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ABSTRACT

Graphene, a two-dimensional monolayer of sp2-bonded carbon atoms, has been attracting great interest due to its unique transport properties.

One of the promising applications of graphene is as a transparent conductive electrode owing to its high optical transmittance and conductivity.

In this paper, we report on an improved transfer process of large-area graphene grown on Cu foils by chemical vapor deposition. The transferred

graphene films have high electrical conductivity and high optical transmittance that make them suitable for transparent conductive electrode

applications. The improved transfer processes will also be of great value for the fabrication of electronic devices such as field effect transistor

and bilayer pseudospin field effect transistor devices.

Graphene, a two-dimensional monolayer of sp2-bonded

carbon atoms, has been the focus of much research since its

isolation because of the unique transport properties.1,2

Because of graphene’s high optical transmittance and

conductivity it is also being considered as a transparent

conductive electrode.3-9 In comparison to traditional trans-

parent conductive electrodes such as indium tin oxide (ITO),

graphene films have high mechanical strength, are flexible,

and are chemically stable.5,6,9 Production of large-area and

high-quality graphene films is necessary for electronic appli-

cations such as graphene field effect transistors (FETs),10,11

newly introduced bilayer pseudospin field effect transistors

(BiSFETs),12 and transparent conductive electrodes.3-9

One method of making graphene is by nanomechanical

cleavage of graphite but this method can only produce small

area films of the order of a few tens of micrometers and is

not scalable.13 Chemical reduction of exfoliated graphite

oxide layers can produce large quantities of reduced graphene

oxide platelets that can be formed into thin films,14 but the

electrical properties do not rival those of exfoliated natural

graphite. This is possibly due to a combination of factors,

such as damage of the graphene lattice during the formation

of graphite oxide into a colloidal suspension (particularly

the use of ultrasonication to disperse the graphite oxide) or

the creation of point defects during the reduction of graphite

oxide.15 Graphite has also been partially exfoliated and

dispersed in certain solvents,5,16 but the yield is still very

low and the films made from such dispersions are not

continuous. The discontinuity and nonuniform thickness of

the aforementioned films yield high electrical resistance and

low optical transmittance, which do not meet transparent

electrode requirements.

Two other graphene synthesis approaches have been

reported, graphitization of single crystal SiC17,18 and growth

on metal substrates.9,19-23 Field effect transistors fabricated

using synthetic graphene obtained on SiC and metal sub-

strates have yielded devices with high mobility at room

temperature demonstrating potential for electronic devices

but the mobility is still not as high as graphene exfoliated

from natural graphite. Graphene has been grown on a number

of metals, among others Ru,19 Ir,20 Ni,9,21,22 and more recently

Cu.23 Monolayer graphite (MG) or graphene (the MG

nomenclature has been used by the surface science com-

munity since the 1970s) has been grown on many sub-

strates.24 However, most applications require that graphene

to be on an insulator and this requires that if graphene is

grown on a metal it must be transferred to another appropriate

substrate or processed in some other way. Etching of Cu,

Ni and Ru is relatively straightforward however wet etching
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of Ir is extremely difficult since it is one of its fundamental

properties.25 Further, the cost of Ru and Ir would be pro-

hibitively high for implementation in large volume manu-

facturing in comparison to Ni and Cu.

We grew large-area graphene on Cu foils by taking

advantage of the low C solubility in Cu23 and used polym-

ethyl-methacrylate (PMMA) to aid the transfer of graphene

to other substrates.9,22,23 This kind of transfer-printing method

has also been used to transfer and align carbon nanotube

arrays.26 However, we found that the transfer process caused

the graphene to form cracks upon transfer, due to the intrinsic

mechanical properties on monolayer graphene and the

method of transfer initially used. In this paper, we report an

improved transfer process that yields a graphene film on

SiO2/Si with a much lower density of cracks or tears. The

transferred graphene films show excellent optical transmis-

sion and electrical conductivity across a large area suggesting

that the material could be a promising transparent conductive

electrode.

