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Abstract. In chemical vapour deposition (CVD) of graphene, surface roughness and purity of the copper substrate are
very crucial for obtaining uniform films. Even though electrochemical polishing is an effective technique for obtaining
homogeneous graphene films, most of the experiments adopt complex experimental parameters like electrolyte heating,
stirring and use of additives for better results. These are not applicable to thin copper foils used in CVD of graphene.
In the present study, a simple electrochemical procedure is developed for deposition of high-quality graphene films with
good coverage. The depositions of graphene films on bare and polished copper foils for the same growth conditions are
analysed using various microscopic techniques. The uniformly grown graphene on copper is then directly employed as a
surface-enhanced Raman scattering (SERS) substrate along with plasmonic silver nanoparticles. A simple SERS substrate
having a reasonable detection limit of 10−10 M for R6G is achieved with uniform SERS signals over a large area. The
homogeneity of SERS substrate can be attributed to the uniformity of the deposited graphene film. A simple and efficient
SERS substrate using conventional methods is achieved through the incorporation of chemical vapour deposited graphene.
The study covers the growth of CVD graphene film starting from substrate pre-treatment, various analyses of the film and
finally the application in SERS.
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1. Introduction
Graphene, the two-dimensional (2D) allotrope of carbon, is
unique in its structure, properties and applications. Chemical
vapour deposition (CVD) is the extensively used synthesis
method to yield large-scale high-quality graphene [1]. Copper
has a very small carbon solid solubility favourable for controlling the growth of graphene over it [1,2] and it remains as the
preferred substrate for CVD of graphene. It also exhibits good
catalytic support in the growth of graphene during the CVD
process. In addition to the critical roles of different growth
parameters, the surface morphology and smoothness of copper substrate has an effect on graphene’s microstructure and
quality. The heterogeneous nucleation is normally found at
the defects, impurities and on the surface corrugations [3–6].
The rough regions on the copper surface facilitate the nucleation of polycrystalline graphene, while flat regions favour
the formation of single crystal graphene [6]. Also, the average
grain size of graphene increases with the purity of the copper
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substrate [7,8]. Copper grain boundaries can also affect the
CVD of graphene over it. Growth of graphene is found to
be continuous over copper grain boundaries, but it can introduce uneven strain and thereby break the six-fold symmetry
of graphene [9,10].
Many efforts have been reported for removing the surface contaminants and improving the smoothness of copper
substrate before the CVD of graphene. Kim et al [11] have
studied the effect of copper precleaning on graphene growth.
They reported copper surface treatments by using various
agents such as acetic acid, hydrochloric acid, chromium
etchant, nitric acid, etc., and nitric acid was found to be
the most effective cleaning agent among them, even though
the surface roughness was still present. Out of the different
treatment techniques, surface oxidation and electrochemical polishing (ECP) have produced better results and gained
serious attention [3,5,12–14]. ECP is a viable method to
improve the quality of graphene by removal of tarnishing and roughness of the copper substrate [15]. One main

133

Page 2 of 10

advantage of electropolishing is the removal of surface oxides.
The polishing can efficiently remove rolling-induced sharp
protrusions and grooves that act as nucleation centres for
multilayer graphene. The use of polished copper foils can
thus lower the nucleation density and promote uniform nucleation, which can directly contribute to continuous single-layer
graphene with large domains [16,17]. The growth of uniform
and large graphene domains using electropolished copper
foils has been reported by Zhang et al [15]. Griep et al [18]
have obtained enhanced mechanical properties of graphene
along with a substantial reduction in sheet resistance by using
ultra smooth copper foils. In addition to the improved electrical and mechanical properties, uniformity of graphene film
is significant in certain applications like surface-enhanced
Raman scattering (SERS), where homogeneous substrate is
important.
Graphene-based surface-enhanced Raman scattering (GSERS) is a progressing field with extended applications of
Raman scattering [18–20]. For reproducible SERS signals, a
uniform SERS substrate is essential and single-layer graphene
can offer nanoscale flat substrate for SERS through the controllable arrangement of nanoparticles on its surface [21]. For
efficient SERS signals, graphene employed in G-SERS should
be of high quality and uniformly monolayered. Zhou et al
[22] have reported that monolayer graphene has the strongest
interaction with silver nanoparticles deposited over it and that
the Raman enhancement factor decreases with the increasing
number of graphene layers [22,23]. Both the charge transfer and localized surface plasmon resonance can be made
use in graphene-based SERS substrates [24,25]. The sandwiched graphene in between the copper substrate and silver
nanostructure can act as a nanometre size gap for electromagnetic enhancement [21]. Being a part of the SERS substrate,
graphene can simultaneously act as the probe also. Moreover,
as an efficient fluorescent quencher, graphene can suppress
the fluorescence background [26,27].
For thin copper foils, the ECP parameters are critical for
obtaining uniform graphene films. Most of the reported electropolishing techniques for thin Cu films (25 µm thick) use
additives for improving the polishing, and the use of these
additives introduce contamination to the foil surface since
they are difficult to wash away from the substrate. Therefore, a simple and effective polishing technique without any
additives that can result in the uniform growth of graphene
films over large-area is essential. In this study, we developed
a polishing technique for thin copper foils using pure H3 PO4
solution with a three-electrode electrochemical setup at room
temperature. The polished Cu foils supported highly uniform
graphene growth. Later, this uniformly grown graphene over
Cu foil is converted into a SERS substrate by silver deposition. The SERS substrate fabricated by depositing Ag on
copper without graphene resulted in a non-uniform particle
size distribution of Ag. SERS measurement is performed with
rhodamine 6G (R6G), and a reasonable detection limit of
10−10 M along with reproducible SERS signals are observed
for the polished Cu-graphene substrate. The uniform SERS
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Figure 1. Three-electrode electrochemical polishing set up.

