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ABSTRACT: Chemical vapor deposition (CVD) on Cu foils
emerged as an important method for preparing high-quality and
large-area graphene films for practical applications. However, to
date it remains challenging to rapidly identify the structural
features, especially the layer numbers, of CVD-graphene directly
on Cu substrate. Herein, we report an O2-plasma-assisted
approach for identifying the coverage, wrinkles, domain size,
and layer number of large-area graphene films on Cu foils by
optical microscopy. The wrinkles and grain boundaries of five-layer graphene can be observed with a grayscale increment of
∼23.4% per one graphene layer after O2-plasma treatment for only 15 s, which allows for checking graphene on Cu foils with a
sample size of 17 cm × 20 cm in a few minutes. The Raman spectroscopy and X-ray photoelectron spectroscopy presents a
strong layer number dependence of both the plasma induced graphene defects and Cu oxides, which, as indicated by molecular
dynamic simulation, is responsible for the improved image contrast as a result of the interaction between O-ions and graphene
with different layer numbers. We expect that this O2-plasma-assisted method would be applied to meter-scale samples if
atmospheric-pressure plasma is used and therefore will be beneficial for the fast evaluation of CVD-graphene in both laboratory
and industry.

1. INTRODUCTION

Graphene is considered a promising material for applications in
a variety of fields ranging from water-desaltation to micro-
electronics,1−4 yet requires industrial-scale production, quality
control, and processing techniques to convert lab-scale results
to products.5−8 Growing graphene on Cu foils by chemical
vapor deposition (CVD) is an important approach for
industrial-scale production, which is capable to provide
graphene films with size of up to 300 cm × 30 cm and annual
production capacities of 100,000 m2.9−12 It is known that the
structure features of graphene film formed on Cu foils, for
instance, the coverage, domain size, and layer number,
dominate the physical properties and the downstream
applications.13,14 Therefore, a facile method that is able to
identify the structure features of CVD-graphene film with
lateral size of tens of centimeters in a couple of minutes at a low
price is highly required.
The stacked layer number and domain size of graphene can

be measured under optical microscope (OM)15−18 and atomic

force microscope (AFM),19 and the defect concentration and
distribution can be determined by Raman spectroscopy20 when
CVD-graphene is transferred to SiO2/Si substrate. Though the
SiO2/Si substrate enables to effectively improve the signal/
noise ratio for the above-mentioned analysis methods, the
transfer process of graphene to SiO2/Si wafer is time-
consuming and costly. Scanning electron microscopy (SEM)
can fast image micro- and nanoscale features of graphene on Cu
substrates without transfer,18 yet the sample size is limited in a
few centimeters, and the instrument is expensive, making it
unfit for the quality control of large samples.
OM allows for high-throughput characterization of graphene

layers on SiO2/Si substrate with a favored instrument cost. To
date, direct observation of graphene on Cu foils without surface
pretreatment using OM is extremely difficult because of the low
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contrast between the graphene covered and uncovered areas,21

which is the key factor that greatly limits the application of OM.
Therefore, great efforts have been taken to improve the
contrast of graphene on Cu substrates. For instance, dark field
optical imaging was reported to present graphene islands,
cracks, and grain boundaries with high contrast dependent on
the surface roughness of Cu substrate.21 Surface oxidation by
heating the Cu foil coated with graphene in air at above 160 °C
increases the interference color contrast between graphene-
covered Cu and uncovered Cu oxide.22,23 Recently, ultraviolet
irradiation with subsequent thermal annealing allows one to
distinguish the layer number of graphene on Cu foils, which
takes around 5 h for sample treatment (as long as that for
transferring graphene to SiO2/Si).

24 Therefore, the trade-off
between the imaging contrast of graphene on Cu foils and the
time efficiency has to be considered, and the OM based
technique is still under development for direct imaging of
graphene on Cu foils.
Herein, we demonstrate an O2-plasma-assisted approach for

the fast identification of large-area graphene on Cu foils using
OM. The color contrast of graphene domains on Cu foils has
been considerably enhanced after O2-plasma treatment for only
15 s. The wrinkles and grain boundaries of five-layer graphene
can be observed with a grayscale increment of ∼23.4% per one
graphene layer. The grayscale of graphene domains in optical
image is inversely proportional to the layer numbers owing to
the strong layer number dependence of graphene defects and
Cu oxide overlayers induced by O2-plasma according to the
molecular dynamics (MD) simulation. This method was used
to check graphene on Cu foils with a sample size of 17 cm × 20
cm in a few minutes.

