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CONS P EC TU S

S ince its debut in 2004, graphene has attracted enor-
mous interest because of its unique properties.

Chemical vapor deposition (CVD) has emerged as an
important method for the preparation and production of
graphene for various applications since the method was
first reported in 2008/2009. In this Account, we review
graphene CVD on various metal substrates with an em-
phasis on Ni and Cu. In addition, we discuss important and
representative applications of graphene formed by CVD,
including as flexible transparent conductors for organic
photovoltaic cells and in field effect transistors.

Growth on polycrystalline Ni films leads to both mono-
layer and few-layer graphene with multiple layers because
of the grain boundaries onNi films.We can greatly increase the percentage ofmonolayer graphene by using single-crystalline Ni(111)
substrates, which have smooth surface and no grain boundaries. Due to the extremely low solubility of carbon in Cu, Cu has emerged
as an even better catalyst for the growth of monolayer graphene with a high percentage of single layers. The growth of graphene
on Cu is a surface reaction. As a result, only one layer of graphene can form on a Cu surface, in contrast with Ni, where more than
one layer can form through carbon segregation and precipitation. We also describe a method for transferring graphene sheets
from the metal using polymethyl methacrylate (PMMA).

CVD graphene has electronic properties that are potentially valuable in a number of applications. For example, few-layer
graphene grown onNi can function as flexible transparent conductive electrodes for organic photovoltaic cells. In addition, because
we can synthesize large-grain graphene on Cu foil, such large-grain graphene has electronic properties suitable for use in field
effect transistors.

Graphene is a two-dimensional material with honeycomb

structure. Its unique physical, mechanical, and electrical

properties have drawn a lot of interest among scientists.1�4

Due to the importance and excitement of graphene, a

number of review papers have appeared in literature.4�13

For instance, Geim4,5 and Fuhrer et al.6 presented general

reviews about graphene and discussed the status and

prospects of the graphene field with great insight. In addi-

tion, several other review papers have covered specific

aspects of graphene properties and applications, such as

electronic properties,7 graphene transistors,8 graphene

photonics and optoelectronics,9 applications of graphene

in energy production and storage,10 and biosensing appli-

cations.11 Furthermore, chemical exfoliation methods for

the production of graphene have also been reviewed by

Park and Ruoff.12 While graphene can be prepared using

mechanical exfoliation,1 epitaxial growth on SiC,14,15 and

chemical exfoliation,16 chemical vapor deposition (CVD)

has emerged as an important method for the preparation

and production of graphene since it was first reported in

2008 and 2009.17�21 However, graphene CVD has not

been adequately covered in reviews. As an example, the

review by Mattevi et al. was dedicated to CVD of graphene

on copper and did not include discussion of CVD graphene
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applications.13 Here we will present a review of graphene

CVD on Ni, Cu, and other substrates. In addition, we will

review some important and representative applications of

CVD graphene, including the use of graphene as flexible

transparent conductors for organic photovoltaic (OPV) cells

and the use of graphene for field effect transistors (FETs). We

will first discuss the chemical vapor deposition of few-layer

graphene on polycrystalline Ni film and single crystalline

Ni (111) film, and then review the synthesis of single-layer

graphene film on Cu. We will further discuss the difference

between the graphene growth mechanisms on Ni and Cu,

and explain why Cu works better for single-layer graphene

synthesis. This will be followed by discussion of selected

CVD graphene applications.

Among all the strategies to produce graphene, chemical

vapor deposition on transitionmetal substrates has become

the most promising approach, which is inexpensive and

produces large-area graphene. During the CVD process,

gas species are fed into the reactor and pass through the

hot zone, where hydrocarbon precursors decompose to

carbon radicals at the metal substrate surface and then,

form single-layer and few-layers graphene. During the reac-

tion, the metal substrate not only works as a catalyst to

lower the energy barrier of the reaction, but also determines

the graphene deposition mechanism, which ultimately

affects the quality of graphene. Graphene CVD was first

reported in 2008 and 2009, using Ni and Cu substrates,17�21

which was followed by an explosion of research activities

and publications using a variety of transition metal sub-

strates.22�26 Here, we will focus on Ni and Cu, which are the

two major substrates used for graphene CVD.

