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The discovery of uniform deposition of high-quality single layered graphene on copper has generated

significant interest. That interest has been translated into rapid progress in terms of large area

deposition of thin films via transfer onto plastic and glass substrates. The opto-electronic properties of

the graphene thin films reveal that they are of very high quality with transmittance and conductance

values of >90% and 30U/sq, both are comparable to the current state-of-the-art indium tin oxide

transparent conductor. In this Feature Article, we provide a detailed and up to date description of the

literature on the subject as well as highlighting challenges that must be overcome for the utilization of

graphene deposited on copper substrates by chemical vapour deposition.
Introduction

The unique properties of graphene have triggered numerous

fundamental and technological studies. It is well known that

graphene is a semimetal where the charge carriers behave as

Dirac fermions (zero effective mass),1 which gives rise to

extraordinary effects such as mobilities up to 200000 cm2V�1s�1,2

ballistic transport distances of up to a micron at room temper-

ature,3 half-integer quantum Hall effect,3,4 and absorption of

only 2.3% of visible light.5 The large carrier mobilities also make

it potentially useful for high frequency electronic devices6 while

the low absorbance complemented with its semi-metallic nature

makes it an ideal transparent conductor where transparency and

low resistance are required.7 Integrated devices will require wafer

scale deposition that can be processed using existing or post

complementary metal oxide semiconductor (CMOS) fabrication

techniques. Implementation as a transparent conductor will

require uniform deposition over large areas with controllable

number of graphene layers. These requirements have led to the

development of a rapidly evolving research thrust within the field

of graphene based on deposition of high quality and uniform thin

films over large areas with controllable thickness.

The best quality graphene, in terms of structural integrity, is

obtained by mechanical cleavage of highly oriented pyrolytic

graphite.8 Thus the efficacy of any new deposition methods is

determined by comparison with properties of pristine mechan-

ically exfoliated graphene. Although pristine graphene has very

low concentration of structural defects, which makes it inter-

esting for fundamental studies, the flake thickness, size and

location are largely uncontrollable. Several strategies are pres-

ently being pursued to achieve reproducible and scalable

graphene on substrates. One example is covalent9,10 or non-

covalent11 exfoliation of graphite in liquids. These methods

however can introduce structural and electronic disorder in the

graphene.12–14 Another example is the conversion of SiC(0001) to
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graphene via sublimation of silicon atoms at high temperatures.15

High quality wafer scale graphene with switching speeds of up to

100GHz6 has been demonstrated using this technique. Although

the price of the initial SiC wafer is relatively high compared to

that of silicon, the technique maybe suitable for radio and THz

frequency electronics where the excellent performance of the

devices could offset the cost of the wafers.

The most promising, inexpensive and readily accessible

approach for deposition of reasonably high quality graphene is

chemical vapor deposition (CVD) onto transition metal

substrates such Ni,16 Pd,17 Ru,18 Ir19 or Cu.20 In particular, recent

developments on uniform single layer deposition of graphene on

copper foils over large areas have allowed access to high quality

material.20,21 Although CVD of graphene on copper is relatively

new, several groups around the world have already reported

excellent device characteristics such as mobilities of up to

7350 cm2 V�1s�1 at low temperature and large area growth (up to

30 inches).21 In this article, we provide a detailed review of the

most important aspects of graphene growth on copper by CVD.
Graphene on transition metals

The formation of few layered graphene resulting from prepara-

tion of transition metal surfaces and in industrial heterogeneous

catalysis22 has been known for nearly 50 years.22 In fact, the

concept of combining carbon with other materials and then

dissociating it to form graphite was first proposed in 1896.23,24

Layers of graphite were first observed on Ni22,25,26 surfaces that

were exposed to carbon sources in the form of hydrocarbons or

evaporated carbon. At about the same time, the formation of

thin graphite layers on single crystal Pt27,28 substrates was

observed in catalysis experiments. It was surmised that the

formation of graphite was the consequence of diffusion and

segregation of carbon impurities from the bulk to the surface

during the annealing and cooling stages. The interest in graphene

has led to the revaluation of these methods for controllable

deposition. Indeed, graphene growth has been demonstrated on

a variety of transition metals [Ru,18,29 Ir,19,30 Co,31 Re,32 Ni,33–35

Pt,31,36 Pd31,37] via simple thermal decomposition of hydrocar-

bons on the surface or surface segregation of carbon upon

cooling from a metastable carbon–metal solid solution. The
This journal is ª The Royal Society of Chemistry 2011
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carbon solubility in the metal and the growth conditions deter-

mine the deposition mechanism which ultimately also defines the

morphology and thickness of the graphene films.

Graphene can grow on several hexagonal or other crystallo-

graphic surfaces. Growth on hexagonal substrates is frequently

referred to as epitaxial even if significant lattice match is absent

between the graphene and substrate. For lattice mismatch of less

than 1%19 as on Co(0001)31 and Ni (111)33 surfaces, graphene

growth is commensurate with the substrate lattice. In contrast,

lattice mismatch between graphene and Pt(111),38 Pd(111),38

Ru(111)29 and Ir(111)30 is >1% and therefore growth is incom-

mensurate as indicated by the observation of Moiere patterns.