2. RESULTS AND DISCUSSION

We prepared graphene film on Cu foils by CVD employing
CH4 as precursor (for details, see the Experimental Section).
The SEM image (Figure 1a) of a freshly prepared sample shows
an area with different contrast. The lightest area is covered with
single layer graphene (marked with yellow dashed line);
however, these features are invisible in the optical image

(Figure 1b), which was taken from the same area as the SEM
image (Figure 1a) and is in accordance with previous studies.21

When the sample was treated with O2-plasma for 15 s, flower-
like graphene domains with different stacked layer numbers
from 1 to 5 are distinguishable, and the wrinkles (marked with
black arrows) are visible under OM (Figure 1c). These features
fail to be captured either by SEM (Figure 1a) or OM (Figure
1b), as for the graphene without pretreatment. To
quantitatively study the visibility of graphene domains with
different layer numbers on Cu foils, we calculated the grayscale
of graphene domains treated with O2-plasma (Figure S1, see
Supporting Information for the details) and plotted the values
with respect to the stacked layer numbers (Figure 1d). The
grayscale decreases when the layer number of graphene
increases from 1 to 4, and the increment (contrast) is
∼23.4% per one graphene layer. This value is much higher
than that of the optical image of the graphene covered Cu
sample that was placed at ambient conditions for four months
(Figure S2). However, the thickest area at the center of the
multilayer graphene domain usually shows a higher grayscale
than that of the adjacent domain (with one layer less than the
center area). Previous studies indicated that the color contrast
and grayscale are dependent on the Cu oxide thickness under
the graphene.24 The center of a multilayer graphene domain is
generally the nucleation site, where impurities in Cu and
structural defects in graphene are accumulated.25−27 The higher
level of graphene defect at the domain center was proved by
atomic layer deposition of Al2O3 (Figure S3).
We note that the plasma treatment process, including

chamber pumping down, plasma treatment, and vacuum
breaking, takes around 5 min, which is still considerably
lower than previous works.22,24 We performed the O2-plasma
treatment on a 17 cm × 20 cm graphene/Cu sample (Figure
1e), and the optical images (Figure 1e) acquired from different
positions of the sample demonstrate graphene domains with
different layer numbers and wrinkles with similar contrast as
that of Figure 1c, indicating that the O2-plasma treatment
method is applicable to large-area samples for industrial-scale
application.

Figure 1. (a) Typical SEM image of the as-grown graphene on Cu foils showing a low contrast between the monolayer regions (marked with dashed
yellow line) and multilayer regions. Optical images of graphene (b) before and (c) after O2-plasma treatment for 15 s. The dashed black line marked
the monolayer region, and the black arrows marked graphene wrinkles. The images shown in panels a, b, and c were taken from an identical area. (d)
Grayscale of graphene domains after O2-plasma treatment that was obtained from the optical images. (e) Photograph of a graphene covered Cu foil
(17 cm × 20 cm) subjected to O2-plasma treatment for 15 s and the OM images taken from different positions of the sample. All the scale bars are
20 μm.
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Moreover, both the thermal annealing (Figure S4) and Ar-
plasma treatment (Figure S5) improve the optical contrast of
the one-layer graphene domain, yet not works for multilayer
graphene domains. Therefore, the O2-plasma treatment should
be responsible for the enhanced optical contrast of graphene on
Cu foils. O2-plasma is widely used to etch graphene at room
temperature as the high energy ionized O reacts with C atom in

graphene lattice and leaves an atomic-size hole (defect), thus
gradually removing graphene away from the substrate.28−30

However, we observed a very low optical contrast of graphene
on Cu−Ni alloy after O2-plasma treatment (Figure S6). Unlike
Cu metal, the Cu−Ni alloy is a corrosion resistive metal. These
results indicate that the grayscale features of graphene in OM
images is dependent on the Cu oxide thickness and that the Cu

Figure 2. (a) Optical image of a six-layer graphene domain transferred onto a SiO2/Si substrate. Scale bar: 10 μm. Raman spectra of graphene
domains with different layer numbers (b) before and (c) after O2-plasma treatment for 15 s. The intensities of the Raman bands in panels b and c are
normalized to the G band intensity. (d) ID/IG ratio with respect to the layer numbers of graphene treated with O2-plasma.

