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Graphene and few-layer graphene films exhibit unique properties

and show promise as electronic devices as well as for passive

applications. A significant challenge however is the synthesis of

large area graphene and/or multilayer films. A method that is

showing promise is the growth of graphene on metal substrates by

chemical vapor deposition. In this paper we report on a method to

grow large-area graphene films on Cu foils and graphene transfer

methods to other substrates. The transferred graphene films were

characterized by optical, scanning and transmission electron

microscopy, Raman and UV-VIS spectroscopy, and four-point

probe electrical measurements. The data shows that graphene can

be grown directly on Cu substrates by chemical vapor deposition.

The graphene films transferred to SiO2/Si substrates show low

defects as determined by the near absence of the “D” band at 1350

cm
-1
in the Raman spectrum. In addition, the films were found to

have high optical transmittance and electrical conductivity.

1. Introduction

Graphene, a monolayer of sp
2
-bonded carbon atoms, is a quasi-2-dimensional (2D)

material.(1) Graphene and few layer graphene (FLG) possess unique transport properties

and this makes them of interest for new electronic devices.(1-10) Graphene-based films

with sufficiently high transmittance and electrical conductivity can also be considered for

applications requiring optically transparent conductors,(11-15) perhaps as a replacement

of the traditional thin metallic or metal oxide films such as indium tin oxide (ITO).

In order for graphene to be useful for practical applications it is important to produce

it in large areas. To date, the primary method for making graphene is by

micromechanical cleavage of graphite,(1) which can only produce very small graphene

films. It has been recently stated that graphene can be produced by exfoliation and

dispersion of graphite in certain organic solvents, but the yield is very low and large area

films are not continuous.(13, 16) The chemical reduction of exfoliated graphite oxide

may be a candidate for large-scale preparation of graphene.(17-22) However, it might be

difficult to fully recover the electrical properties of graphene from oxidized graphene

sheets. Another promising method is to grow graphene or FLG directly via vacuum

graphitization of silicon carbide substrates, (23, 24). However, graphene grown on SiC

substrates may be difficult to transfer to other substrates, such as silicon, for integration

with Si based devices.
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Thick graphite films have been formed by segregation of carbon from carbon-

saturated metals such as Ni and Fe. This is a well established process in Fe but the

solubility of carbon in Fe and Ni is high and thus these are good metals for the synthesis

of thick graphite films. The thickness of the graphite layers is determined by the amount

of segregated C, which can be controlled by the temperature of the metal-carbon solution

and the thickness of the metal substrate. For example, C has a “high” solubility in Ni

(25) and a 50-µm thick Ni foil (saturated with C at ~ 1000
o
C) can produce graphite with

a thickness of several microns.(26) This segregation mechanism was also proposed for

the case of graphene grown on metal substrates: by decreasing the thickness of the Ni

film to tens to hundreds of nanometers, or by cooling the C/Ni alloy quickly, FLG films

can be achieved.(27-29) However, it should be noted that an abrupt formation of a

monolayer graphene on single crystal Ni was observed at the temperature higher than the

carbon precipitation temperature. (30, 31) This suggests that for the case of FLG growth

presented here, another mechanism may be important. A detailed explanation of the

growth mechanism is beyond the scope of this work as further work is indicated.

In this work we report on a method to grow large-area graphene films on Cu foils.

There are a few reasons for the selection of Cu metal as a substrate: 1) the Cu/C binary

phase diagram shows a low carbon solubility (32) which limits the amount of segregated

C and hence can lead to better control of graphene film growth over a reasonable

temperature range (800-1000
o
C), 2) absence of a copper carbide line compound, and 3)

wet etchant selectivity to graphene. In this paper we also report on a few methods to

transfer the graphene films from the Cu metal surface to substrates such as SiO2/Si, glass,

or flexible polydimethylsiloxane (PDMS). Our method may provide a pathway to

controlled scalable production of graphene and thus large-scale fabrication of graphene

devices.

2. Experimental

2.1 Graphene Synthesis

A horizontal tube furnace with a 22-mm ID fused silica tube was used to synthesize

graphene films. Twenty-five micron thick Cu foils with a 99.8% purity purchased from

Alfa Aesar were used as the metal substrate. Methane (Air Gas Inc. ultra high purity

grade) was used as the carbon source and hydrogen (Air Gas Inc. ultra high purity grade)

was used to clean the copper surface of any unwanted oxide or physisorbed species

before growth. A typical process flow chart and temperature profile is shown in Fig. 1 a

& b, respectively.