The graphene films were grown on 25 µm thick Cu foils

in a similar way to the previously reported process.23 Figure

1 shows a scanning electron microscopy (SEM) image of a

graphene film on a Cu foil after growth showing the presence

of a wrinkle but no other significant macroscopic defects. A

challenge is then on how to transfer this film onto another

substrate without further degradation. The transfer flows of

both the “old” and “new” methods are shown in Figure 2.

Ideally, if the graphene films were perfectly flat, the old

process would be efficient in transferring large-area graphene;

however, because the surface of the metal goes through

significant surface reconstruction at high temperatures the

resulting metal surface tends to be rough and graphene tends

to follow the surface of the underlying metal. When graphene

is removed from the “rough” metal surface it does not lie

flat on top of the target surface, for example, on a SiO2/Si

wafer, which in comparison is much smoother. As a result,

there are always some small gaps between the graphene and

the substrate surface, that is, the graphene does not make

full contact with the SiO2/Si substrate and the unattached

regions tend to break easily and cracks are formed when the

PMMA film is dissolved away (top-right inset in Figure 2).

Part of the problem is that the PMMA is a hard coating after

curing and when it is dissolved away, the graphene does not

relax. We found that the graphene transfer process was

improved by introducing a second PMMA coating step after

the PMMA/graphene was placed on the SiO2/Si substrate.

After placing the PMMA/graphene stack on the target

substrate, an appropriate amount of liquid PMMA solution

was dropped on the cured PMMA layer thus partially or fully

dissolving the precoated PMMA. The redissolution of the

PMMA tends to mechanically relax the underlying graphene,

leading to a better contact with the substrate. The bottom-

left inset in Figure 2 shows an optical micrograph of a

graphene film transferred onto a SiO2/Si wafer showing

excellent continuity over a millimeter length scale with very

few cracks, and the bottom-right inset is a photo of a

graphene film with a size of 4.5 × 4.5 cm2 on a quartz

substrate. We believe that this improved method provides a

pathway to significantly improve large-area graphene transfer.

The growth uniformity and transfer efficiency were further

evaluated by optical microscopy and micro Raman spec-

troscopy. Figure 3a shows an optical micrograph of a 50 ×

50 µm2 graphene film. The uniform color contrast of the

optical micrograph indicates that the film has excellent

thickness uniformity27 but it also shows the presence of dark

lines that are associated with wrinkles which are believed

to form during cool-down as a result of the difference in

coefficient of thermal expansion between the graphene and

the Cu substrate.28 The inset in Figure 3a shows a Raman

spectrum (WITec alpha300 with a laser wavelength of 532

nm, × 100 objective lens) with peaks typical for graphene,

Figure 1. SEM image of as-grown graphene on Cu with a wrinkle.

Figure 2. Processes for transfer of graphene films (“Gr” )

graphene). The top-right and bottom-left insets are the optical
micrographs of graphene transferred on SiO2/Si wafers (285 nm
thick SiO2 layer) with “bad” and “good” transfer, respectively. The
bottom-right is a photograph of a 4.5 × 4.5 cm2 graphene on quartz
substrate.
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including a 2D-band with a full width half-maximum (fwhm)

of ∼28 cm-1 located at ∼2680 cm-1.22,29 In addition, the

intensity of the D-band at ∼1350 cm-1, a measure of defects

in the graphene, is below the Raman detection limit. This is

further demonstrated by a low D-band intensity map (Figure

3b) across most of the film except at wrinkled regions. It

should be noted that the D-band map is more sensitive to

wrinkles than the optical micrograph, and the G- and 2D-

band maps. The G- and 2D-band maps (Figure 3c,d) show

that the film is graphene and that it is continuous.

Because of its high conductivity and optical transmittance,

graphene can be used as a transparent conductive electrode.

