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Graphene film growth on Cu-Ni alloy thin film with variant alloy compositions is reported in 

this paper. A magnetron co-sputtered thin film was applied to precisely vary the alloy 

composition, and graphene film was grown at conventional growth conditions by inductively 

coupled plasma chemical vapor deposition. A highly uniform single-layer graphene, mostly 

bilayer graphene with ~ 70% coverage, and mostly few-layer graphene were obtained on the 

Cu-Ni alloys with 8.6, 21, and 34.8 atom % Ni, respectively. The measured resistance 

decreased from ~1429Ω/sq, to ~756Ω/sq and to ~240Ω/sq, and the transmittance decreased 

from 97%, to 95% and to 89%, respectively, as the Ni composition increased. The film 

thickness of graphene layers could be controllable by tuning the alloy composition via the co-

sputtering process. But the analysis also indicates that, at the same time, the degree of 

disordered stacking between layers also tends to increase with increasing Ni content in the Cu-

Ni film. 

 

 

Introduction 

Graphene is a one-atom thick sheet of carbon atoms wherein the 

carbon atoms are arranged in a 2-D hexagonal lattice.1-3 Graphene 

has extraordinary electronic properties, including a high electron 

mobility, which could lead to super-fast transistors and ultra-thin 

and/or transparent conductors. Electrical properties of graphene 

change with the number of layers.4-6 Unlike single-layer graphene 

(SLG), bilayer graphene (BLG) has a continuous tunable bandgap 

under an electric field 7 that is useful for electronic devices. And 

few-layer graphene (FLG) is favorable for the application of 

transparent electrodes since low sheet resistance is required. 

Therefore, controllable growth of graphene film is a basic 

requirement to fully utilize the unique properties of graphene 

material for practical applications. A promising technique for 

producing graphene is chemical vapor deposition (CVD) wherein the 

metal catalyst is exposed to a gaseous hydrocarbon source at an 

elevated temperature on polycrystalline metal catalysts. 8-14 Among 

them, copper (Cu) and nickel (Ni) are the most common catalysts. 

Due to little carbon solubility in Cu, which is less than 0.001 atom % 

(at %)15,16 at 1000 oC, SLG is preferentially formed on Cu 

(especially in low pressure CVD growth conditions).11 On the 

contrary, FLG is more likely to be grown on Ni due to its relatively 

high carbon solubility (~1.3 at % of carbon at 1000 oC). 11,17,18  

Because Cu-Ni is a well-known binary isomorphous system, Cu-Ni 

alloy would be an ideal substrate, providing tunable carbon solubility 

by adjusting the atomic fraction of alloy. The employment of Cu-Ni 

alloy for graphene growth has been recently reported. S.Chen et al. 

firstly reported CVD-grown BLG with about 70% coverage using a 

commercial 70:30 Cu-Ni alloy foil.18 A thick graphite film was 

grown at relatively a low cooling rate (5 oC/s), whereas SLG to BLG 

was obtained only at an exceptionally high cooling rate ( ~100 oC/s), 

which is very difficult to control in large scale production. Most 

recently, D. Wan et al. 19 used a Ni-coated Cu foil. They showed that 

as growth temperature decreases, the Ni content at the surface of 

substrate increases, and in turn the layer number of graphene 

increases. BLG was obtained at a relatively low temperature of 850 
oC, and three-layer graphene and five-layer graphene at much lower 

temperatures of 750 oC, and 650 oC, respectively. But there is 

concern about the poor crystalline quality of CVD-grown graphene 

at such a low temperature even though lowering the growth 

temperature is desirable.  

In this paper, a magnetron co-sputtered thin film was applied to 

precisely vary the composition of Cu-Ni alloy (8.6, 21, 34.8 Ni 

at %), and graphene was grown under conventional CVD 

growth conditions (at conventional cooling rate, ~3oC/min and 

growth temperature, 950oC). We investigated the layer 

thickness controllability and qualities of CVD-grown graphene 

film. 

Experimental 

As a thin metal catalyst, 600~800 nm- thick Cu-Ni alloy films were 

deposited by magnetron co-sputtering (1.5~2.5kW, 10 mTorr, Ar 

100 sccm) on 8 inch- 300 nm-SiO2/Si substrates. The alloy 

compositions of thin films were confirmed by inductively coupled 

plasma mass spectrometer (ICP-MS) and X-ray photoelectron 

spectroscopy (XPS). The wafers were then broken into pieces, and 

the metal-deposited substrates (1-2 cm2 in size) were loaded into a 

radio frequency (RF) CVD system with a cold-wall chamber.20 The 

chamber was equipped with an inductively coupled plasma (ICP) 
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reactor and pumped with a turbomolecular pump, keeping the base 

pressure as low as ~10-7 torr. 20 The substrates were heated to the 

growth temperature without any gas flow into the chamber. When it 

reached the target temperature, hydrogen gas was injected into the 

chamber at the flow rate of 40 sccm. Hydrogen gas was discharged 

by an RF power of 50 W for 2 min to eliminate surface oxides on the 

Cu-Ni alloy film. Graphene films were grown at 100 W RF power, 

Ar:CH4=50:2sccm flow rate, and 20 mTorr pressure for 10 sec. 