Methane (ultra high purity grade) was used as the carbon source and hydrogen (ultra

high purity grade) was used to clean the copper surface of any unwanted oxide or

physisorbed species before growth. The process flow for a typical growth run is shown

below.

2.2 Graphene Transfer

Graphene films were removed from the Cu foils by wet etching Cu with an aqueous

solution of iron nitrate and water. The etching time is a function of the etchant

concentration and the amount of Cu. Typically, the Cu foil (25-µm in thickness and 1 by

ECS Transactions, 19 (5) 41-52 (2009)

42
Downloaded 02 Feb 2010 to 128.62.180.245. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



1 cm
2
in area) was found to be fully dissolved by 0.05 g/ml iron nitrate solution over

night.

_ 25 mm thick 99.8% pure Cu foil

_ Load Cu foil in furnace

_ Evacuate furnace to P < 40 mTorr

_ Backfill with H 2 to a P = 400 mTorr and flow at 100 sccm

_ Heat to T = 900 oC under H 2

_ Anneal at T = 900 oC for 30 min

_ Introduce methane at a flow rate of 30 sccm and P = 400 mTorr

_ Flow methane at T = 900 oC for 30 min

_ Decrease methane flow to 12 sccm

_ Shut off furnace and cool to room temperature

_ Shut off methane and evacuate

_ Backfill with nitrogen to 1 atm

_ Unload Cu/graphene foil

_ 25 mm thick 99.8% pure Cu foil

_ Load Cu foil in furnace

_ Evacuate furnace to P < 40 mTorr

_ Backfill with H 2 to a P = 400 mTorr and flow at 100 sccm

_ Heat to T = 900 oC under H 2

_ Anneal at T = 900 oC for 30 min

_ Introduce methane at a flow rate of 30 sccm and P = 400 mTorr

_ Flow methane at T = 900 oC for 30 min

_ Decrease methane flow to 12 sccm

_ Shut off furnace and cool to room temperature

_ Shut off methane and evacuate

_ Backfill with nitrogen to 1 atm

_ Unload Cu/graphene foil

Figure 1. Graphene synthesis process flow and the temperature profiles.

Since both copper surfaces are exposed to methane graphene was found on both sides

of the Cu foil. As a result, care must be taken in isolating the two films in order to

prevent them from collapsing on each other upon dissolution of the copper foil. To avoid

this a thin metal film, Au, was deposited on one side of the Cu foil to help it precipitate to

the bottom of the container. The floating film could then be removed from the solution in

a number of ways: 1) tweezers (in this case, the film shrunk into a “rope”), 2) by bringing

another substrate in contact with the film directly at the liquid surface, 3) by coating the

graphene-on-Cu with a thin layer of polydimethylsiloxane (PDMS) which does not react

with the iron nitrate solution, followed by removal from the solution after complete

etching of the Cu foil. These schemes are shown in Fig. 2. The graphene films were

washed to remove salt residues in two separate ways: (a) dilution of the etchant solution

multiple times by high purity water while the FLG film was still floating on the liquid

surface; (b) washing the transferred films with high purity water directly (the adhesion

between the graphene film and the substrate is evidently strong enough that it is not

washed off).
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2.3 Characterization

Optical microscopy and Raman spectroscopy (WITec alpha300 with a laser

wavelength of 532 nm), scanning electron microscopy (SEM; FEI Quanta-600), and

Transmission electron microscopy (TEM, JEOL 2010F) were used to characterize the

graphene films. A spectroscopic ellipsometer (JA Woolam, M-2000) was used for the

measurement of the transmittance of the graphene films.

Figure 2. Schematic representation of wet etching of Cu foil (a) and transfer of the

floating few-layer graphene (FLG) film by “fishing out” (b), or lifting out (c). (d) The

Cu foil with a FLG film was coated with a thin film of PDMS before etching (i); after Cu

was fully dissolved, a FLG film was left onto the PDMS film (ii) and (iii).

The electrical conductivity of these graphene films was measured by the van der

Pauw method. (33, 34) The graphene films were 1 cm by 1 cm squares and the 4

electrodes (Cu wires) were connected to the 4 corners of the film with silver paint (Fig.3).