Figure 4 shows the sheet resistance of graphene/PMMA

(measured by the van der Pauw method) as it is bent multiple

times for different radii of curvature, r. The graphene/PMMA

was placed on a 0.3 mm thick polyethylene terepthalate

(PET) substrate. The PMMA film is only hundreds of

nanometers thick and the PET thickness alone is used in the

tensile strain calculation. The sheet resistance is calculated

using the formula: Rs ) (π/ln 2)[(Rx + Ry)/2]f, where f is a

factor that is a function only of the ratio of Ry/Rx.
30 For a

flat graphene layer on PMMA, the sheet resistance, Rs, is

∼350 Ω/0. When the film was bent, Rx is independent of

the bending radius while Ry is nearly invariant for r ) 3

mm (approximate tensile strain of 5%) even after 100

bending cycles. But when r was decreased to about 1 mm

(approximate tensile strain of 15%), Ry increased by about

a factor of 2. The increase in Ry may be attributed to excess

stretching of graphene but even for this case, the sheet

resistance is still low, <500 Ω/0. The bending test results

suggest that our graphene films have excellent mechanical

stability, and while slightly lower than that of the few-layer

graphene films grown on Ni substrates,9 they are superior to

conventional materials used in flexible electronics.31

Figure 5 shows a summary of the electrical and optical

properties of graphene synthesized on Cu. The transmittance

of our graphene films was measured by placing the graphene

on a cover glass as a single layer and as multiple stacked

layers. Multiple layer “graphene stacks” were created using

the transfer process sequentially, and the resulting films are

shown in Figure 5a. The transmittance of the films was

measured using a spectroscopic ellipsometer (JA Woolam,

M-2000) where a bare cover glass was used as a reference.

The transmittance data as a function of wavelength for the

four films are shown in Figure 5b with the inset showing

the transmittance at λ ) 550 nm as a function of the number

of stacked graphene layers in each of the films. By fitting

the data to Beer’s law, an attenuation coefficient R ) 2.6%

per layer is extracted which is very close to the theoretical

value of 2.3%.4,5 The higher attenuation for our films is

perhaps due to the existence of wrinkles.

Figure 5c shows the sheet resistances of graphene films

transferred on cover glass measured by the van der Pauw

method. The sheet resistance of graphene is 2.1 kΩ/0

whereas that of four layers of graphene is 350 Ω/0 while

still maintaining a relatively high transmittance of about 90%.

Theoretically, the sheet resistance of a graphene film, Rs1,

should be constant and related to that of a multilayer film,

Rsn, if all layers are acting independently of each other, as

Rsn ) Rs1/n, where n is the number of graphene layers.

However, Figure 5c shows that the average sheet resistance

of our films decreases slightly by stacking the films. The

discrepancy might be explained by considering that the

cracks in one film are bridged by its neighboring films thus

increasing the conductivity. We also find that the sheet

resistance of graphene films transferred onto a glass substrate

is higher than that of graphene/PMMA films. The difference

may be attributed to a couple of factors (1) the graphene

films transferred on glass substrates have more cracks and

(2) PMMA may be affecting the sheet resistance of the

graphene film.32

Figure 3. Optical microscopy and micro-Raman spectroscopy
images. (a) Optical image of graphene on SiO2/Si wafer. Inset in
(a) is a Raman spectrum from this film showing the basic features
of graphene. (b-d) Raman maps of integrated intensity of the D
(1300-1400 cm-1) and G (1560-1630 cm-1) bands, and fwhm of
2D (2620-2740 cm-1) bands, respectively, corresponding to the
area in (a).