The growth on Ir(111)39,40 is particularly interesting because the

Moiere patterns indicate a template on the graphene surface for

sparse adsorption of hydrogen, resulting in a superlattice struc-

ture of graphane islands that induce a band gap of 0.5–0.73 eV40

at the Fermi level. The appearance of a band gap is particularly

appealing for graphene TFTs capable of exhibiting large on/off

ratios.

Recent results of growth on relatively inexpensive poly-

crystalline Ni16,34,35,41 and Cu20 substrates have triggered interest

in optimizing CVD conditions for large area deposition and

transfer. Graphene deposited on polycrystalline Ni and trans-

ferred onto insulating substrates exhibit mobility values16 of up

to 3650 cm2V�1s�1 and half-integer quantum Hall effect.16

However, the fundamental limitation of utilizing Ni as the

catalyst is that single and few layered graphene is obtained over

few to tens of microns regions and not homogeneously over the

entire substrate.34 The lack of control over the number of layers is

partially attributed to the fact that the segregation of carbon

from the metal carbide upon cooling occurs rapidly within the Ni

grains and heterogeneously at the grain boundaries.

In contrast to Ni, exceptional results in terms of uniform

deposition of high quality single layered graphene over large

areas have been recently achieved on polycrystalline copper

foils.20 The initial20 and subsequent follow-on21,42–50 studies have

demonstrated the growth of single layered graphene over areas as

large as 30-inches. Detailed imaging and spectroscopic analyses

have revealed that over 95% of the copper surface is covered by

single layered graphene while the remaining graphene is 2-3

layers thick, independent of growth time or heating and cooling

rates.20 The growth on copper is simple and straightforward,

making high quality graphene over large area readily accessible.

Furthermore, thin copper foils are inexpensive and can be easily

etched with solvents available in most laboratories so that

transfer onto desired substrates can be readily achieved. These

features as well as the fact that copper is inexpensive, make it an

appealing process for the deposition of graphene.
Fig. 1 SEM images of carbon allotropes grown on Cu: (a) random

network of single walled carbon nanotubes.58 Reprinted with permission

from Ref. 58, copyright 2006, American Chemical Society. (b) Diamond

on Cu(111).57 Reprinted with permission from Ref. 57, copyright 1997,

Elsevier. (c) Single layer graphene,80 the inset shows STM atomic reso-

lution images of graphene; (d) as received copper foil used as the

substrate. In panel (c) dark regions represent nucleation sites. Terraces on

the copper surface are also visible.
Graphene from silicon carbide and transfer onto insulating

substrates

In addition to CVD methods, epitaxial growth of graphene is

also achievable on insulating SiC(0001)6,15 substrates via subli-

mation of silicon atoms and graphitization of remaining C atoms

by annealing at high temperature (1000–1600 �C). Epitaxial

graphene on SiC(0001) has been demonstrated to exhibit high

mobilities, especially multilayered films. Recently single layered
This journal is ª The Royal Society of Chemistry 2011
SiC converted graphene over a large area has been reported and

shown to exhibit outstanding electrical properties.51

For electronic applications, graphene on insulating substrates

such as plastic foils, glass or SiO2/Si wafers is required. Presently,

transfer of the as-grown graphene from metallic surfaces onto

desired insulating substrates using various different methods is

performed.16,21,52 The most straightforward method for trans-

ferring graphene grown on metals is to chemically etch the metal

away to obtain free floating graphene membranes that can be

scooped onto desired substrates.16 Wet etching of substrates such

as Ni and Cu53 are feasible but is challenging for metals such as

Ru, Ir, Pd, Pt.54 Dry transfer methods such as peeling of mm

sized flakes of epitaxial graphene from SiC(0001) using a bilayer

of Au/Polyamide55 stamp has been demonstrated.

In the remainder of the feature article, we describe the state-of-

the-art of graphene growth on copper along with recent

advancements towards transfer and direct deposition onto

insulating substrates. We highlight possible mechanisms for

graphene growth on copper, which may be helpful in depositing

the material directly onto insulating substrates. We also describe

the state-of-the-art in terms of opto-electronic properties of the

transferred graphene thin films and end with conclusions and

outlook for graphene on copper.
Substrate requirements for graphene growth

Copper has been shown to catalyse the growth of several carbon

allotropes such as graphite,56 diamond,57 carbon nanotubes58,59

and most recently graphene20 as shown in Fig. 1. The growth of

graphite on copper was unintentionally achieved in 199156,60 in

experiments designed to catalyze the growth of diamond by CVD.

In these initial experiments, single and multi layered graphene

were produced on (100),56,60 (110),56,60 (111),56,60 and (210)60

copper surfaces via carbon implantation at elevated temperatures
J. Mater. Chem., 2011, 21, 3324–3334 | 3325
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and subsequent out-diffusion through carbon dissolution-

precipitation mechanism. Specifically, carbon implantation into

Cu was achieved by bombarding at 70–200 keV (with doses of up

to 1018 ions/cm2) at 800–1000 �C. After bombardment, the

implanted copper was held at 800–1000 �C for several hours to

allow carbon to diffuse to the surface where it precipitated into

graphitic planes. Based on the implantation study observations

which was designed to grow diamond, the researchers switched to

hot filament CVD (HFCVD)57 to deposit diamond but observed

thin graphite on copper substrates under some conditions.