signals over the entire SERS substrate is an outcome of
the quality of the graphene film as a result of polishing of
the substrate. A simple and efficient SERS substrate using
conventional methods is achieved in this work. The study
covers the CVD of graphene film starting at substrate surface
treatment, various characterization analyses and finally the
application in SERS.

2. Materials and methods
2.1 Electrochemical polishing
The ECP of copper foil was done at room temperature using
Biologic SP-300 potentiostat. Copper foil (25 µm thick;
99.98%, Alfa Aesar) of 2 × 2 cm was selected as the anode.
A platinum foil of the same size as that of the copper foil was
used as the counter electrode (cathode) and Ag/AgCl acted as
the reference electrode. Different concentrations of aqueous
solution of orthophosphoric acid (0.5, 1, 2, 5, 30, 50, 70, 85%
H3 PO4 solutions) were used as the electrolyte. The experimental setup is shown in figure 1. A well-defined plateau
potential range was found out for 85% H3 PO4 solution using
linear sweep voltammetry (LSV) technique at a potential
range of 0 to 2.5 V, with different scan rates. After obtaining a
decent plateau in the polarization curve, chronoamperometry
technique was employed to perform ECP.
2.2 CVD of graphene
CVD of graphene was performed using a home-built CVD
system [28]. Methane (99.995% purity) was the carbon precursor. Hydrogen (99.995% purity) and argon (99.999%
purity) were the other growth-supporting gases. The polished
copper foil cut into a size of 1 × 1 cm was used for graphene
growth. After loading the copper foil, the CVD chamber was
evacuated to a base pressure of 10−2 mbar. The temperature
was raised to 950◦ C and the substrate was heated in the presence of 10 sccm H2 and 100 sccm Ar. Then, the foil was
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annealed at 950◦ C for 1 h with 150 sccm H2 and 50 sccm Ar
at 20 mbar chamber pressure. After annealing, growth was
performed at 7 sccm CH4 flow rate along with 600 sccm H2
and 30 sccm Ar. During graphene deposition, the chamber
pressure was maintained at 20 mbar and the growth time was
12 min. The growth temperature was 950◦ C with optimized
other growth parameters. After graphene deposition, the substrate was cooled suddenly to 200◦ C without altering the gas
flow composition. Graphene deposition was simultaneously
carried out on polished and unpolished copper foils to compare the effect of polishing. The samples were taken out of the
chamber after the substrate cooled down to room temperature.
2.3 Graphene transfer
The graphene films were transferred onto 300 nm thick
SiO2 -coated silicon wafer using poly(methyl methacrylate)
(PMMA)-assisted wet chemical technique. A 300 nm thick
PMMA layer was spin-coated on graphene-coated copper foil
and graphene on the back side of the substrate was etched for
30 s using 17% nitric acid solution. Ammonium per sulphate
(1 M) solution was used to etch the copper substrate. After
rinsing several times with deionized water, the graphene was
scooped onto the SiO2 surface and allowed to dry. The PMMA
coating was removed using acetone and residues were washed
away using isopropyl alcohol. The steps in graphene transfer
process have been reported in detail elsewhere [28].
2.4 Fabrication of SERS substrate
The as-grown graphene films on polished copper foil (1 ×
1 cm) were used to study the SERS effect. The thin silver
film of 10 nm thick was deposited using a vacuum thermal evaporation technique at a pressure of 6 × 10−6 mbar.
The silver deposition rate of 0.5 Å s−1 was measured by a
quartz crystal thickness monitor having a frequency of 6 MHz.
The schematic of the SERS substrate (CuGAg) fabrication is
shown in figure 2. Silver was deposited simultaneously on
bare copper foil also. The three different substrates, namely
graphene-covered Cu foil (CuG), Ag-coated Cu foil (CuAg)
and Ag-coated graphene-covered Cu foil (CuGAg) were
examined for SERS activity by using R6G molecule as the
probe. As-purchased R6G was used without any purification.
R6G solutions were prepared by dissolving R6G powder in
methanol. A 40 µl solution was drop cast on the SERS substrates and dried in air. SERS spectra were recorded at room
temperature with an integration time of 5 s using excitation
laser operating at a wavelength of 514.5 nm. The laser spot
size was 1 µm in diameter and the incident power was 9 mW
with a 100× objective lens.
2.5 Characterization techniques
Surface analysis of the copper foil was done using optical
microscope (Leica DFC 280), scanning electron microscope
(SEM, Jeol 6390LV), high-resolution transmission electron

