carbon
grid. Because this method has low yields, the PMMA-based
method is still preferred by many. Alternatively, a dry trans-
fer technique based on polydimethyl-siloxane (PDMS) can be
used, albeit with less conformity.”?® All these methods share
complete removal of polymer residues as the critical issue.

Large-area, mass-scale transfer techniques include roll-
to-roll processes comprising major steps of (1) adhering gra-
phene to various polymers, which act as thermal, optical, or
chemical release layers; (2) etching of Cu and reattaching
to the destination substrate; and (3) removal of the release
layers.”** More recently, renewable procedures to avoid the
Cu etch step have been introduced. Figure 13.8c shows the
delaminating method by Yoon et al.l! Here, a flexible sub-
strate with an additional epoxy layer is adhered to the gra-
phene. By precisely measuring the graphene—Cu adhesion
energy (0.72 J m2), coupled with an appropriate choice of
the epoxy/substrate pair, they removed graphene from its Cu
catalyst without any etching, with the aim of recycling the
Cu for future growths. Another alternative method to retain
Cu is a so-called bubble transfer method (Figure 13.8d).45-46.102
Electrochemical reduction of water generates H, bubbles and
detaches the graphene layer from the Cu foil grounded in a
NaOH aqueous solution (0.25 M), or polarized at =5 V in a
K,S,0q solution (0.05 M). However, this method still necessi-
tates the use of a PMMA layer for mechanical integrity of the
graphene layer. The procedures of several transfer methods
are summarized in Table 13.3.

13.4.2 TRANSFER CLEANLINESS

So far, no other wet or dry transfer method has surpassed the
popularity of the PMMA-based transfer, for almost all emerg-
ing methods have their own distinct drawbacks as described
above. The PMMA-based transfer method is the most com-
mon for research purposes using centimeter-sized or larger-
area graphene, owing to its simplicity, high conformity,
and compatibility with most of the destination substrates.
However, PMMA and other polymer-based methods often
produce residues remaining on the graphene after transfer.
While many organic solvents such as acetone efficiently dis-
solve the bulk PMMA, a thin layer (1-2 nm) often remains
adsorbed. These residues could induce weak p-doping of the
graphene.”® A complicated wet-cleaning process based on the
standard semiconductor cleaning recipes could improve resi-
due removal.!? Nevertheless, presently, the most efficient way
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FIGURE 13.8 Graphene transfer methods. (a, b) Schematics for different removal methods to attach the graphene/PMMA layer onto the
destination substrate. Heating at 180°C for 30 min after drying facilitates the flattening of the PMMA layer on the destination substrate.
(Reprinted with permission from Suk, J. W. et al., Transfer of CVD-grown monolayer graphene onto arbitrary substrates. ACS Nano, 5 (9),
6916-6924. Copyright 2011 American Chemical Society.) (c) Schematics of the delamination method that peels of graphene without etch-
ing Cu catalyst. (Reprinted with permission from Yoon, T. et al., Direct measurement of adhesion energy of monolayer graphene As-grown
on copper and its application to renewable transfer process. Nano Letters, 12 (3), 1448—1452. Copyright 2012 American Chemical Society.)
(d) A bubbling method to remove graphene/PMMA layer from Cu. Electrochemical reactions cause gas generation on the copper surface,
which helps detach the graphene layer mechanically. (Reprinted with permission from de la Rosa, C. J. L. et al., Frame assisted H,O elec-
trolysis induced H, bubbling transfer of large area graphene grown by chemical vapor deposition on Cu. Applied Physics Letters, 102 (2),
022101-022101-4. Copyright 2013, American Institute of Physics.)

TABLE 13.3

Summary of Graphene Transfer Methods

References Method Description Procedure

95-98 Wet transfer Polymer (PMMA) based, (1) Cu/graphene spin-coat polymer (2) cure in air at 120-180°C (3) etch Cu (4) pick up

high yield graphene/polymer layer with desired substrate (5) remove PMMA with heated acetone,

acetone vapor or annealing

92b Dry transfer PDMS based (1) Coat graphene/Cu with self-release layer (2) contact with elastomeric stamp (3) etch
Cu (4) contact with target substrate (5) remove self-release layer

100 Direct transfer Low yield (1) Place a drop of isopropanol on TEM grid which stays on the Cu foil with graphene,

on TEM grid (2) evaporate isopropanol. graphene draw from Cu foil towards amorphous TEM grid by

surface tension

101 Etch-free transfer ~ Epoxy based, reusable Cu (1) Precisely measure the graphene-Cu adhesion energy (2) chose an epoxy/substrate pair
(3) remove graphene from its Cu catalyst without any etching