Four different configurations are possible by rotating the current source and the positions

of the voltage measurement. For example, in the configuration 1, current flow was

applied between the points 1 and 2 and the voltage drop was measured between the points

4 and 3. The resistance in this configuration can be calculated by Ohm’s law as follows:

R12,43 = V43 / I12 (1)

V43 = V1-V2 (2)
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In the same way, resistance can be measured at each configuration. Sheet resistances

are determined by averaging four resistance values from these configurations.

Rsheet = �/ln(2) f (R12,43 + R14,23 + R43,12 + R23,14)/4 (3)

The correction factor (f) is determined from the ratio of resistances taken in

orthogonal directions.

Figure 3. Four probe configuration for measuring conductivity of FLG film.

3. Results and Discussions

3.1 Physical Characterization

Figure 4a shows a 1 cm by 1 cm graphene film floating on water, which was then

transferred onto a 1.8 cm by 1.8 cm cover glass (Fig. 4b). Fig. 4c shows a 1.8 cm by 1.8

cm graphene film on PDMS, transferred by the method schematically shown in Fig. 2d.

Because the graphene film is the same size as the copper substrate the lateral size of the

graphene can be easily scaled to any much larger size.

Figs. 4d &e show a graphene “rope” picked up from the echant solution by tweezers.

The graphene film is continuous and it seems to be strong. Further characterization on the

mechanical properties of the graphene film will be reported in the future.

Transmission electron microscopy (TEM) was also performed to evaluate the number

of graphene layers and to assess the crystalline quality of the graphene films. Fig. 5a

shows a TEM image of the graphene film transferred from a Cu foil onto a TEM grid

with the circled area marking the location where an electron diffraction pattern was

obtained (Fig. 5b). The electron diffraction pattern shows that the film has a graphite-like

hexagonal structure. The number of layers of graphene in these different pieces of this

film was identified by counting the number of fringes at the edges of the sample. The

fringes are a result of folded layers at the edges of the transferred film.(3). The number of

layers of graphene in the film is 2 to 3 layers (Fig. 5c).
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Figure 4. (a) A 1 cm by 1 cm transparent graphene film floating on water. (b) A 1 cm by

1 cm graphene film transferred on a 1.8 cm by 1.8 cm cover glass. (c) A 1.8 cm by 1.8

cm graphene film stuck on a PDMS film. Rolled up graphene “rope” in low (d) and high

(e) magnification, respectively.

Figure 6 shows an optical micrograph and Raman spectra of the graphene film

transferred onto the SiO2/Si substrate. In contrast to the FLG grown on Ni film, which

has a large distribution of layers, from 1 to several tens,(28) the layers transferred from

Cu are thinner and much more uniform as shown by Fig. 6a. Fig 6a shows a graphene

film transferred onto a SiO2/Si substrate with the edge shown at the top of the image. The

low color contrast between the graphene film and the substrate suggests that the number

of graphene layers is uniform.(35)

The crystal quality of FLG films can be characterized by Raman spectroscopy.(36)

Fig. 6b shows typical Raman spectra of HOPG, monolayer graphene, and FLG films

transferred on Si/SiO2 (285 nm) substrates from the Cu foils. The spectrum shows two

main bands marked as G and 2D. A third band referred to as the D band found at ~ 1350

cm
-1
that is usually associated with defects in the graphene is not present in these films
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suggesting that the initial film quality is as good as that of HOPG as determined by

Raman spectroscopy.

Figure 5. TEM images of graphene films. (a) Low magnification image of graphene film

on TEM grid and (b) electron diffraction pattern from circled area in (a). (c) 2- and 3-

layer graphene transferred from 25-µm thick Cu foil.

Raman spectroscopy can also be used to characterize the number of stacked graphene

layers using the position and shape of the 2D band around 2700 cm
-1
.(28, 35, 37, 38) The

2D band of monolayer graphene at 2678.8±1.0 cm
-1
is sharp and symmetric,(38) and

distinguishable from those of FLG and bulk graphite. The Raman spectra in Figure 6b

clearly show the differences between the three different materials HOPG, FLG, and

graphene. The G band of HOPG shows the expected features and the G-bands of

graphene and FLG have the same shape and differ only in intensity also as expected. We

measured many spots across the as-grown carbon films on Cu by Raman spectroscopy

and found that the films are predominantly graphene, over 90% of the area, i.e., single

layer graphite.
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Fig. 7a shows the as-grown graphene film on Cu foil with the presence of wrinkles.