The requirement of high quality graphite as moderators in

nuclear reactors in the early 1960s61 led to substantial knowledge

of crystalline sp2 carbon formation on hot transition metal

surfaces.25 The precipitation of graphite via formation of tran-

sition metal and carbon solid or liquid solution (either by

exposure to hydrocarbons25,26,36,38 or deposition of amorphous

carbon on the hot metal surface62,63) has been widely studied and

the mechanisms have been verified for all known catalysts for

graphite (i.e. the transition metals belonging to the VIII group).

Although many different experimental conditions have been

found to be important, the graphite properties have been shown

to be very sensitive to cooling rate and exposure time to carbon

source. In addition to pure transition metals, carbides of tran-

sition metals such as TaC,64 WC,64 TiC,64 HfC64 and LaB3
65 that

have high coordination numbers and are highly reactive can also

serve as catalysts for graphite precipitation.54,66

Of the various transition metals, graphitic carbon formation

on Ni has been intensively studied owing to its suitability as

catalyst for high quality graphite25 as well as nanotubes.67 Here

we briefly describe the formation of highly crystalline sp2 carbon

on Ni to contrast it with a different formation mechanism on

copper. The phase diagram of Ni and C (Ref. 68) reveals that the

solubility of carbon in nickel at high temperature (above

�800 �C) forms a solid solution and lowering the temperature

decreases the solubility, allowing carbon to diffuse out of Ni

(Fig. 2a). It is well known from metallurgical studies that the

formation of metastable Ni3C phase promotes the precipitation

of carbon out of Ni. Carbon preferentially precipitates out at the

grain boundaries of polycrystalline Ni substrates so that the

thickness of the graphite at the grain boundaries is substantially

larger than within the grains. Thus, the number of graphene

layers can significantly vary along the surface of Ni. Co and Fe

show similar catalytic behaviour as can be surmised from the

phase diagrams [Fig. 2b and 2c, respectively68], which show

carbon solubility at 850–1000 �C while carbide and graphitic

phases are stable at lower temperatures.63 Like Ni, Co forms

a metastable carbide at high temperature which separates into

pure metal and graphite during cooling of the cobalt-carbon

solid solution (Fig. 2b). In the case of Fe (Fig. 2c), cementite

(Fe3C) is a stable carbide and therefore graphite precipitation

from Fe can be obtained only under very specific cooling rates.63

The ability to form sp2 crystalline carbon from solid solutions of

various transition metals is dependent on their carbon affinity.

That is, in the case of Fe there is competition between the

formation of graphitic carbon and carbide owing to the high

affinity between Fe and C.

The catalytic power of transition metals and some of their

compounds is well known54,66 and arises from partially filled d-

orbitals or from the formation of intermediate compounds that
3326 | J. Mater. Chem., 2011, 21, 3324–3334
adsorb and activate the reacting substances. Catalysis by metals

results from their ability to provide low energy pathways for

reactions either by facile change of oxidation states or by

formation of appropriate intermediates. In light of this, Fe has

asymmetrical distribution of electrons in the d-shell {[Ar]3d64s2},

leading to mutual repulsion which may explain its higher affinity

towards carbon54 with respect to Co, Ni and Cu where the 3d

shell is progressively filled, suggesting less reactive configurations

(Table 1). Copper has the lowest affinity to carbon as reflected by

the fact that it does not form any carbide phases69,70 (Fig. 2d) and

has very low carbon solubility compared to Co and Ni (0.001–

0.008 weight % at �1084 �C for Cu,66,70 �0.6 weight % for Ni at

�1326 �C, and �0.9% weight for Co at �1320 �C)68 (Fig. 2). The

low reactivity with carbon can be attributed to the fact that

copper has a filled 3d-electron shell {[Ar]3d104s1}, the most stable

configuration (along with the half filling 3d5) because the electron

distribution is symmetrical which minimizes reciprocal repul-

sions. As a result, Cu can form only soft bonds with carbon via

charge transfer from the p electrons in the sp2 hybridized carbon

to the empty 4s states of copper.54,71 Hence this peculiar combi-

nation of very low affinity between carbon and copper along with

the ability to form intermediate soft bonds makes copper a true

catalyst, as defined by textbooks, for graphitic carbon formation.

The 3d7 and 3d8 orbitals of Co and Ni are between the most

unstable electronic configuration (Fe) and the most stable one

(Cu). Based on this, it emerges that the most suitable catalysts for

graphitic carbon formation are those transition metals that have

low affinity towards carbon but that are still able to stabilize

carbon on their surfaces by forming weak bonds.