Subsequently, we turned off the silicon carbide (SiC) heater to cool 

down the samples to room temperature.  The cooling rate at a high 

temperature, ranged from 950 to 600 oC, is observed as ~3 oC/min 

approximately. After CVD synthesis was done, the graphene film 

was released by protecting the graphene sheets with 

poly(methylmethacrylate) (PMMA) and etching the underlying 

metal catalyst with HCl and FeCl3. Once the PMMA/graphene film 

was transferred onto the target substrate, the PMMA was removed by 

acetone. The synthesized graphene films were characterized by 

optical microscope, scanning electron microscope (SEM), 

transmission electron microscopy (TEM), Raman spectroscopy, and 

four- point probe measurement. 

Results and discussion 

Table.1 shows the at % of Cu and Ni in Cu-Ni alloys measured by 

ICP-MS. The at % of Ni was confirmed as 8.6, 21, 34.8 for the three 

samples (G1, G2 and G3 samples, respectively). The at % in the 

alloy film was also confirmed uniform by XPS. Figure 1 shows 

optical microscope images of graphene films transferred to 300 nm 

SiO2/Si substrates. The optical image suggests that Cu-Ni alloys 

with lower Ni contents produce thinner and more uniform graphene 

films. Raman spectroscopy and optical contrast analysis were used to 

determine the thickness of the graphene layers. To avoid the 

ambiguity of Raman analysis in determining the number of graphene 

layers, optical contrast analysis was employed. When graphene film 

is placed on the substrate, it creates an enhanced absorption at a 

wavelength of around 550 nm, corresponding to the color green.21,22 

Each green values of each pixel (1376 by 10381,428,288 pixels) of 

G1-G3 samples were extracted on a scale of 8 bits (0-255). 

Furthermore, the relative difference between the green value of each 

pixel and that of a bare SiO2/Si substrate, ∆G, was calculated. As the 

number of graphene layers increases, green intensity due to 

absorption decreases, thus the ∆G increases. Distribution of ∆G was 

statistically analysed to see the uniformity of graphene thickness. By 

characterizing the green color contrast of the graphene layers with 

respect to the underlying SiO2/Si in the optical microscope image, 

the layer thickness can be obtained. 23 Figure 1(d) shows that the G1 

sample with 8.6% Ni composition exhibits mostly SLG; the G2 

sample with 21% Ni composition exhibits BLG with a coverage of 

around 70% coverage; and, the G3 sample with 34.8% exhibits 

mostly FLG (3L+). The produced graphene film becomes thicker 

from SLG to BLG and to FLG through tuning the Ni composition 

from 8.6, to 21 and to 34.8%. In order to investigate the quality and 

degree of interlayer stacking of graphene layers, micro-Raman 

spectroscopy (Renishaw invia RE04, 514nm Ar laser) was used, and 

Raman mapping was taken over a 30×30µm2 area. The mapped 

Raman spectra of G1 sample are shown in Fig. 2(a,b,c). The mapped 

2D bands exhibit mostly single Lorentzian profiles with ~ 39±2.2 

cm-1  full width at half maximum (FWHM), ~2688 ±4 cm-1 peak 

position, and a ratio of 2D to G peak intensities (I2D/IG) of ~2.5±0.2. 

The D band, a marker of disorder-induced defects is quite small as 

shown in the representative Raman spectra in Fig.3(a). Those Raman 

data suggest that uniform and high-quality SLG was grown over the 

G1 sample. 

 

Table 1.  Atomic % of Cu and Ni in Cu-Ni alloys measured by ICP-

MS. 

 

 
 
Fig.1. Optical images of graphene films transferred after grown on (a) 8.6% 
at % Ni (G1), (b) 21 % Ni (G2) , and (c) 34.8% Ni (G3) in Cu-Ni alloys. (d) 

Thickness distribution of graphene films for three samples, measured by 

optical contrast. 

The mapped 2D bands of the G2 sample exhibit FWHM of 

~50±9.2cm-1, peak position at ~2700±3cm-1, and I2D/IG of ~1.1±0.8. 