Page 3 of 10

133

Figure 2. Schematic of CuGAg SERS substrate fabrication.

microscope (TEM, Jeol/JEM 2100 with an acceleration
voltage 200 kV) and field emission scanning electron microscope (FESEM, ZEISS Sigma microscope). Room temperature Raman spectra were recorded by Horiba’s LabRAM HR
micro-Raman spectrometer using 514.5 nm excitation wavelength. Atomic force microscope images were recorded using
Keysight 5500 AFM. UV–Vis diffuse reflectance spectrum
was recorded by Jasco V350 UV–Vis spectrophotometer.

3. Results and discussion
3.1 Electrochemical polishing
Many theories have been developed for explaining the mechanism of electropolishing of copper in orthophosphoric acid
solutions [29–37], but none of them are accepted as a universal theory. However, all these theories are concerned with the
formation of the barrier layer in the proximity of anode. The
general behaviour of the anodic current with a linear sweep
voltage (polarization curve) during ECP is shown in figure 3.
A linear variation of current reaching a maximum value is
observed with applied potential in the region I of the polarization curve. Following the maximum, a decrease in current
due to the formation of an anodic barrier layer (region II)
and subsequent formation of the current plateau (region III)
are observed [35,37]. Surface smoothening of anode can be
generally achieved by controlling the anodic potential at this
limiting current in the plateau region, where the dissolution
of metal is under mass transport control. Further increase in
the potential results in the breakdown of the barrier layer and
pits are formed on the anode (region IV) as reported in the
literature [38].
The dissolution rate of copper is higher in low concentrations of H3 PO4 due to the increased diffusion coefficient with
decreased viscosity. The diffusivity of copper ions as a function of viscosity can be stated by Stock-Einstein equation:
Dη/T = a constant,

(1)

where D is the diffusivity of copper ions, η the viscosity of
the electrolyte solution and T the absolute temperature [39].
As the copper foil thickness is only 25 µm, higher diffusion
rate of copper results in foil breakdown during the polishing
process. So, the as-purchased 85% H3 PO4 electrolyte is used
as the electrolyte for further polishing parameter optimization.
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The polarization curves obtained for LSV scans with
different scan rates with 85% H3 PO4 are shown in figure 4.
A wide and decent plateau region is obtained at the scan rate
of 2 mV s−1 and below. The mass transport plateau region is
observed from 0.5 to 1.75 V. The optical microscope images of
copper foils after chronoamperometry electropolishing experiments at 0.5, 0.6 and 0.7 V for 15- and 30-min durations are
shown in figure 5. The copper foil polished at 0.7 V for 30 min
duration shows a rather smooth surface with minimum rolling
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lines. A voltage beyond 0.7 V is found to introduce pits on
the copper foil surface. AFM images for bare and polished
copper foils are shown in figure 6a and b. The average surface roughness before polishing is 37.9 nm and it is reduced
to 1.71 nm after polishing. Figure 6c and d compare SEM
images of bare copper and annealed polished copper foil. The
removal of surface lines is visible along with copper domains
in figure 6d.
3.2 Characterization of graphene

Figure 3. Polarization curve of copper foil in H3 PO4 -based electrolyte.