An interesting example of a metal that has carbon solubility at

high temperature between that of nickel and copper and does not

form a carbide is ruthenium. Growth of single layer graphene

over large area has been achieved on polycrystalline ruthenium

thin films (50–500 nm)72 as well as on Ru(0001) single crystals.18

The growth on Ru is carried out by enrichment of interstitial

carbon via exposure of the substrate to ethylene (5� 10�7 Torr at

950 �C), followed by slow cooling in UHV to 550 �C. The carbon

solubility in Ru, which is lower than Ni but higher than Cu, can

be lowered by applying a gradual decrease of the temperature to

obtain uniform graphene nucleation and growth. Some parallels

between graphene growth on Cu and unexpected single walled

carbon nanotube growth on noble metals such as Ag and Au can

also be made,73 suggesting that graphene growth on Ag and Au

should be possible as recently demonstrated74,75 for Ag.
Graphene growth on copper

Graphene on copper is in principle straightforward, involving the

decomposition of methane gas over a copper substrate typically

held at 1000 �C. Growth of predominantly monolayer graphene

on copper foil has recently been reported using hexane47 at

950 �C to explore the possibility of using liquids precursors that

could facilitate the doping of graphene during synthesis by using

nitrogen and boron containing organic solvents.47 The specific

growth parameters that have been utilized for achieving the best

graphene films on Cu are summarized in Table 2. Most of the

depositions have been performed on copper foils with thicknesses

ranging from 25–50 mm.20,21,46–48,76 Recently graphene deposition

on e-beam43,45 and thermally evaporated42,44 copper thin films
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Carbon affinity to different transition metals is reported. The
affinity decreases moving from Fe to Cu. Noble metals are indicated in
the last column and listed in decreasing ‘‘noble’’ character from top to
bottom

Fe Co Ni Cu
Ru Rh Pt Ag
Os Ir Pd Au

Fig. 2 Binary phase diagrams of transition metals and carbon:68,70 (a) Ni–C; (b) Co–C; (c) Fe–C; (d) Cu–C. Reprinted with permission of ASM

International�. All rights reserved, www.asminternational.org. The low carbon solubility in Cu, of �0.008 weight % at �1084 �C as reported in Ref. 70,

is highlighted in the inset of panel (d)70 for the temperature and composition of interest for graphene growth. Reprinted with permission from Ref. 70,

copyright 2004, Elsevier.
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(thickness > 500 nm) on SiO2/Si substrates have been demon-

strated. For thin film Cu catalysts, the thickness must be

controlled to ensure that de-wetting does not occur. However,

de-wetting has been used to directly deposit graphene onto

insulating SiO2/Si substrates. More specifically, recently it has

been demonstrated that the copper thin films can be evaporated

off after graphene growth so that the as-grown graphene rests on

the insulating substrate.43 If done controllably and reproducibly,

this method could be useful for direct deposition of high quality
This journal is ª The Royal Society of Chemistry 2011
graphene onto insulating substrates without the need for trans-

fer. Although the most commonly used deposition temperature is

1000 �C, growth at temperatures ranging from 800–950 �C44,50,76

have also been reported. The CVD of graphene on copper is done

under low (0.5–50 Torr)20,42 or atmospheric pressure45 of

methane and hydrogen gas mixture at various ratios as indicated

in Table 2.
Copper substrate pre-treatment

Thus far, experiments have indicated that there is little influence

of deposition parameters on the physical and electrical properties

of as-grown graphene on copper. However, the pre-treatment of

the copper foils has been found to be important in obtaining

large graphene domains in the as-deposited product.20,21 The

copper substrate pre-treatment serves several important func-

tions that ensure high quality graphene deposition. First, as-

received Cu is covered by native oxide (CuO, Cu2O),77 which
J. Mater. Chem., 2011, 21, 3324–3334 | 3327
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reduces its catalytic activity. Therefore prior to deposition the Cu

substrate must be annealed in a hydrogen reducing atmosphere

at 1000 �C.78 Wet chemical pre-treatment by dipping in acetic

acid79 has also been demonstrated to partially remove Cu2O. The

annealing stage prior to deposition is also important for

increasing the Cu grain size and rearranging the surface

morphology (introduction of atomic steps, elimination of surface

structural defects) to facilitate growth of graphene flakes. Typi-

cally the Cu foils are annealed for 30 min20,21,45,76 while shorter

treatment has been reported for sub-micron Cu thin films.42–44 A

systematic correlation between the homogeneity of graphene

domains and Cu grain size and crystallographic orientation has

yet to be elucidated.

In Fig. 3, taken from Ref. 20, the growth of single layer gra-

phene at different times is shown. The scanning electron

microscopy (SEM) images of graphene on copper can be difficult

to interpret due to the atomic thickness of the film. Here we

briefly explain the evolution of the graphene film deposited on

copper by describing the SEM images in Fig. 3. In Fig. 3a, gra-

phene of finite size (one is indicated by the larger oval) in the

form of dark irregularly shaped flakes can be seen. The nucle-

ation site of one of the flakes is indicated by the smaller oval in

Fig. 3a. As the growth time is increased, the graphene domains
Fig. 3 SEM images of graphene on Cu for different growth times:20 (a) 1

min; (b) 2.5 min, (c) 1 min from Ref. 80 for comparison; and (d) 10 min.