CVD Synthesis of Graphene on Ni
In general, polycrystallineNi films are first annealed in Ar/H2

atmosphere at 900�1000 �C to increase grain size and then

exposed to H2/CH4 gas mixture. In this step, hydrocarbon

decomposes and carbon atoms dissolve into the Ni film to

form a solid solution. Finally, samples are cooled down in

argon gas. Compared to Cu, Ni has relatively high carbon

solubility at elevated temperatures,27 and the solubility

decreases as temperature goes down. During the cooling

down process, carbon atoms diffuse out from the Ni�C solid

solution and precipitate on the Ni surface to form graphene

films. This process is illustrated in Figure1a. SinceNi(111) has

a lattice similar to the densely packed hexagonal lattice of

graphene (Figure 1b) and they also have similar lattice

constants,28 Ni surface can serve as an excellent lattice-

matched substrate for graphene growth.

Since the graphene growth on Ni is a carbon segregation

and precipitation process, different segregation behavior is

FIGURE 1. (a) Schematic diagram of graphene formation on Ni. (b) Schematic diagram of graphene atoms (smaller atoms) on Ni (111) lattice (larger
atoms). (c) Lowmagnification TEM image of graphene edges (adapted from ref 17). (d) Optical image of graphene transferred from the Ni surface to
SiO2/Si substrate (Adaptedwith permission from ref 19. Copyright 2009AmericanChemical Society). (e) Full-wafer scale depositionof graphene layers
on polycrystalline Ni (adapted from ref 18). (f) Transparent and flexible graphene films on the PDMS substrates (adapted from ref 20).
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produced bydifferent cooling rates,which strongly affect the

thickness and quality of graphene films.17 Medium cooling

rates are found to lead to optimal carbon segregation and

produce few layer graphene.17 Besides the cooling rates,

microstructure of Ni films also plays an important role in the

formation of the graphene filmmorphology.17�19Graphene

films grown on Ni substrates are usually continuous with

monolayer and few-layers regions. Most of the multilayer

nucleation occurs at Ni grain boundarieswhich are defects in

the polycrystallineNi substrates. It is believed that annealing

of Ni substrates at elevated temperatures in hydrogen atmo-

sphere not only increases single-crystalline Ni grain size but

also eliminates certain impurities in Ni, therefore improving

the graphene quality.17 In addition, the growth time and

hydrocarbon concentration may also affect the graphene

thickness due to different amounts of carbon dissolved in

Ni films. The specific growth parameters used by several

groups are summarized in Table 1.

After synthesis, the as-grown graphene can be trans-

ferred to other insulator substrates for further characteriza-

tion and applications. Figure 1c, taken from ref 17, is a

low-magnification transmission electron microscopy (TEM)

image of transferred graphene with step-shaped edges. The

inset shows the selected area electron diffraction (SAED)

pattern of the graphene film along the [001] direction, which

confirms the graphene lattice structure. Kong et al. also

patterned Ni films to desired geometries to control the

graphene growth at particular positions.19 After transfer

to insulator substrates, the geometry can be retained, as

Figure 1d shows. Under optimal growth parameters, gra-

phene growth area is only limited by Ni catalyst. Figure 1e

shows thewafer-scale graphene synthesis on evaporated Ni

films demonstrated by our group.18 Moreover, the capabil-

ity of transferring graphene to flexible and transparent

substrate demonstrated by Hong et al. allows numerous

applications in large-scale flexible transparent electronics

(Figure 1f).20

Though polycrystalline Ni is a good substrate for gra-

phene synthesis, the percentage and size of monolayer

graphene region are still limited by the quality of Ni films,

especially the grain size of polycrystalline Ni after thermal

annealing. In order to improve the graphene uniformity,

single-crystalline Ni(111) substrate with a smooth surface

(Figure 2a) is used for graphene growth. The result is com-

pared with polycrystalline Ni with many grain boundaries

(Figure 2d).29 The optical image of as-grown graphene on

Ni(111) shows a smooth surface with relatively uniform

color (Figure 2b), while the optical image in Figure 2e shows T
A
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a rough surface with many dark grains which indicate multi-

ple graphene layers on polycrystalline Ni. Further character-

ization usingmicro-Raman surfacemapping reveals that the

area percentage of monolayer/bilayer graphene for Ni(111)

substrate is 91.4% (Figure 2c), much higher than the percen-

tage of 72.8% for polycrystalline Ni (Figure 2f).