The wrinkles are associated with the thermal expansion coefficient difference between

Cu and graphene. It can be seen that the wrinkles span the grain boundaries, indicating

that graphene grows across the grain boundaries. The SEM image of a graphene film

transferred onto a SiO2/Si wafer in Fig. 7b further shows that the film is macroscopically

continuous and uniform over square millimeters.

Figure 6. (a) Optical micrograph of graphene film transferred from 25-µm Cu onto a

piece of Si wafer with a 285-nm SiO2 layer. (b) Raman spectra of graphene films, taken

from regions with different thicknesses. HOPG was used as a control.

Figure 7. Graphene film on (a) Cu foil and (b) transferred to SiO2/Si wafer.

3.2 Optical Transmittance and Electrical Conductivity of Graphene

We also measured the optical transmittance and sheet resistance of the graphene films

as shown Fig. 9a where the transmittance at 550-nm wavelength is 0.97. It has been

reported that the transmittance of graphene at 550 nm is 97.7%.(11) The sheet resistance

of the same film is 1.3x10
4
to 5.1x10

4
�/sq. From these data, the thickness of the

graphene film can be estimated to be 0.44 nm assuming that the attenuation coefficient is
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the same as a graphene and the calculated average conductivity for the film is 0.7�10
5

S/m. The lower conductivity of the thin film may result from some tearing of the film

created during the transfer process.

Table 1 shows the conductivity of our graphene films compared to films prepared by

other techniques, and graphite. It can be seen that the conductivity of our graphene film

is comparable to that of “high temperature” pyrolytic carbon, but lower than that of

HOPG and natural graphite by one order of magnitude. The conductivity of our graphene

films are higher than that of films deposited from colloidal suspensions that are

composed of reduced graphene oxide platelets.

a
In-plane (a-Axis) conductivity for graphite and pyrolytic carbon are listed.
b
Deposition temperature 2100 to 2200

o
C.

Figure 8b shows the comparison of transmittance (at 550 nm wavelength) and sheet

resistance of our graphene films with those of other graphene/graphene oxide films

reported to date, to single-walled carbon nanotube (SWCNT) films, and indium tin oxide

(ITO). The graphene films grown on Cu have a good combination of high transmittance

and low resistance that could make FLG an attractive replacement for ITO if process

improvements and production issues can be addressed.

Figure 8. (a) The transmittance of FLG films from 400-1000 nm. The transmittance at

550-nm is 0.97 for thin graphene film and 0.91 for thick one, respectively. (b) Plots of

sheet resistance vs transmittance at 550 nm, in comparison with other transparent

conductive films: � FLG film (this work),�(15) graphene oxide treated with hydrazine

vapor plus annealing at 400
o
C, �(15) &�(12) graphene oxide film graphitized at 1100

o
C, �(14) Langmuir-Blodgett film of graphene sheets, �(13) spray-coated graphene film,

TABLE I. Conductivity of graphene films and graphite
a

Materials Conductivity (�10
5
S/m) Refs.

Graphene (CVD on Cu) 0.7 this work

Spray-coated graphene film 1.3 (13)

Reduced graphene oxide
0.55

0.35

(12)

(21)

Pyrolytic carbon
b

2 (39)

HOPG 22 to 28 (39, 40)

Natural graphite 25 (41)
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�(2) undoped monolayer graphene, �(1, 5, 13) doped monolayer graphene, �(42)

single-walled carbon nanotube film,�(43) &�(44) indium tin oxide.

Although the sheet resistance of graphene films fabricated so far is higher than that of

traditional transparent conductors such as ITO, graphene films may have advantages,

such as high chemical stability and mechanical strength.(12, 13) SWCNT films have

exhibited high optical transmittance and low sheet resistance.(42) However, SWCNT

films are a network of nanotubes with gaps and thus will not have good barrier properties

if this is important in certain applications. While the sheet resistance of our graphene is

still too high, Fig 8b, with respect to the theoretically expected values we believe that

further improvements will yield lower sheet resistance.

4. Conclusions

Large-area graphene films were synthesized on Cu foils. The as-grown graphene was

transferred to other substrates by wet chemical etching of the Cu. The transferred

graphene films have good crystalline quality as determined by TEM and Raman

spectroscopy. The optical transmittance and electrical conductivity values of these films

suggest potential applications in optoelectronics. This method of synthesizing graphene

is scalable to very large substrates and is thus potentially compatible with sizes required

by the semiconductor industry. Further material growth optimization is needed to

achieve precise mono layer growth in order to meet the very stringent semiconductor

device requirements.
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