In panel (a) the smaller circle represents a possible nucleation site and

a Cu grain boundary is also indicated. The larger circle indicates a gra-

phene domain. In panel (b) the highlighted region is a void where the

graphene domains have yet to join to form a continuous layer. The

curved lines represent terraces on the copper surface. Image in (c) is

provided to highlight the differences in the nucleation density and initial

domain sizes by changing the Cu pre-treatment conditions and the CH4

pressure. The average graphene domain size is (4.8 mm �1.2 mm) in the

image shown in panel (a) while in (c) it is (0.84 � 0.25 mm). In panel (d),

SEM image of a continuous graphene film on Cu is shown. Wrinkles

where the graphene domains have presumably joined along with a dark

patch indicated by the circle representing a double layer are highlighted.

Panel (a), (b), (d) are reprinted with permission from Ref. 20, copyright

2009, American Association for the Advancement in Science.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) Transmission electron microscopy image (bright field)56 of few

layered graphene formed on Cu (111) surface after carbon implantation

(70 KeV) at 820 �C. Wrinkles and cracks are readily observable. (b) The

corresponding selected area electron diffraction pattern of the graphitic

film along with the interpreted diffraction spots are shown. Reprinted

with permission from Ref. 56, copyright, Material Research Society,

Journal of Materials Research.
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progressively increase in size until coalescing (Fig. 3b) into

a continuous layer. Fig. 3b is an image just prior to the formation

of a completely homogeneous layer, as indicated by the presence

of discontinuities. One of which is indicated by the oval in

Fig. 3b. The semi-continuous graphene layer is barely visible in

Fig. 3b but the underlying microstructure (terraces and steps) of

the Cu substrate is readily visible. It is possible to control the

nucleation density and the size of the initial graphene flakes by

tuning the pre-treatment conditions, the partial pressure of CH4

and the total growth pressure as indicated by Fig. 3c. Various

shapes of the nucleated graphene flakes on different Cu grains

were observed,20 perhaps suggesting that growth along a prefer-

ential Cu crystallographic directions may be favoured. After the

nucleation, growth, and formation of a continuous monolayer,

further exposure to the carbon precursor for up to 60 min does

not lead to deposition of multilayered graphene (Fig. 3d). This is

in contrast with graphene deposition on Ni where the grain

boundaries introduce significant thickness inhomogeneities

during growth.34,35 It is believed that the weak interaction

between graphene and the Cu substrate allows the flakes to

expand over the grain boundaries with minimal structural

disruption. The lateral dimensions of the Cu grain boundaries

vary with the Cu foil thickness and the annealing pre-treatment

time. In Fig. 3d, it can be clearly observed that the graphene

grows without disruption above the Cu grain boundary, as the

presence of wrinkles reveals. Our observations80 reveal that

graphene grain growth on thinner Cu foils is suppressed for

identical annealing times.80 H2 embrittlement77 of Cu also limits

diffusion and minimizes grain growth during annealing, as

indicated by the smaller initial graphene domains observed in

Fig. 3c.

The as grown graphene contains wrinkles20,56 which can be

attributed to differences in the thermal expansion coefficients

(TEC) between graphene or graphite with respect to copper

(agraphene ¼ �6 � 10�6/K at 27 C;81 aa-graphite ¼ 0.9 � 10�6/K

between 600–800 �C;82 aCu ¼ 24 � 10�6/K82). The large and

negative thermal expansion coefficient of graphene (much larger

than the in-plane TEC of graphite) suggests significant shrinkage

of Cu upon cooling, which induces mechanical stress on gra-

phene. This stress is released via the formation of wrinkles.

Ridges and swells are also observed in regions where adhesion

between the film and the substrate is poor. Similar phenomenon34

has been observed for graphite grown on Ni (a¼ 12.89–21.0 x106

K�1 between 0–1000 �C)83 where the wrinkling effect is more

pronounced because the films are generally thicker. In addition

to wrinkles, approximately 100 nm wide cracks can be also

observed for graphite growth on Cu56 (Fig. 4a).

Although there is some evidence to suggest that graphene may

preferentially nucleate and grow on specific Cu crystallographic

surfaces, concrete results from recent CVD studies are lacking. In

previous studies with implantation,56,60 thin graphite on several

Cu crystallographic surfaces [(100),56,60 (111),56,60 (110),56,60

(210)60] was demonstrated with c axis perpendicular to the Cu

surface (Fig. 4b,c). These initial experiments yielded few layered

graphene with turbostratic stacking56 (Fig. 4b,c). Although the

stacking order in CVD graphene on Cu has yet to be elucidated,

Raman spectroscopy suggests that it is consisting with ‘‘turbos-

tratic like’’ structure.42,84 These results are also similar to few and

multi-layered graphene grown on Ni catalysts.35
This journal is ª The Royal Society of Chemistry 2011
Surface catalysis mechanism