CVD Synthesis of Graphene on Cu
Besides nickel, people tried a variety of metal substrates

such as Cu,21 Ru,22 Ir,23 Pt,24 Co,25,30 Pd,26 andRe,31 showing

different carbon solubility and catalytic effect. In particular,

the original study of high quality single-layer graphene growth

onpolycrystalline Cu films21 reported by Ruoff et al. attracted a

lot of attention due to advantages such as good control of

graphene layers, low cost, and ability to transfer.

In the growthmethod of Ruoff et al., graphene films were

grown on 25 μm thick Cu foils in a hot wall furnace.21

Initially, Cu foil was first annealed in hydrogen atmosphere

at 1000 �C, and then a mixture of H2/CH4 was introduced

into the system to initiate the graphene growth. After a

continuous graphene layer was formed on Cu foil, the

system was cooled down to room temperature, with results

shown in Figure 3 (from ref 21). In Figure 3a, a low magni-

fication SEM image of graphene on a copper substrate

clearly shows the Cu grains with color contrast. More details

of graphene morphology are revealed in the higher-resolu-

tion SEM image (Figure 3b). The Cu surface steps are formed

during thermal annealing, and the darker flakes indicate

multiple-layer graphene. Graphene “wrinkles” originate

from the different thermal expansion coefficient of gra-

phene and Cu. Those wrinkles can go across Cu grain

boundaries, as Figure 3b shows, indicating that the gra-

phene film is continuous. Graphene grown on Cu foil can

be easily transferred to other substrates such as SiO2/Si and

glass (Figure 3c, d) for further evaluation. The optical image

analysis over a 1 � 1 cm2 region shows predominately

monolayer graphene (>95%) with small fractions of bilayer

(∼3 to 4%) and few-layer (<1%) graphene areas, which is

confirmed by Raman spectra.

FIGURE2. Schematic diagramsof graphenegrowthmechanismonNi(111) (a) and polycrystallineNi surface (d). Optical imageof graphenegrownon
Ni(111) (b) and polycrystalline Ni (e). Maps of IG0/IG of Raman spectra collected on the Ni(111) surface (c) and on the polycrystalline Ni surface (f)
(Adapted with permission from ref 29. Copyright 2010 American Chemical Society).

FIGURE3. (a) SEM image of graphene on a copper foil with growth time
of 30 min. (b) High-resolution SEM image of graphene on Cu. Graphene
films transferred onto a SiO2/Si substrate (c) and a glass plate (d).
(Adapted from ref 21.)
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In our group, we carried out comparative study of gra-

phene growth on Ni and Cu. Compared with graphene

growth on Ni, growth parameters such as film thickness

and cooling rate have little influence on graphene CVD

growth on Cu. The detail comparison is demonstrated in

Figure 4. From the optical image of graphene transferred

onto SiO2/Si substrate (Figure 4b), it is obvious that graphene

grown on polycrystalline Ni has many multilayer flakes

while graphene on polycrystalline Cu is uniform monolayer

(Figure 4e), which is also confirmed using Raman spectros-

copy (Figure 4c and f). This significant difference suggests

different graphene growth mechanisms on Cu and Ni.

For graphene formation on Ni, the growth mechanism

has been suggested to be a segregation process (Figure 4a),

leading to difficulty in suppression of multilayer formation.

In contrast, Cu has ultralow carbon solubility. Even if the

hydrocarbon concentration is high or the growth time is

long, there is only a small amount of carbon dissolved in Cu.

Most of the carbon source for graphene formation is from

the hydrocarbon that is catalytically decomposed on the Cu

surface (Figure 4d). After the first layer graphene is deposited,

Cu surface is fully covered and there is no catalyst exposed to

hydrocarbon to promote decomposition and growth. Thus,

the graphene growth on Cu is a surface reaction process,

which is self-limiting and robust. This mechanism is experi-

mentally proved by using isotopic labeling of hydrocarbon

precursors combined with Raman spectroscopic mapping.32

Recently, various shapes of single-crystal graphene do-

mains such as hexagonal,33�37 rectangular,38,39 and flower

shape40�42 with different domain sizes have been achieved

by varying growth parameters such as the methane con-

centration and growth pressure. Some of the growth recipes

are summarized in Table 2.