Figure 4. Resistance of graphene/PMMA films with different
bending radii and flat-fold cycles. The top left inset shows the photo
of bent graphene/PMMA/PET. The red dashed lines mark the edges
of graphene/PMMA film. The top right inset shows the changes of
Ry as a function of bending radius.
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Figure 5d shows the comparison of the sheet resistance

of our graphene films with other sources of graphene, single-

walled carbon nanotube (SWCNT) films, and ITO, as a

function of transmittance at λ ) 550 nm. At this time the

graphene films formed by spray-coating exfoliated graphite

dispersions have the highest sheet resistance.5 In comparison

to graphene grown on Ni,9 the graphene grown on Cu and

transferred onto glass substrate has higher transmittance with

comparable sheet resistance while that on PMMA has even

lower sheet resistance than SWCNT films.33 However the

sheet resistance of graphene films is still not as low as that

of ITO,34,35 but the current results fulfill the requirements

for some applications such as electrostatic dissipation,

cathode ray tubes, touch screens, and flat panel displays.36

The use of graphene for transparent conductive electrode

applications such as for photovoltaic applications still remains

a challenge since the desired sheet resistance is as low as a

few tens of ohms/sq or even lower.37 Chen et al. report that

the intrinsic sheet resistance of graphene is about 30 Ω/0,38

indicating that there is still potential for improving quality

of graphene for use in transparent conductive electrode

applications.

In summary, we have synthesized large area graphene and

improved its transfer to other substrates. The low sheet

resistance and high transmittance make it an attractive

candidate for some transparent electrode applications. The

synthesis and transfer techniques can be scaled, and it appears

as if there are no limitations on the size of the graphene

films except for the dimensions of the substrate and growth

system. The improved transfer processes will also useful for

the fabrication of electronic devices such as FETs and

BiSFET devices.

Methods. Transfer of Graphene Films. (1) As-grown

graphene film on Cu foil was drop-coated with PMMA

(average Mw ∼996 000 by GPC, Sigma-Aldrich product no.

182265, dissolved in chlorobenzene with a concentration of

46 mg/mL), which was then cured at 180 °C for 1 min. (2)

Since graphene grows on both sides of the Cu foil after one

side of the Cu/graphene was coated with PMMA the opposite

side was polished to remove the graphene layer. The 1 × 1

cm2
× 25 µm thick Cu substrate was then etched away by

an aqueous solution of iron nitrate (0.05 g/mL) over a period

of ∼12 h. The PMMA/graphene stack was washed with

deionized water and placed on the target substrates and dried.

(4) After the transfer to the targeted substrate a small amount

of liquid PMMA solution was dropped onto the PMMA/

graphene to dissolve the precoated PMMA. (5) The new

Figure 5. Evaluation of graphene films as transparent conductive electrodes. (a) Photographs of 1 cm2 films with 1 up to 4 layers of stacked
graphene films on cover glass slips. (b) Transmittance of n-layer graphene films shown in (a). The inset is the relationship between the
transmittance, T (%), at λ ) 550 nm as a function of the number of stacked graphene layers, n. (c) Sheet resistance of n-layer graphene
films as a function of the number of stacked graphene layers, n. (d) Comparison of transparent conductive films, legend: red closed square
and red open square, this work graphene on glass and PMMA, respectively, the dashed line is an extension for more stacked graphene
layers calculated based on the derived attenuation coefficient and the sheet resistance of graphene on PMMA; blue open square,5 spray-
coated graphene film; blue diamond,9 graphene grown on Ni and transferred onto polydimethylsiloxane substrate; green open triangle,33

SWCNT films; pink closed circle,34,35 ITO; blue closed square, calculated sheet resistance of graphene with a carrier density of 1012 cm-2

based on four different mobilities, 4050 cm V-1 s-1 for CVD grown graphene,23 15 000 cm V-1 s-1 for exfoliated graphene,1 40 000 cm
V-1 s-1 of the extrinsic limit (scattering by the surface of the substrate, e.g., SiO2) and 200 000 cm V-1 s-1 of the intrinsic limit (scattering
by the acoustic phonons of graphene).38

4362 Nano Lett., Vol. 9, No. 12, 2009



PMMA film was then slowly cured at room temperature for

about 30 min and then dissolved by acetone.
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