The growth mechanism of graphene on copper is surface related

and not due to out diffusion from bulk. Substantial evidence for

this has been provided by an elegant set of experiments done by

the Ruoff group84 using isotopic labelling of the methane

precursor gas. By taking advantage of the fact that the Raman

modes of 12C and 13C differ slightly in energy, they were able to

monitor the progressive enlargement of graphene domains on

copper. They utilized sequenced dosing of 12CH4 and 13CH4

(99.9% pure)84 into the growth furnace on copper and measured

the distribution of 12C and 13C graphene domains. In the case of

solid solution and out diffusion growth mechanism (as is the case

for Ni catalysts), a random mix of the isotopes in the graphene

film is expected. In contrast, Raman analysis on transferred

graphene on Cu reflected the dosing sequence of the two types of

precursors. They found regions having close to pure 12C, regions

of isotopically pure 13C, and regions where both 12C and 13C were

present. The Raman bands corresponding to both 12C and 13C

were likely from junctions between two graphene domains or

from nucleation sites.

From the analysis of Raman peaks, it is possible to obtain

useful structural information about graphene. The map of the
J. Mater. Chem., 2011, 21, 3324–3334 | 3329
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Fig. 5 (a) Raman map of a single layer graphene grown on bulk Cu

substrate and transferred onto an insulating subtrate. The results indicate

that over 93% of the film is monolayered42 (2D/G ¼ 2.5). (b) Raman

spectra taken from a graphene film grown on a thin film of copper. The

results suggest that the quality of graphene is comparable to that grown

on foils42 (c) (spectrum after subtraction of the background42). No

detectable increase of D peak was observed after transfer in either case.

Further, the D/G ratios for both cases were comparable. Reprinted with

permission from Ref. 42, copyright 2009, American Chemical Society. (d)

Raman spectra for 1-2-3- layers of graphene after transfer.43 Reprinted

with permission from Ref. 43, copyright 2010, American Chemical

Society. An enhancement in the D-peak and a change in the G/2D peak

ratio can be observed with transfer of additional layers.
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G/2D Raman peaks ratios taken from Ref. 42 and shown in

Fig. 5a clearly indicate that over 93% of the graphene grown on

Cu is single layer (2D/G�2–4).43,84,85 The Raman spectra of

graphene grown on a thin film as well as on a foil of Cu are shown

in Fig. 5b,c (Ref. 42). The degree of disorder in carbonaceous

materials is indicated by the intensity of Raman D band, which

can be seen to increase with the number of transferred graphene

layers (Fig. 5d). Further evidence for uniformity of the as-grown

graphene film can be obtained from the intensity maps of the G

band. Typically the G-peak intensity of graphene on copper is

uniform except in regions corresponding to wrinkles or graphene

grain boundaries. What clearly emerges from isotopically

labelled Raman analysis in Ref. 84 is that the growth time and

cooling rate does not affect the graphene thickness. Furthermore

the deposition of a continuous graphene layer leads to the

passivation of the Cu surface so that multi-layered growth is

dramatically hindered.

The presence of distinct nucleation sites, such as the one

indicated by the small circle in Fig. 3a, may point to a route for

obtaining the nucleation and growth of multi-layered graphene.84

Detailed knowledge of the reconstruction of the Cu surface after

the pre-growth treatment could provide insight into increasing

the density of such graphene nucleation sites. For example it is

well known from catalysis that atomically thin terraces with

vicinal surfaces and edges of different dimensions are favourable

nucleation sites86 because of their high density of dangling bonds.

Terraces are also formed on Cu at high temperature,87 and have
3330 | J. Mater. Chem., 2011, 21, 3324–3334
been observed in studies on graphene growth, suggesting that

they could play an important in nucleation of graphene layers.

However, the analysis of the parameters in Table 2 reveals that

the deposition of predominantly monolayered graphene is fav-

oured in most cases except where high pressure of CH4 is utilized.

Based on the information in the literature and presented

above, a qualitative model for the nucleation and growth of

graphene on copper can be proposed. The three stages of the

growth process are illustrated in Fig. 6 for graphene growth on

Cu. Initially Cu foil with a copper oxide is depicted on the left

schematic. The oxide is reduced by annealing in hydrogen

atmosphere, which also leads to grain growth and annihilation of

most of the surface defects that might be present. The uniform

nucleation of graphene islands on the pre-treated Cu surface is

depicted in the middle schematic in Fig. 6. These initial graphene

domains may have different lattice orientations depending on the

crystallographic orientations of the underneath Cu grains. As the

growth time is increased, the initial graphene domains increase in

size as indicated in the right panel. Eventually they coalesce into

a continuous graphene film.
Transfer methods

The quality of as deposited graphene films can be characterized

in a number of ways. From an electronics point of view, the

carrier mobility along with the optical transparency and sheet

conductance are used as the parameters to compare the quality of

graphene films grown using various different and similar

methods. Graphene grown on copper must be transferred onto

insulating substrates to measure its opto-electronic properties.