Figure 3. (a) Optical image of freshly prepared graphene on Cu foils, and (b−d) optical images of graphene with O2-plasma treatment times of 10,
20, and 30 s. Scale bar: 20 μm. XPS spectra of (e) Cu 2p3/2 and (f) C 1s of graphene on Cu foils with different O2-plasma treatment time. (g) Atom
fractions of Cu, C, and O of the graphene-covered Cu at different O2-plasma treatment times. (h,i) Atom fractions of Cu and C calculated by fitting
the XPS in panels e and f, respectively.
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oxide thickness should be closely associated with the graphene
defects created by O2-plasma.
To investigate the effect of O2-plasma on graphene, the

sample was carefully transferred to a SiO2/Si substrate by
PMMA method (for details, see the Experimental Section). The
optical image (Figure 2a) shows an area with stacked graphene
layer number of 1 to 6, which is distinguishable from the color
contrasts. The Raman spectra of graphene with different layer
numbers are shown in Figure 1b. Intensive G and 2D bands
centered at ∼1590 and ∼2690 cm−1, respectively, are clearly
observed, and the intensity ratios of the 2D band to the G band
(I2D/IG) decrease with the layer number of graphene.
Nevertheless, the D bands (∼1360 cm−1) are not observed,
nicely indicating the high-quality graphene. When the graphene
film was treated with O2-plasma for 15 s, the D bands are
shown in the Raman spectra (Figure 2c). The intensity ratios of
the D band to the G band (ID/IG) decrease with the layer
number of graphene (Figure 2d), proving that the O2-plasma
induced defect concentration is strongly dependent on the layer
number. We note that each OM image presents an area of tens
of micrometers in lateral size; therefore, the graphene domains
with different layer numbers experienced the same O-ion
bombardment during the plasma treatment. These results
indicate that a thicker graphene layer contains a lower defect
concentration, and we suggest that a higher defect concen-
tration yields a thicker Cu oxide under the graphene layer.
To understand whether the optical contrast of graphene on

Cu foils is dependent on the thickness of Cu oxide, we
performed O2-plasma treatment on graphene-covered Cu with
processing times of 10, 20, and 30 s. The optical images of the
samples exhibit that the contrast of graphene domains on Cu
foils increases with the O2-plasma treatment time ranging from
0 to 20 s (Figure 3a−c). However, when the processing time is
30 s, the graphene domains are invisible (Figure 3d). X-ray
photoelectron spectroscopy (XPS) was applied to analyze the
chemical composition of the graphene covered Cu. Both the Cu
2p3/2 and C 1s peaks of the freshly prepared sample display
sharp bands locating at 932.8 and 284.8 eV, respectively, which
can be assigned to Cu(0) and graphite-like sp2-hybridized
carbon (Figure 3e,f). These two bands get broader as the O2-
plasma treatment time increases (Figure 3e,f). Besides, new

bands locating at a higher binding energy of the Cu 2p3/2
spectra (940−945 eV) and C 1s spectra (286−289 eV) are
observed, and their intensities increase with the plasma
treatment time (Figure 3e,f). The significant changes in the
Cu 2p3/2 and C 1s peaks can be assigned to the formation of
oxidized Cu and C species, respectively.19,31,32 The atom
fractions of different oxidation states of Cu and C were
calculated by fitting the XPS data (Figure 3g−i). The atom
fraction of C decreases, and that of O increases with the O2-
plasma treatment time. The atom fraction of Cu decreases
when the O2-plasma treatment time is <10 s and keeps almost
unchanged with extended treatment (Figure 3g). Previous
studies on the oxidation layer on Cu substrates indicated that
Cu(I) was the initial product when Cu(0) was exposed to
either O2 at ambient conditions or O2-plasma before being
oxidized to Cu(II). Moreover, CuO layer can form only after
the complete growth of Cu2O layer at the Cu surface, which
yielded an inner layer of Cu2O and an outer layer of CuO on
Cu.32−34 Therefore, the atom fraction of Cu(II) increases and
that of the Cu(0) decreases with the O2-plasma treatment time.
The atom fraction of Cu(I) is quite low and almost
undetectable when the treatment time is more than 10 s. The
very low factions of Cu(0) and Cu(I) in the XPS at O2-plasma
treatment time of >10 s can be assigned to the thick Cu(II)
layer and low detection depth of XPS of few nanometers,
whereas the sum of Cu(I) and Cu(II) contents increases with
the O2-plasma treatment time. However, the atom fractions of
graphite-like sp2 carbon of the O2-plasma treated samples are
lower than that of the freshly prepared sample due to the
formation of oxidized carbon (Figure 3i). Interestingly, the C 1s
spectrum of the sample after O2-plasma treatment for 30 s still
shows an intensive and narrow peak at 284.8 eV, indicating a
considerable content of graphite-like sp2-carbon (Figure 3i).
These results suggest that the graphene film is partly oxidized
after O2-plasma treatment, and that there is quite a number of
graphene laying on Cu foils when the O2-plasma treatment
time is 30 s, though the graphene film is invisible under OM
(Figure 3d). Our combined OM and XPS analysis makes clear
that both the color contrast of graphene and the Cu oxide
increases with the O2-plasma treatment time in the range of 0−
20 s; thus, the formation of Cu oxide during O2-plasma