Transfer of Graphene Films
To facilitate graphene for nanoelectronic or photovoltaic

applications, we need to remove the catalytic metal sub-

strates from graphene and transfer graphene onto arbitrary

substrates. A schematic diagram of the transfer process is

shown in Figure 5a. Graphenewas first coated by a thin layer

of polymethyl methacrylate (PMMA) and then baked at

120 �C to evaporate the solvent. The metal layer was then

removed by Ni or Cu etchant, leaving only the PMMA/

graphene film. The film is cleaned by deionized (DI) water

and then transferred onto a targeting substrate. After evap-

orating water vapor away, PMMAwas removed by acetone,

leaving agraphene filmon topof the targeting substrate.We

were able to transfer both full wafer graphene from Ni

film (Figure 5b left) and Cu foil (Figure 5b right) using the

above-mentioned method onto glass (Figure 5c), Si/SiO2

substrates (Figure 5d), and polyethylene terephthalate

(PET) films (Figure 5e).

Graphene Photovoltaic Cells
Graphene films are transparent, conductive, and highly

flexible, which are considered to be great candidates for

transparent conductive electrodes in photovoltaic cells. The

conventionalOPV cells typically use indium tinoxide (ITO) as

FIGURE 4. Schematic diagrams of graphene growth mechanism on Ni (a) and Cu (d). Optical images of graphene transferred to SiO2/Si substrates
from Ni substrate (b) and Cu substrate (e). Raman spectra collected on graphene synthesized using Ni (c) and Cu (f) substrates.
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anode materials, due to its extremely low sheet resistance

(∼25 Ω/sq) and high transparency. However, the scarcity

of indium reserves and highly brittle nature of metal

oxides43,44 impose serious limitations on the use of ITO for

applications where cost, physical conformation, and me-

chanical flexibility are important.45 CVD graphene films are

highly scalable, transparent (98% transparency for a single-

layer graphene film), conductive (hundredsΩ to kΩ/square),

TABLE 2. Graphene CVD Recipes on Cu Films with Different Morphologies

ref annealing condition growth condition graphene morphology graphene grain size

21 1000 �C in
2 sccm H2 at
40 mTorr for 20 min

CH4 = 35 sccm, H2 = 2 sccm,
pressure = 500 mTorr, time = 30 min,
temperature = 1000 �C

continuous

33, 34 1050 �C in
10 sccm H2 and
300 sccm Ar
for 30 min

50 ppm CH4 in Ar = 300 sccm,
H2 = 20 sccm, pressure = 1 atm,
time = 20 min,
temperature = 1050 �C

hexagonal structure �18 μm

39 1045 �C in 50 sccm H2
and 300 sccm Ar for 3h

CH4 =0.5 sccm, H2 = 500 sccm,
pressure = 1 atm,
time = 15 min,
temperature = 1045 �C

regular square with
some jagged edges

up to 0.4 � 0.4 mm2

40 CH4 = 0.5 sccm and 1.3 sccm,
partial pressure = 8 mTorr
and 21 mTorr,
H2 = 2 sccm, partial
pressure = 27 mTorr,
background pressure = 17 mTorr,
time = 90 min, temperature = 1035 �C
with Cu enclosure

hexagonal symmetryf six-sided
polygons f very large
graphene domains with growing
edges resembling dendrites

up to 0.5 mm

42 1000 �C in 7 sccm
H2at 40 mTorr for 20 min

CH4 = 2 sccm, H2 = 25 sccm,
pressure = 200 mTorr,
time =30 min, temperature = 1000 �C
with vapor trapping tube

predominantly six-lobe flowers
with four-lobe flowers in
some location

∼100 μm

FIGURE 5. (a) Schematic diagram of the transfer process. (b) Wafer-scale synthesis of graphene on evaporated Ni film (left) and Cu foil (right).
Graphene films were transferred onto a glass wafer (c), Si/SiO2 with device patterned (d), and a PET film (e).
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and cost-effective. Importantly, graphene films are highly

flexible and thus are promising for flexible OPV applications.