The transfer is typically done by depositing a protective poly-

meric [Polydimethylsiloxane (PDMS) or ploy(methylmethacry-

late) (PMMA)] coating on top of the graphene thin film and

etching the underlying copper in iron chloride [FeCl3 in HCl/

H2O (1M-5M)].45,88,89 Other Cu substrate etching recipes include

HCl, HNO3,44,47 Fe(NO3)3
52 in H2O (1M) and (NH4)2SO8

(0.1M).21 CuCl2
90 can also be used and has the advantage over

FeCl3 in that it can regenerated from waste but the disadvantage

is that it is more toxic. FeCl3 is the most widely used88,91 because

it slowly and effectively91 etches the copper without forming

gaseous products or precipitates. In contrast, reactions during

etching of Cu with nitric acid leads to the formation of H2

bubbles which causes cracking in the graphene film and HNO3

can also degrade the carbon sp2 network. HCl releases corrosive

vapor and the etching rate of copper is very slow.

The removal of the Cu substrate is performed by immersing

the substrate with the graphene film into the etching

bath45,47,50,52,76 until a free-standing graphene membrane floating

in the solution can be readily observed.47,50,52 The membrane with

the polymer coating is sufficiently strong to allow handling so

that it can be easily placed on the desired substrate. Once transfer

is completed, the polymer is removed (by dissolving with acetone

for the case of PMMA). Recently successful transfer of graphene

has been obtained by utilizing the roll-to-roll transfer method

using a thermal release tape as the support polymer.21 The results

from Ref. 21 are summarized in Fig. 7, which shows the roll-to-

roll transfer of a graphene film grown on a flexible (Fig. 7b) 30in

diagonal plastic substrate (Fig. 7c). The authors demonstrate

a large area touch screen with the transferred graphene and claim
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Schematic illustrating the three main stages of graphene growth on copper by CVD: (a) copper foil with native oxide; (b) the exposure of the

copper foil to CH4/H2 atmosphere at 1000 �C leading to the nucleation of graphene islands; (c) enlargement of the graphene flakes with different lattice

orientations.

Fig. 7 (a) Roll-to-roll transfer of graphene films onto PET substrates at

120 �C using thermal release tape; (b) a flexible touch screen panel based

on graphene on PET; (c) transparent graphene film transferred on a 30-

inch PET sheet; (d) SEM image of single layered graphene deposited by

thermal release tape. The arrow indicates defects and residual of tape; (e)

SEM image of a three layers of graphene transferred by thermal release

tape. Reprinted with permission from Ref. 21, copyright 2010, Nature

Publishing Group. The film is free of cracks and residue from the tape.21

Fig. 8 Atomic force microscope images of graphene films transferred

onto insulating substrates: (a) single layered graphene on SiO2 using

PMMA as the support polymer.47 Reprinted with permission from

Ref. 47, copyright 2010, American Chemical Society. (b) Single layered

graphene transferred onto SiO2 using PMMA21 as the support polymer

from a different study. Reprinted with permission from Ref. 21, copy-

right 2010, Nature Publishing Group.
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excellent uniformity over the entire substrate. The thermal

adhesive tape is proposed to be the key for transferring very large

area graphene from copper to plastic substrates. Some residual

thermal tape is also apparently transferred onto the substrate as

indicated by the bright patches in the image in Fig. 7d of a single
This journal is ª The Royal Society of Chemistry 2011
layer graphene. However, after three transfer cycles, a relatively

clean surface free of defects is visible (Fig. 7e).

The transfer of graphene films from the copper to insulating

substrates inevitably leads to cracking, as shown in Fig. 8. For

graphene on Ni, cracks of up to few micro-meters have been

observed16 using PDMS as the support layer. Qualitatively,

analysis of observations in the literature21 and our own results80

suggest that the number of cracks and defects are less when using

PMMA as the support polymer in comparison to thermal release

tape or PDMS. These observations are in agreement with elec-

trical measurements which show the lowest sheet resistance on

graphene films transferred with PMMA.21,47,52 Interestingly, the

electrical properties of the transferred films also depend on the

substrate on which they are deposited. The lowest sheet resis-

tance values have been obtained for graphene deposited on PET

using PMMA as the support polymer (125 U/sq). The sheet

resistance for the same graphene transferred onto a SiO2

substrate also using PMMA as the support polymer yield values

of 350 U/sq. This may be attributed to a higher fraction of

cracking due to transfer and dissolution of PMMA when

transferring on to SiO2
52 or to interactions with charges on the

oxide surface.

To minimize the cracking of transferred films, it is important

to ensure good adhesion between the target substrate and the

transferred graphene film. The roughness of the substrate and its

hydrophobicity control the adhesion of the graphene film. Since

graphene tends to maximize its contact area, a target substrate

with higher roughness than the polymeric support should favour

adhesion. Pre-treatments of the target substrate by hydrophobic

self assembled monolayers (SAM) [perfluorophenylazide

(PFPA)92 and aminopropyl-triethoxysilane (APTES)93] can also

enhance the adhesion of graphene by limiting crack formation

during etching of the PMMA.