Figure 4. (a) Structure evolution of one-layer, three-layer, and five-layer graphene at different stages of O-ion bombardment obtained by MD
simulation. (b) Number of O-ions that can penetrate through graphene layers and reach Cu substrate after 500 times of O-ion bombardment. (c)
Schematic of the graphene structure and Cu oxide change during the O-ion bombardment.
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processing should be responsible for the visibility of graphene
on Cu foils.
The experimental results presented in Figures 1−3 illustrate

that 15 s of O2-plasma treatment on graphene covered Cu
enhances the color contrast of graphene domains, and the
grayscale is inversely proportional to the layer number of
graphene (Figure 1); O2-plasma creates defects in graphene
film, and the defect concentration measured by Raman
scattering is inversely proportional to the stacked layer numbers
(Figure 2). The color contrast of graphene domains is closely
related to the amount of underneath Cu oxide (Figure 3).
Therefore, the imaging contrast of graphene under OM should
be strongly associated with the graphene defect and Cu oxide
induced by O2-plasma.
To rationalize the interplay among the color contrast,

graphene defect concentration, and Cu oxide thickness, we
performed MD simulation with a reactive force field (Figure 4a,
see Supporting Information and Experimental Section for
details).35,36 We considered 500 O-ions continuously bombard-
ing the graphene surface, and the interval time between two
bombardments was 20 ps (see Supporting Information for
details). Movies S1−S5 in Supporting Information present the
structure evolution of the one-layer to five-layer graphene,
respectively, during the O-ion bombarding process (500 O-ions
with incidence energy of 20 eV37). Figure 4a presents the
structure of one-layer, three-layer, and five-layer graphene at
different stages of O-ion bombardment. Once the O-ion hits a
carbon atom in graphene lattice, the energy of the O-ion will
transfer to the graphene lattice. As a consequence, the carbon
ring rearranges to form Stone−Wales defects, or the carbon
atom is kicked off from the graphene lattices to leave vacancies
in graphene lattice (Figure S7). Both processes leave defects in
the graphene film. The oxygen atoms, after interacting with the
carbon atoms, either could be absorbed in the graphene lattice
to form C−O−C or OC−O functional groups (Figure S8)
or could form carbon oxide molecules that desorb from the
graphene surface. Whereas once the O-ion meets the center of
carbon ring, the graphene lattice deforms with a short
relaxation time of around 20 ps, and the O-ion will penetrate
through the top graphene layer to interact with Cu substrate or
the layer underneath. Therefore, the O-ion bombardment
generates oxygen-contained functional groups, Stone−Wales
defects, and vacancies in graphene, and the O-ions can either
(i) trap in the graphene lattices (to form functional groups),
(ii) desorb from the surface (to form carbon oxide molecules),
and (iii) penetrate through the top graphene layer. The
probabilities of these three processes for O-ions are dependent
on the incident energy as shown in Figure S9. The structure of
graphene, after O-ion bombardments, is dependent on the layer
number (Figure 4). The area, which is uncovered with
graphene, increases as a function of the duration of bombard-
ment. After the continuous bombardment of 500 O-ions, the
one-layer graphene exposes the largest area of Cu substrate, and
the number of O-ions that penetrate through graphene sheets is
inversely proportional to the layer number of graphene (Figure
4b). The O-ions that reach the Cu substrate will generate Cu
oxides; thus, the thickest Cu oxide layer can be found at the
one-layer graphene covered area (Figure 4c), leading to
different level of grayscale in the optical images. A prolonged
O2-plasma treatment can significantly damage the graphene
layers, and the thicknesses of Cu oxide under graphene with
different layer numbers are getting close; thus, the graphene
domains are invisible (Figure 3d). This result is in accordance

with our XPS measurement that the content of Cu(II) increases
and reaches a plateau with the plasma treatment time (Figure
3g).