Few-layer graphene films were used in OPV as anodic

materials, as shown in the multilayer structures in Figure 6a.

The as-transferred graphene films are highly transparent on

both glass and PET as shown in Figure 6b and c, respectively.

To obtain good device performance,minimal surface rough-

ness is desirable in order to avoid short circuits and current

leakage. Graphene films showed surface roughness of

0.9 nm (Figure 6d), which was comparable with ITO films

(0.7 nm in Figure 6e). The sheet resistance and transparency

of graphene films could be tuned by controlling the gra-

phene growth process. It is expected that the sheet resis-

tance will decrease when the number of graphene layers

increases, but the film transparency will also decrease be-

cause of the stacking of graphene layers. Figure 6f shows the

above-mentioned trend: while the lowest sheet resistance is

230 Ω/sq with optical transparency of 72%, the highest

optical transparency is 91%with sheet resistance of 8.3 kΩ.

Therefore, a compromise of sheet resistance and optical

transparency should be made to achieve the best perfor-

mance of the OPV cell.

OPV cells using both graphene on PET and ITO on PET

were fabricated and compared side by side. Graphene films

were transferred onto PET using the samemethod shown in

Figure 5a. Both graphene/PET and ITO/PET were passivated

by spin-coating a layer of poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) (Rsheet = 1 kΩ/sq).

PEDOT:PSS was used to mitigate the brittle nature of ITO

electrode and improve the rectification behavior of the

devices. Figure 6g plots the current density at dark and

under illumination for both CVD graphene and ITO cells.

Both devices have nearly identical open-circuit voltage (Voc)

(for J = 0) of 0.48 V under illumination conditions, which

suggests similar recombination behavior in both cells. The

J(V) characteristics of the CVD graphene cell under illumina-

tion showed a short-circuit photocurrent density (Jsc) (for

V = 0) of 4.73 mA/cm2, an open-circuit voltage (Voc) of

0.48 V, and a maximum power (Pmax) of 1.18 mW/cm2 to

yield a fill factor (FF) of 0.52 and overall power conversion

efficiency (η) of 1.18%. In comparison, the ITO/PET control

device showed Jsc of 4.69mA/cm2,Voc of 0.48 V, and Pmax of

1.27 mW/cm2 for a FF of 0.57 and an efficiency of 1.27%.

Our results reveal that the CVD graphene/PET OPV cell

exhibits an output power density nearly 93% of that shown

by the ITO cell, although the CVD graphene film has a much

higher sheet resistance and lower optical transparency.

The flexibility of graphene OPV cell was tested using

bending experiment with an ITO OPV cell as a control. As

shown in Figure 7a, the CVD graphene cell performed very

well even under 138� bending. In contrast, the ITO cell failed

when it was bent at 60� (Figure 7b). Due to the brittle nature

of ITO, the illumination loss of ITO device may be related to

microcracks induced by bending. The comparison between

graphene and ITO devices were further investigated by

plotting the fill factor versus the bending angle of both

devices (Figure 7c). The fill factor (FF = Pmax/JscVoc) depends

strongly on the output power of the cell and is directly

related to the cell conversion efficiency (η) by

η ¼ FF
JscVoc

Pinc
� 100

The fill factor dropped slightly from 0.48 to 0.3 with the

increase of bending angle from 0� to 138� for the CVD

FIGURE 6. (a) Schematic representation of the energy level alignment
(top) and construction of the heterojunction organic solar cell fabricated
with graphene as anode electrode: CVD graphene/PEDOT/CuPc/C60/
BCP/Al. (b, c) Photographs of highly transparent graphene films
transferred onto glass (b) and PET (c). (d, e) AFM images of the surface of
CVD graphene and ITO, respectively. The scale bar in z-direction is
50 nm for both images. (f) Transmission spectra of CVD graphene with
different sheet resistance (Rsheet). (g) Current density vs voltage
characteristics of CVD graphene (red) and ITO (blue) OPV cells on PET
under dark (dots) and 100mW/cm2 AM1.5G spectral illumination (solid
lines) (Adapted with permission from ref 45. Copyright 2010 American
Chemical Society).
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graphene device. In contrast, the fill factor for ITO device

dropped dramatically and reached 0 when bent from 0�
to 60�. Further SEM characterization of both CVD gra-

phene and ITO surface showed that the CVD graphene

film was continuous while the ITO surface had plenty of

microcracks after bending. Development of microcracks

generated by mechanical stress in ITO, even at small

bending angles, can substantially increase the film resis-

tance, which has a key impact in reducing the fill factor.