In principle, transfer by elastomeric stamps can avoid expo-

sure of the graphene film to liquid etchants and the need to utilize

a polymeric support. However initial attempts to carry out

transfer using elastomeric stamps (PDMS) have not revealed

remarkable improvements in the graphene quality. Similar

results have been found for graphene grown on nickel.16 Methods

such as thermal tape and Au/polyamide have also been employed

to remove graphene from bulk graphite [highly oriented pyrolytic

graphite (HOPG)]94 and SiC(0001)55 but the film uniformity was

found to be compromised.

To overcome the limitations of substrate etching and transfer

using elastomeric stamps, other transfer free batch fabrication

methods for graphene devices have been demonstrated. In

a recent study,42 Cu catalyst in the form of thin film was

deposited on Ni/SiO2/Si wafers on which graphene film was

grown. Subsequent to growth, the wafer was patterned using
J. Mater. Chem., 2011, 21, 3324–3334 | 3331
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Fig. 9 Transmittance at 550 nm and the corresponding sheet resistance

of graphene synthesized by CVD on Cu20,47,50,76 and on Ni16,35 in

comparison with ITO95–98 and calculated values of graphene2.
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photoresist after which the entire sample was etched in solution

to remove Cu from unprotected regions beneath the photoresist/

graphene strips, resulting in two pads of graphene/Cu connected

by a narrow channel of graphene. To finish, the photoresist is

removed, leaving the graphene channel resting on the substrate

connected to the two contact pads.
Opto-electronic properties of graphene transferred from Cu

The exposure to various chemicals during transfer is a cause for

concern in terms of introducing defects or undesirable impurities

in the transferred graphene. Although a detailed study of the

chemical and physical structure of transferred graphene is yet to

be reported, the initial reports indicate that the high quality of

graphene is apparently reasonably well preserved after transfer

onto insulating substrates. Structurally, the Raman D-band does

not show any remarkable increase in intensity42 after transfer.

Electronically, the highest field effect mobility for transferred

films has been reported to be 4050 cm2V�1s�1 (n0 ¼ 3.2 �
1011 cm�120) but in most cases values range from 700–

3000 cm2V�1s�142,45,46,48 at room temperature. Recently, high

carrier concentrations of �4.26 � 1012 cm�1 [Ref. 21] have been

reported for undoped transferred graphene films. Doping has

been shown to further increase the carrier concentration up to

�9.43 � 1012 cm�1.21 It is worth pointing out that any transfer

method utilizing wet etching is likely to lead to doped graphene

due to the strongly oxidizing nature of the chemicals. This is

corroborated by the fact that the Dirac points in the transfer

characteristics of the field effect transistors are found to be sit-

uated between Vg ¼ 20–60 V21,46,48 in ambient conditions as well

as in vacuum (1 � 10�5 Torr),47 The best opto-electronic prop-

erties of the transferred films have been obtained by Bae et al.

with Hall mobility of up to 7350 cm2V�1s�121 at low temperature

and 5100 cm2V�1s�1 at room temperature,21 and sheet resistance

of 30 U/sq at transmittance of 90%.21 The latter values are better
3332 | J. Mater. Chem., 2011, 21, 3324–3334
than or comparable to existing state-of-the-art indium tin oxide

(ITO) transparent conductors. The transparency at 550 nm and

sheet resistance of graphene films produced by various methods

and ITO (Ref. 95–98) are summarized in Fig. 9. The sheet

resistance of graphene transferred on PET (125 U/sq 97.8% and

30 U/sq 90%)21 are close to the theoretical values of graphene.2

However, graphene deposited on glass yield sheet resistance

values of 2100 U/sq.52 The graphene grown on Cu and trans-

ferred onto glass substrate has higher transmittance with

comparable sheet resistance to graphene grown on Ni.16,35 This is

most likely due to defects (grain boundaries, wrinkles) on the Ni

deposited films.
Conclusions and outlook

Chemical vapor deposition (CVD) of graphene utilizing copper

as the catalyst is one of the most promising methods for

producing continuous layers of high quality graphene over large

areas. The mechanism is surface related due to the peculiar

interactions between Cu and C and therefore self-limited to

a single layer of graphite. In particular, the combination of very

low carbon solubility in Cu, common to noble metals that have

closed d shells and strong free-electron-like surface states, along

with its catalytic activity towards hydrocarbon gasses render Cu

a unique catalyst. Wrinkles and grain boundaries are sparse in

graphene grown on Cu and therefore excellent opto-electronic

properties can be achieved. Scalable synthesis will require

a better understanding and optimization of the growth process.

In addition, direct deposition of graphene with controllable

number of layers will be a key breakthrough. The present method

of doing multiple depositions and transfers is unlikely to be

viable in the long term for technological implementation, espe-

cially in large area electronics. Direct synthesis of multilayers will

likely have superior electrical properties due to smaller interlayer

distance and possible AB stacking. Presently, a challenging issue

for graphene growth on Cu (or any other metallic substrate) is

the development of a reliable and scalable transfer method.

However, the real key will be to implement the knowledge

obtained from the growth mechanism of graphene on Cu for

direct deposition onto insulating substrates. If these challenges

can be overcome then graphene grown on Cu has the potential

for replacing ITO as the ubiquitous transparent conductor.
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