3. CONCLUSIONS
In conclusion, the optical contrast of graphene domains on Cu
foils has been considerably enhanced after O2-plasma treatment
for only 15 s. The wrinkles and grain boundaries of five-layer
graphene can be seen with a grayscale increment of ∼23.4% per
one graphene layer. The improved optical contrast of graphene
is owing to the strong layer number dependence of the plasma
induced defects in graphene and consequently the amount of
Cu oxides according to the MD simulation. We demonstrated
that this method is applicable to large samples with lateral size
of tens of centimeters. The O2-plasma-assisted method allows
for checking freshly prepared graphene on Cu foils within a few
minutes and may be applicable to the samples with lateral size
of meters if atmospheric-pressure plasma is used and therefore
will be beneficial for fast and cost-effective evaluation of CVD-
graphene in both laboratory and industry.

4. EXPERIMENTAL SECTION
4.1. Graphene Growth on Cu Foil. Multilayer graphene samples

were fabricated by low-pressure CVD method using CH4 as the carbon
feedstock and H2 as the reduction gas. Cu foils (25 μm thick, 99.8%,
Alfa-Aesar stock #13382) were first dipped into the etchant (1:4 of
HCl solution) for 5 h, followed by the ultrasonic cleaning using
deionized (DI) water. Further, the pretreated Cu foil was first
electrochemically polished at constant current of 5 A for 90 s38 and
then was cut into ∼3 cm × 5 cm pieces. This Cu foil was placed onto a
flat quartz substrate, then together they were loaded into a hot wall
tube furnace (Hefei Kejing Company OTF-1200x), and the reaction
chamber was evacuated to ∼1 mTorr. For a typical growth process, the
substrate was heated to 1040 °C at the rate of 25 °C/min under
vacuum and then annealed at this temperature under 5−10 sccm H2
with a pressure of 65−120 mTorr for 30 min. Graphene growth was
typically achieved at 1040 °C using a CH4/H2 ratio of 1:5 and CH4
flow of 1−2 sccm with a pressure of 13−28 mTorr for 30 min. After
growth, we turned off the furnace, and the substrate was cooled in the
same atmosphere.

4.2. Plasma-Assisted Optical Identification of Layer Number
of Graphene on Cu Foils. Freshly prepared graphene samples on Cu
foils were subjected to plasma etching using an AST PS−PJ Plasma
Surface Treatment System (AST Products Inc., USA). The chamber
was evacuated to ∼0.1 Torr and then filled with 15−30 sccm O2 or Ar
to ∼0.3 Torr. Typical plasma treatment was performed for several
seconds at 10−30 W RF. The graphene samples after Ar-plasma
treatments were placed on a hot plate and heated at 300 °C in air for
several seconds, whereby only monolayer areas can be optically
observed. The multilayer graphene with O2 plasma etching can directly
identify its layer numbers under OM.

4.3. Graphene Transfer. The multilayer graphene on Cu foils was
spin-coated with a supporting polymer film (poly(methyl methacry-
late), PMMA, 182265-Sigma-Aldrich) at 3000 rpm for 40 s. Then, the
PMMA/graphene/Cu sheet was floated on the etchant (0.5 M of
ammonium persulfate, (NH4)2S2O8). After the Cu catalyst was
removed thoroughly, the graphene supported by PMMA was rinsed
in DI water to wash off chemical residue and then transferred onto a
SiO2 (285 nm)/Si wafer. Finally, the supporting PMMA film was
removed by acetone.

4.4. Characterization. Optical microscope (Nikon Eclipse
LV100ND, Japan) was used to identify graphene on Cu foils before
and after thermal annealing or/and plasma etching. The SEM images
were obtained with a JSM-2100F (JEOL Ltd.) operated at 10.0 kV.
The Raman spectra of graphene on SiO2/Si substrate were measured
by Renishaw inVia with a 532 nm laser and 50× objective lens. XPS
analysis was conducted with a Thermo ESCALAB 250 instrument
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using a magnesium anode (monochromatic Kα X-rays at 1486.6 eV) as
the source.
4.5. Calculation. MD simulations were performed using the

reactive force field (ReaxFF). The theoretical model consists of an
incident oxygen ion placed 2 nm away from the graphene and a 5.2 nm
× 4 nm multilayer graphene sheet varied from monolayer to five-layer
(817 C atoms per layer, AB-stacking). Periodic boundary conditions
were applied along the graphene basal plane to simulate an infinite
sheet of graphene. The impact site is supposed to be random in both
one-time and continuous bombardment, and the incident angle is
assumed to be perpendicular to the graphene.36
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