This agrees well with the observed decrease in output

current density and power conversion efficiency of the

solar cells without observing appreciable change in the

Voc. CVD graphene.45 Overall, CVD graphene has a great

advantage over ITO for the use of flexible, transparent,

and conductive electrode in OPV cells.

Large-Grain Graphene and Graphene
Transistors
Continuous CVD graphene films synthesized on Ni films and

Cu foils are usually polycrystalline and with small grain size

(several micrometers).46 As the grain boundaries between

each grain of graphene have been found to negatively impact

both transport35,41,47 and mechanical properties,48 it is there-

fore of great importance to synthesize large-grain, single-

crystalline graphene to facilitate the applications of graphene.

A vapor-trapping method has been developed to synthe-

size large-grain, single-crystalline graphene.42 As shown in

Figure 8a, Cu foil was loaded into a small half-inch quartz

tube and CH4/H2 was flown into the large quartz tube (2 in.)

for growth. Another piece of Cu foil was loaded into the large

quartz tube but outside the half-inch vapor trapping tube as

a control. Interestingly, large-grain graphene flowers were

found on the Cu foil inside the vapor trapping tube after

growth, and the grain size of graphene was up to 100 μm.

The SEM images in Figure 6b�d are graphene flowers with

different morphology after growth. In comparison, gra-

phene grown on the Cu foil placed outside the vapor trap-

ping tube showed continuous graphene film with slight

etching (Figure 8e). The pronounced difference between

the two growth results indicates that the vapor trapping

tube does play an important role in changing the local

environment inside the tube. Reduction of the carbon supply

and creation of a quasi-static reactant gas distribution results

in large flower-shaped graphene grains. Large-grain gra-

phene flowers were then transferred onto Si/SiO2 substrate

and characterized by micro-Raman microscopy. Figure 8f

shows a SEM image of transferred graphene flower on a

Si/SiO2 substrate, and Figure 8g is a corresponding optical

microscope image. Three locations were selected for micro-

Raman characterization, and the black, red, and blue spectra

in Figure 8h correspond to locations A, B, and C in Figure 8g,

FIGURE 7. (a, b) Current density vs voltage characteristics of CVD graphene (a) and ITO (b) photovoltaic cells under 100 mW/cm2 AM 1.5G spectral
illumination for different bending angles. Insets show the setup employed in the experiments. (c) Fill factor dependence of the bending angle for CVD
graphene and ITO devices. (d) SEM images showing the surface structure of CVD graphene (top) and ITO (bottom) photovoltaic cells after being
subjected to the bending angles described in panels (a) and (b) (Adapted with permission from ref 45. Copyright 2010 American Chemical Society).



Vol. 46, No. 10 ’ 2013 ’ 2329–2339 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2337

Chemical Vapor Deposition of Graphene Zhang et al.