It can be seen that the 2D band became broader and blue-shifted. 

And the mapping Raman spectra of G2 samples show less uniform 

distribution than those of the G1 sample (Fig.2(d,e)). 

 

Fig.2 Raman mapping measurements of graphene films for (a,b,c) G1, (d,e,f) 
G2, and (g,h,i) G3 samples. Shown in the figures are the color-coded 

intensity mapping of I2D/IG (a,d,g), 2D FWHM (b,e,h), and 2D shift (c,f,i) 

over 30 µm × 30 µm area. 

It was noted that I2D/IG and 2D FWHM show different values even 

on the same graphene layer thickness (exhibiting the same optical 

contrast), which suggests that the degree of interlayer stacking is not 

uniform over the G2 sample. A middle Raman spectrum in Fig.3(b) 

Cu(µg) Ni(µg) Cu:Ni

G1 382 35.9 91.4:8.6 (%)

G2 413 110 79:21 (%)

G3 141 75.3 65.2:34.8 (%)
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exhibits AB-stacked or low-angle misoriented BLG. Turbostratic 

(high-angle misoriented) BLG was also spotted (top one of Fig.3(b), 

2D FWHM of ~32 and I2D/IG of ~3). 

 
 
Fig.3 Some representative Raman spectra of (a) G1, (b) G2, and (c) G3 
samples. 

The Raman spectra of BLG strongly depend on the relative 

orientation of each layer.24, 25 Low-angle (< ~8o) misoriented BLG 

exhibits the Raman signature of strong coupling between layers. On 

the contrary, in the high angle regime (> 13o), the BLG displays 

Raman spectra closer to those of SLG. 25 Figs.4(a) and (b) show a 

histogram of I2D/IG and 2D FWHM of G2 sample. 

 

Fig.4 Histogram distribution of (a) I2D/IG and (b) 2D FWHM, and (c) 

I2D/IG versus 2D FWHM plot. 

 

The turbostratic BLG has a very narrow 2D band down to 32 cm-1 

and very high I2D/IG up to 4. It is noted that the 2D peak is similar 

but sharper and more intense than that of SLG. As shown in the 

histogram of 2D FWHM (Fig.4(a)) and 2D FWHM versus I2D/IG 

curve (Fig.4(c)), there are some distribution portions that exhibit low 

2D FWHM (or high I2D/IG), in which BLG is misoriented in high 

angle. Fig. 5(a) shows I2D/IG versus ratio of 2D to G integral 

intensities (A2D/AG). It can be seen that there are also some 

distribution portions showing sharper 2D peaks at the same I2D/IG 

ratios, which are most likely to be high angle misoriented BLG. 

These results suggest that AB stacked or low-angle misoriented BLG 

coexists with turbostratic BLG (high-angle misoriented) over the G2 

film. The mapped 2D bands of the G3 sample seem to exhibit more 

non-uniform distribution than the G2 sample. Like the G2 sample, 

stacked and turbostratic FLG are mixed over the G3 sample. 

Turbostratic FLG has very broad range of I2D/IG up to ~8.7 (Fig.4(a)) 

due to different degrees and the order of misorientation between 

layers. 

 
Fig.5 I2D/IG versus ratio of 2D to G integral intensities (A2D/AG). 

 

The degree of interlayer staking could be further inferred in the 

histogram of 2D FWHM (Fig.4(b)), 2D FWHM versus I2D/IG curve 

(Fig.4(c)), and I2D/IG versus A2D/AG curve (Fig.5(b)). There is a 

significant portion exhibiting very low 2D FWHM (even much 

lower than that of SLG) or very high I2D/IG (much higher than that of 

SLG), in which FLG is misoriented in high angle. From the above 

Raman analysis, it can be concluded that as the Ni content increases 

in the Cu-Ni alloy film, graphene film grows thicker, and at the same 

time, the degree of disordered stacking between layers also tends to 

increase. Generally, the turbostratic graphene is due to the 

dislocations between two graphene layers, 26 and a slower crystal 

growth rate could yield fewer crystalline dislocations. It is reported 

that a slow cooling rate (5 oC/min) favors AB-stacked bilayer.27 

Therefore, we think that the possibility of disordered stacking 

between layers could be more or less mitigated by a slow cooling 

rate. However, a slow cooling rate also increases the thickness of 

graphene film and the process time. Please note that a thick graphite 

film was obtained on 70:30 Cu-Ni alloy foil at low cooling rate. 18 

High resolution TEM was also employed to characterize the 

crystallinity of the graphene films.  