45-46,102 Bubble transfer Reusable Cu, minimized (1) Spin-coat PMMA (2) press Kapton tape on PMMA with a teflon roller (3) immerse

unintentional doping in DI water at 90°C (4) press the stack on to target substrate for 40 min at 140°C
(5) remove PMMA with acetone and RTA
99d Direct transfer Applicable to flexible (1) Place graphene/Cu in between target substrate and protective paper (2) put the stack in
via lamination substrates between two PET films (3) insert into lamination machine (4) remove PET films and

protective paper (5) etch Cu
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FIGURE 13.9 Transfer cleanliness. (a—c) TEM images of graphene after PMMA-based wet transfer and two-step annealing under air
and H,/Ar flows at 200°C for 2 hours. (d) Schema representing Cu remaining, PMMA facing air (PMMMA-A), and graphene (PMMA-G).
(e, f) Same TEM images as (b, ¢) with shade coding showing the residues as indicated by the schematic in (d). (Reprinted with permis-
sion from Lin, Y.-C. et al., Graphene annealing: How clean can it be? Nano Letters, 12 (1), 414-419. Copyright 2011 American Chemical

Society.)

to clean graphene is high-temperature annealing. Lin et al.
have characterized the removal of these residues by high-
temperature annealing.”® A 200°C anneal under H, removed
most of the adsorbed polymer facing air, while retaining poly-
mer (PMMA-G) and some Cu particles, which are in contact
with graphene (Figure 13.9). Researchers have found out a way
of removing the remaining Cu remainder (or tiny precipitated
particles) by replacing the common Cu etchant (FeCl,), which
creates poorly water-soluble Cu(I) chloride, with (NH,),S,04
that produces water-soluble Cu(II) chloride.'** Unlike the
remaining Cu, the removal strategy of PMMA-G is not yet
satisfactory.!® Use of an additional O, annealing may improve
the result through defect generation by partial oxidation of
graphene is a concern. Graphene annealing in H, at higher
temperatures such as 250°C does not yield better cleaning due
to the formation of covalent bonds between PMMA and gra-
phene that already produce sp* hybridization.”® Nevertheless,
there are reports about improved cleanliness at 400°C anneal-
ing in H,.*4>19 While some processes yield transfers of CVD
graphene with almost similar quality as the mechanically
exfoliated graphene, strong needs for better transfer and clean-
ing methods are calling for immediate attention.

13.4.3 Direct GROWTH ON DIELECTRICS

Direct synthesis of graphene on insulating substrates is the
ultimate solution to avoid transfer and its associated problems
described above. Several studies have demonstrated graphene-
like film deposition on Si0,,'7 quartz,'®® sapphire,'” boron
nitride,"'® mica,'"! and MgO.!"? Early work by Ismach et al.
has showed that growth on thin-film Cu on quartz, followed
by the sublimation of the Cu layer, left the graphene on the
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quartz substrate (Figure 13.10a).'¢ However, the continuity
and the quality of the resulting graphene were low with par-
ticular regard to film wrinkling. Alternatively, thin-film Cu or
Ni on insulating substrates can be used as a medium through
which to diffuse and catalyze carbon reactants for forming
graphene at the interface between the metal catalyst and the
substrate.l974107 Sy et al. have reported a moderate charge
mobility of graphene (670 cm? V!'s™) from this method
(Figure 13.10b).19% This method is promising but still requires
removal of metal after the growth. To avoid this etch step, a
remote catalysis method has been demonstrated.”® CH, is first
flown over a Cu foil placed upstream in a tube furnace, which
catalyzes CH, dissociation at 1000°C. Next, the active carbon
species are desorbed from the Cu surface, in part, along with
the subliming Cu. These species then deposit onto the desti-
nation substrate while flowing downstream where graphene is
grown, yielding mobilities around 100—600 cm? V! 571,