The Raman spectra recorded from different spots on the
graphene films deposited on polished and unpolished copper foils, which were smoothed and baseline corrected, are
shown in figure 7a and b. Raman spectrum of graphene
consists of the two most prominent peaks, namely, G peak
around ∼1580 cm−1 and 2D peak around 2680 cm−1 [40,41].
The defect representing D peak is sometimes present and
the relative intensity of D peak with respect to G peak
will give the level of defects in the sample [42,43]. For
single-layer graphene, the 2D peak should be sharp and
highly symmetric with higher intensity than that of G peak
[40,41]. For Raman spectra collected from graphene grown
on unpolished foils, the ratio of intensities of 2D and G peaks
(I2D /IG ) is less than one in some regions, which represents

Figure 4. Polarization curves under different scan rates in LSV with 85% H3 PO4 .
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Figure 5. The surface of copper foil examined under an optical microscope after chronoamperometry experiments
performed with different potentials and durations.

Figure 6. AFM images of copper foil (a) before and (b) after polishing (AFM image size is 8 × 8 µm). SEM images
of (c) bare copper foil and (d) annealed polished copper foil.
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Figure 7. Raman spectra of graphene on (a) unpolished, (b) polished copper foil and (c) SiO2 surface
after transfer from polished and unpolished foils. The inset figure shows single Lorentzian peak fitted
2D peak for polished case. Software-created I2D /IG ratio image using Raman spectra recorded from 25
spots on graphene grown with (d) unpolished and (e) polished copper foil (1 × 1 cm).

few-layer graphene deposition. However, it is greater than one
for the spectra recorded from all the points on the graphene
grown on polished copper owing to more uniform monolayer
graphene, facilitated by the polishing of copper substrate.
Typical Raman spectra obtained for graphene films on the
SiO2 surface, which are transferred from polished and unpolished copper foils, are shown in figure 7c. In these spectra,
the 2D peaks are very sharp and symmetric with enhanced
intensity compared to G peaks. The full-width at

half-maximum (FWHM) have an average value of 30 ±
2 cm−1 , which is in the limit of single-layer graphene. The 2D
peak of graphene grown on the polished copper foil with a single Lorentzian peak fit is shown in the inset of figure 7c. The
defect representing D peak appeared on the spectra recorded
from certain spots in the case of graphene films on the unpolished foil. The quality of graphene films transferred from
polished foil can be assessed from less prominent D peak
observed with Raman spectra recorded from those films. The
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Figure 8. FESEM image of graphene on (a) unpolished and (b) polished copper foils. Optical microscope images of graphene transferred onto SiO2 surface from (c) unpolished and (d) polished copper
foils. (e, f) TEM image and SAED pattern of graphene transferred from polished copper substrate onto
copper grid.

I2D /IG values obtained from spectra recorded from 25 spots
on transferred graphene films were imaged using a numerical
computation software (Scilab) for getting a visual effect of
the overall behaviour of the deposited graphene, as shown in
figure 7d and e, where the uniformity of I2D /IG ratio is more
prominent with polished foils.
The FESEM images of graphene provide additional evidence for the enhanced uniformity of graphene deposited on
electrochemically polished copper foil. The uneven colour
contrast in figure 8a indicates non-uniform growth of graphene
on unpolished copper. The light colour represents