respectively. The black curve does not show any G or 2D

peak, which indicates that no graphene was found outside

the graphene flower area. The red curve presents typical

features of single-layer graphene: the I2D/IG intensity ratio

is ∼0.5, and the full width at half-maximum (fwhm) of the

2D band is ∼33 cm�1, which means that the lobes of the

graphene flowers are single layer. The I2D/IG intensity ratio

of the blue curve is∼1, and the fwhmof 2D band∼53 cm�1,

which represents bilayer graphene in the center of the

graphene flower. The large-grain graphene flowers have

been confirmed to have single-crystalline lobes and A-B

stacking bilayer center using selected area electron diffrac-

tion (SEAD).42

To investigate the electrical properties of large-grain

graphene flowers, field effect transistors (FETs) have been

fabricated as shown in Figure 9a. The device shows ambi-

polar behavior in the plot of drain current (Ids) versus gate

voltage (Vg) minus Dirac point voltage (VDirac) in Figure 9b

using D and F as source and drain electrodes. The fitted FET

mobility is∼4200 cm2 V�1 s�1. The inset of Figure 9b shows

that the drain current increases linearly with the increase of

drain voltage at different gate voltages, indicating theOhmic

contact between graphene and Pd electrodes. The graphene

devices on Si/SiO2 substrates are not ideal because of the

dangling bonds of SiO2 and charge traps between graphene

and SiO2. To further increase the device mobility, a better

dielectric substrate is highly desirable. Hexagonal boron

nitride (h-BN) is an appealing substrate due to its atomically

smooth surface which is relatively free of dangling bonds

and charge traps. It also has a lattice constant similar to that

of graphite, and has large optical phononmodes and a large

FIGURE 8. (a) Schematic diagramof a vapor-trapping CVDmethod for graphene growth. (b) Low and (c) highmagnification SEM images of a six-lobe
graphene flower grown on Cu foil inside the vapor trapping tube. (d) SEM image of a four-lobe graphene flower grown on Cu foil inside the vapor-
trapping tube. (e) Graphene grown on Cu foil outside the vapor-trapping tube. (f) SEM image and (g) optical microscope image of a six-lobe graphene
flower transferred onto a Si/SiO2 substrate. (h) Raman spectra taken from location A, B, and C marked in (g) (Adapted with permission from ref 42.
Copyright 2012 American Chemical Society).

FIGURE 9. (a) SEM image of a six-lobe graphene FET. Electrodes are
marked by different letters. The dashed blue square is the region of
effective graphene channel between electrode D and F. (b) Plot of drain
current (Ids) versus gate voltage (Vg) minus Dirac point voltage (VDirac)
using D and F as source and drain electrodes (black circles) and fitted
FET mobility curve (solid red line). Inset is a plot of drain current versus
drain voltage at various gate voltages. (c) SEM image of a hall-bar
graphene FET on h-BN. (d) Plot of drain current versus gate voltage
(Adapted with permission from ref 42. Copyright 2012 American
Chemical Society).
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electrical bandgap.49 Large-grain graphene based hall-bar

devices have been fabricated on exfoliated h-BN (Figure 9c).

The source-drain voltage is 0.2 V. The plot of drain current

(Ids) versus gate voltage (Vg) of graphene device on h-BN

shows ambipolar behavior, and the extracted hole and

electron mobilities are ∼10000 and ∼20000 cm2 V�1 s�1,

respectively. The results indicate that large-grain graphene

flowers have the advantage over small-grain graphene

flakes for the application of high-mobility graphene-based

nanoelectronics.

Conclusion
In this Account, we have reviewed the chemical vapor

deposition of graphene films on Ni and Cu, and also dis-

cussed the difference between the graphene growth mech-

anisms on Ni and Cu. We also discussed two interesting and

important applications achieved by our group, which are

multilayer graphene films as flexible, transparent, and con-

ductive anode materials for OPV cells, and large-grain gra-

phene synthesis and its application for field effect transistors

on both Si/SiO2 and h-BN substrates.

In spite of the significant progress reviewed in this

Account, there are a number of important and interesting

challenges, as discussed below. First of all, synthesizing

graphene with large and controlled grain size would be very

important for various electronic applications. For instance, is

it possible to grow single-grain graphene of centimeter or

even wafer scale size? Second, controlling the number of

layers and stacking order of graphene is also very important,

as bilayer and trilayer graphene may offer functions and

properties different from monolayer graphene. In addition,

growing graphene directly on insulating substrates such as

Si/SiO2 and h-BN would help to overcome the quality

degradation caused by the transfer process. Furthermore,

low temperature graphene growth will be attractive to

reduce the cost andmay enable the direct growth on flexible

polymer-based substrates. Last but not least, a deeper under-

standing of graphene growth chemistry is required. We are

convinced that further control and understanding of gra-

phene CVD growth will lead to more breakthroughs in

graphene-based nanoscience and nanotechnology.
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