The most promising way of graphene synthesis on insula-
tors is a metal-free growth. Hwang et al. in 2010 demonstrated
C;H;-based CVD of graphene on sapphire (0001) at tempera-
tures above 1350°C.1%° Later, a lower temperature growth was
achieved by employing alcohol as the carbon source, albeit
giving inferior electronic quality.!”¢ More recently, a high
charge mobility of 3000 cm? V! s7! has been demonstrated
by Fanton et al. by using a CH,-based CVD on sapphire at
1550°C (Figure 13.10c).!% High-growth temperatures could
be a drawback, for they limit the available range of substrates.
Molecular beam epitaxy from pure carbon filaments can be
used on biotite mica (001) surfaces heated to 500-1000°C.!!!
Furthermore, MgO-based substrates can support the growth of
graphene at even lower temperatures of 325°C using C,H,.!"?
With limited choice of substrate and temperature, direct CVD
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FIGURE 13.10 Direct synthesis on insulators. (a) SEM image of graphene wrinkles near a Cu bead after growth. Graphene is in direct
contact with the substrate without a need for transfer. (b) Schematics for direct graphene synthesis on SiO, by diffusion of the catalyzed
carbon precursor through Cu grain boundaries. (c) Graphene synthesis on sapphire by CVD at high temperatures. (Reprinted with permis-
sion from Ismach, A. et al., Direct chemical vapor deposition of graphene on dielectric surfaces. Nano Letters, 10 (5), 1542—1548. Copyright
2010 American Chemical Society; Reprinted with permission from Su, C.-Y. et al., Direct formation of wafer scale graphene thin layers on
insulating substrates by chemical vapor deposition. Nano Letters, 11 (9), 3612-3616. Copyright 2011 American Chemical Society; Reprinted
with permission from Fanton, M. A. et al., Characterization of graphene films and transistors grown on sapphire by metal-free chemical
vapor deposition. ACS Nano, 5 (10), 8062—-8069. Copyright 2011 American Chemical Society.)

on insulators remains to be much improved before graphene
thus produced reaches the quality comparable with graphene
produced by Cu-based CVD methods.

13.5 ELECTRONIC PROPERTIES OF
CVD-SYNTHESIZED GRAPHENE

Charge mobility and sheet resistance are two of the most
common indicators of the electronic quality of graphene.
While the highest mobility values have been reported for
mechanically exfoliated graphene, CVD-based graphene is
becoming comparable, having room-temperature mobilities
exceeding several thousand cm? V! 71302362 On the other
hand, in order to utilize graphene as transparent conduc-
tors, sheet resistances less than 10 Q/Y are required.!'* Thus
far, this requirement over large areas has been difficult to
reach, with most reported values ranging between 100 and
1000 Q/Y. This section introduces the growth-related factors
that define the mobility and sheet resistance values for CVD-
grown graphene.

Grain boundaries and connectivity are critical in defining
the resistance associated with boundary scattering by dis-
torted crystallinity. Huang et al. have reported an intergrain
resistivity of 60 Q-um, corresponding to roughly one-third
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of the resistance introduced by the grains (ca. 250 nm in
diameter).””® However, intergrain resistivity is highly depen-
dent on the growth conditions. Figure 13.11a through c shows
the boundary conductivities for graphene grown in fast and
slow growth regimes, yielding approximately 1 and 50 um
in grain sizes. Contrary to the expectation, the smaller-grain
graphene presents better grain connectivity by an order of
magnitude. However, for large domains (more than 10 pm),
the larger-grain graphene showed a slightly more conductive
film (Figure 13.11d). Furthermore, overlapping regions (i.e.,
at a thickness of 325 nm) for the larger-grain graphene can
improve the boundary conductivity by around 45%.3%

While overlapping crystals may be beneficial in enhanc-
ing intergrain connectivity, wrinkles and ripples are unques-
tionably detrimental to the conductivity. Zhu et al. have
calculated that ripple heights of up to 6 nm may occur during
folding, resulting in boundary resistivity values of the order
of 200 Q-um regardless of the width of the fold."* Here,
diffusive transport and interlayer charge tunneling could
increase resistivity. Nanometer-scale ripples can also add
considerable resistances. A report by Ni et al. has claimed
that increasingly perturbed Cu topographies can cause the
formation of quasiperiodic nanoripples.'"> These ripples can
then act as sources for flexural phonon scattering, which
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FIGURE 13.11 Charge mobility and graphene domains. (a, b) False-color TEM images of graphene with different domain sizes (scale
bars: 1 um). (c) Conductivity of the grain boundaries with respect to the charge carrier density, indicating the grain connectivity for small
domains is electronically better than the connectivity of larger domains. (d) Resistance with respect to channel length. For short channels,
small grains have better conductivity, while for distances above 10 times the smaller domain size, large-domain graphene becomes more
conductive due to less number of boundaries. (From Tsen, A. W. et al., Tailoring electrical transport across grain boundaries in polycrystal-
line graphene. Science 2012, 336 (6085), 1143-1146. Reprinted with permission of AAAS.)

limits the minimum monolayer sheet resistance to 80 Q/Y
for a carrier density of 10'2 cm™. To avoid these ripples,
strain engineering can be employed,''¢ or alternatively, dop-
ing can increase the charge carrier density by enhancing
the conductivity without the need of strain engineering.''3
In contrast to intentional graphene doping to minimize the
sheet resistance, substrate-induced doping could be detri-
mental. A careful selection or treatment of the substrate with
self-assembled monolayers may be one possible bypassing
route. So far, boron nitride!!” and self-assembled monolayer
dielectrics have been demonstrated for effective passivation
of SiO, substrates.!!