 

 
Fig.6 High resolution TEM of grown graphene samples. (a,b) G1, (c-f) 

G2, and (g-k) G3.  

 

The edges of the monolayer for the G1 sample are clearly seen in the 

TEM image as in Fig.6(a). Selected-area electron diffraction (SAED) 

patterns for SLG are shown in Fig.6(b). In Fig.6(c), bilayer (2L) is 

clearly seen at the folded edges of the G2 sample. Figs.6 d-f show 
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SAED patterns taken at different regions of the G2 sample and its 

diffraction intensities. In Fig.6(d), only one set of diffraction patterns 

with 6-fold symmetry is found. The intensity of the first-order 

diffraction is lower than that of the second order, indicating that the 

bilayer graphene in this region is Bernal stacked.28,29 On the 

contrary, SAED pattern of Fig.6(e) shows a rotation angle of ~ 12º 

between two layers, and Fig.6(f) shows a high rotation angle of ~ 28º 

between two layers. It can be also seen that the intensity of the first-

order diffraction is higher than that of the second order. Thus, it can 

be confirmed that Bernal stacking and low to high angle 

misorientation of bilayer co-exist in sample G2. In Fig.6(g), four-

layer (4L) is seen at the folded edge of the G3 sample. Fig.6(h) 

displays SAED patterns for the G3 sample. Intensity of the 

diffraction spots along the blue and red lines are shown in Fig.6(j) 

and (k), respectively. In k, the intensity of the first-order diffraction 

is lower than that of the second order, indicating Bernal stacking; 

and in j, the intensity of the first-order diffraction is higher than that 

of the second order, indicating one more layer is stacked. In the 

enlarged diffraction patterns, j, an additional diffraction spot can be 

found with only a slight rotation by 1°. Thus, it can be concluded 

that the four layers are stacked in this region, in which two layers are 

Bernal stacked, one layer is low-angle misoriented (~1o), and one 

layer is high-angle misoriented with ~15o. It was a lengthy process to 

discover Bernal stacking in the G3 sample. Thus, TEM analysis 

supports that as Ni content in Cu-Ni alloy increases, interlayer 

disorder of synthesized CVD-graphene also tends to increases. 

Optical and electrical properties were measured using graphene films 

transferred to a glass substrate. To the naked eye, the graphene 

samples exhibit decreasing transmittance from G1 to G3 sample. As 

shown in Fig. 7(b), the G1 sample has a transmittance of 96.1% at 

550 nm. Such values are close to ~ 97%,30 the optical transparency 

of SLG, implying that the G1 sample is predominantly monolayer. 

The slight difference in the value is attributed to the coverage of 

graphene domains and wrinkles, and defects in the transferred films. 

The G2 sample has transmittance of 95% at 550 nm, indicating 

mostly BLG. The G3 sample has a transmittance of 89%, consistent 

with ~ 4~5 layers. The optical transmittance data coincide well with 

the previous analysis of Raman spectra and optical contrast data. 

 
Fig.7 (a) Optical images of graphene films transferred on quartz substrate. (b) 

Optical transmittance of graphene films. (c) Electrical sheet resistance and optical 

transmittance value at 550 nm with respect to the Ni contents of Cu-Ni alloy films. 

 

The sheet resistance, Rs, was measured by the van der Pauw method. 

The G1, G2, and G3 samples have ~1429 Ω/sq, ~756Ω/sq, and 

~240Ω/sq, respectively. The average sheet resistance decrease with 

the layer thickness, as expected. Fig.7 (c) summarizes the sheet 

resistance and transmittance values for all samples. 

 

Conclusions 

We reported graphene film growth on Cu-Ni alloy thin film with 

variant alloy compositions (8.6, 21, and 34.8 at % Ni). Cu-Ni alloy 

film was prepared by a co-sputtering process, and graphene was 

grown at conventionally high temperature and normal cooling rate 

by ICP-CVD. Highly uniform SLG, mostly BLG with ~ 70% 

coverage and mostly FLG (~3+), were obtained on Cu-Ni alloys 

with 8.6, 21, and 34.8 at % Ni, respectively. The measured resistance 

decreased from ~1429 Ω/sq, to 756 Ω/sq and to ~240 Ω/sq as the Ni 

composition increases. And the transmittance also decreased from 

97%, to 95% and to 89%. As the Ni content increases in the Cu-Ni 

alloy film, the thickness of CVD-graphene film also increases. On 

the other hand, Raman mapping and TEM analysis also indicated 

that, at the same time, the degree of disordered stacking between 

layers also tends to increase with increasing Ni content in Cu-Ni 

alloy. 
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