single-layer graphene and dark colour represents bilayer
or few-layer depositions on copper. The formation of uniform graphene is obvious from the uniform colour contrast
observed in the FESEM image of graphene deposited on
polished foil (figure 8b). The graphene formation is more
visible in optical microscope images of graphene transferred from unpolished and polished copper foils. Optical
microscope images help to identify graphene uniformity in
terms of contrast between graphene and underlying substrate.
For monolayer graphene, minimum contrast is observed
[44]. The optical microscope images of graphene grown on
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unpolished and polished copper foils after transfer to SiO2
surface are shown in figure 8c. A pattern of dotted lines
with dark colour contrast is visible in figure, which are due
to few-layer formations initiated through the corrugations
on unpolished copper foil. For graphene films transferred
from polished foils, almost uniform colour contrast with a
smaller number of few-layer graphene spots are observed
(figure 8d). Figure 8e and f is the HRTEM and the selectedarea electron diffraction pattern (SAED) of graphene films
on copper grid, which are obtained with polished copper
substrates. The graphene films deposited on polished copper foils are found crystalline and continuous [28,45]. In the
SAED pattern there are two additional spots between sextet spots, corresponding to folded or tri-layer graphene films
[46–48]. There is a chance that the TEM image may be
recorded from folded portion of the film that may be happened during the transfer process. Many folds are visible on
the TEM image shown in figure 8e.
3.3 SERS substrates
Only the single-layer graphene is expected to contribute
towards a noticeable SERS result. It is expected that graphene
can take part in homogeneous arrangement of silver nano
islands while depositing silver thin films over graphenecoated copper. The FESEM and AFM images of as-deposited
silver film on graphene-coated copper is shown in figure 9a
and b, which shows the surface morphology of the prepared
nanostructures (CuGAg). The silver deposition is not continuous, but island-like structures are observed with finite
gaps in between them. Figure 9c is the UV–vis diffuse
reflectance spectrum recorded from CuGAg hybrid structure. An absorption maxima ~400 nm is observed due to
the resonant oscillation of the surface plasmons in Ag nanostructures with the incident radiation. Ag nanostructures are
able to concentrate the incident laser light into small volumes,
which create electromagnetic hot spots in the close vicinity
and enhance the local electromagnetic field at their nanogaps
[49,50]. The absorption edge at a wavelength shorter than
550 nm is visible in the absorption spectra and is due to the
inter-band transitions of copper [25].
The SERS spectra of R6G of various concentrations are
shown in figure 10, in which the detection limit is observed
as 10−10 M. SERS spectra recorded for 10−6 M R6G from
random spots on the surface of CuGAg structure and the
software-created intensity imaging of R6G peak at 775 cm−1
are shown in figure 11a and b, respectively. The surface uniformity of underlying substrate which supports the plasmonic
nanoparticles is critical in providing reproducible SERS signals. Better uniformity observed with SERS signals is a result
of uniform graphene films on the polished copper substrate.
Here, graphene holds the silver nanoparticles onto the substrate surface and helps in homogenous arrangement of them.
The exposed graphene surface, which is in the nanoparticle
gap, also holds more analyte molecules onto the substrate.
The total enhancement will be the contribution from both

Figure 9. (a, b) FESEM and AFM images of silver thin film on
graphene-coated copper foil. (c) UV–Vis diffuse reflectance spectrum recorded from CuGAg hybrid structure.

Figure 10. SERS spectra of R6G for various concentrations on
CuGAg substrate.

chemical and electromagnetic-enhancement mechanisms. A
comparison of SERS spectra of R6G with CuG, CuAg and
CuGAg substrates are given in figure 12. The CuGAg SERS
substrate shows very high enhancement compared to the other
substrates. So, a simple SERS substrate with a reasonable
detection limit with better uniformity is achieved. The study
can be extended to advanced SERS substrates, which incorporate graphene with specific plasmonic structures.
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Figure 11. (a) SERS spectra of 10−6 M R6G recorded from
various spots on CuGAg substrate. (b) Software-created intensity
imaging of peak at 775 cm−1 for 10−6 M R6G on CuGAg substrate.
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for depositing high-quality uniform graphene films. The
reduction in surface roughness is examined by optical
microscopy and atomic force microscopy. The effect of
polishing is analysed before and after depositing graphene
on polished and unpolished copper foils. Raman spectra recorded from different spots on the graphene surface
exhibited uniform graphene deposition on polished copper foils. This is confirmed by the FESEM and optical
microscope images of graphene. A simple SERS substrate
is prepared by direct deposition of silver thin films on
as-grown graphene on polished copper foil. A reasonable
detection limit of 10−10 M is obtained for R6G with better uniformity over the substrate. Noticeable enhancement
in R6G signals are observed after the incorporation of
graphene into the conventional plasmonic substrate. The
present study clearly demonstrates that electropolishing of
the copper substrate promotes the deposition of uniform coverage of graphene and thereby graphene’s applications can
be expanded into various specific fields, where uniformity is
critical.
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4. Conclusion
The surface morphology of copper substrate used for graphene
deposition plays a crucial role in controlling the number of
layers and quality of the film deposited. The ECP methods
usually adopt complicated experimental procedures to get the
maximum polishing effect, which are normally unacceptable
for thin copper foils, which are used in CVD of graphene.
The additives, electrolyte temperature and stirring effect also
cause additional damage and contamination to the foil surface.
In the present study, a simple polishing method is adopted
for the copper foil (25 µm thick) using H3 PO4 electrolyte
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