13.6 SCALING-UP SCHEMES

Presently, meter-scale production of graphene can only be
possible by two methods: CVD growth and liquid-phase exfo-
liation. The latter can be ruled out for applications requiring
higher electronic conductivity/mobililty because of low flake
concentrations (on the order of 0.1 mg mL™),'"® very low
truly monolayer flake yields (on the order of 1%),'** and most
importantly, the inherent difficulties in achieving continuous
monolayers. Hence, CVD, in particular, the Cu-based growth,
is most probably the only promising and viable method for
scaling-up the graphene synthesis currently.

© 2016by Taylor & FrancisGroup,LLC

Initial reports on large-scale graphene growth have been
based on growths on Cu foils inside large-diameter tube fur-
naces, with foils up to 20 cm having been demonstrated cou-
pled with roll-to-roll transfer processes for coating plastic
substrates.’* Later, a small roll-to-roll system has been fitted
into a 25-mm-diameter quartz tube to produce low-quality
graphene on a narrow but continuous Cu foil."””! Yamada et al.
have employed a more advanced rolling system in a microwave
plasma oven to obtain graphene, albeit with low crystallin-
ity (at a width of 294 mm) at temperatures below 400°C and
with rather high sheet resistances of 10 k=700 k€/Y, which
is perhaps well suited for flexible transparent conductor appli-
cations.'?> An increasingly advanced roll-to-roll system was
reported by Kobayashi et al3' Here, a 100-m-long sheet of
graphene, with a charge mobility of 900 cm? V- s7!, has been
grown and transferred onto flexible plastic substrates by a series
of roll-to-roll processes, as shown in Figure 13.12a through c.
Meanwhile, Tao et al. have demonstrated better-quality gra-
phene, uniform over a 150-mm wafer, with Raman G’ peak
widths of 25-35 cm™ and a charge mobility of 4900 cm? V! s~
(Figure 13.12d and e).° They employed a Cu thin film on an
Si0,/Si wafer, which restricted the rolling process but enhanced
the material quality.”® Work is still ongoing throughout the
industry to improve the quality and scalability of roll-to-roll
and large-scale wafer-based CVD growth schemes.
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FIGURE 13.12 Scaling-up schemes. (a—c) Roll-to-roll CVD synthesis on Cu foils and transfer onto flexible PET support layers. (Reprinted
with permission from Kobayashi, T. et al., Production of a 100-m-long high-quality graphene transparent conductive film by roll-to-roll
chemical vapor deposition and transfer process. Applied Physics Letters, 102 (2), 023112-4. Copyright 2013, American Institute of Physics.)
(d, e) Uniform growth of high-quality monolayer graphene on a 150-mm wafer coated with a Cu film. (Reprinted with permission from Tao,
L. et al., Uniform wafer-scale chemical vapor deposition of graphene on evaporated Cu (111) film with quality comparable to exfoliated
monolayer. The Journal of Physical Chemistry C, 116 (45), 24068-24074. Copyright 2012 American Chemical Society.)

13.7 SUMMARY

Chemical vapor deposition on Cu has become the most
convenient and popular synthesis method to produce high-
quality graphene. Unlike other transition metals, Cu does not
dissolve carbon in bulk and thus supports, under the correct
growth conditions, the self-limiting growth of a monolayer
graphene with low wrinkling and rippling. Advances in the
understanding of the fundamental growth mechanisms have
permitted the synthesis of high-quality polycrystalline gra-
phene with larger and better-connected grains. Meanwhile,
optimization of the transfer and cleaning procedures has
resulted in graphene with charge mobilities close to that of a
mechanically exfoliated counterpart, at scalable dimensions.
Direct deposition of the monolayer graphene on insulating
substrates promises the ultimate progress in the cleanli-
ness and electronic exploitation of graphene, removing the
necessity of using sacrificial metals and transfer processes.
However, direct deposition is still in its infancy, and sig-
nificant progress is needed for it to outperform the current
Cu-based synthesis protocols. In prospect, mass production
of the monolayer graphene is likely to be realized in the near
future by roll-to-roll processes and handling meters-long Cu
foils as the growth medium and flexible plastics as the desti-
nation substrate.

© 2016by Taylor & FrancisGroup,LLC
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