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 ABSTRACT 

Significant changes in the Raman spectrum of single-layer graphene grown on a 

copper film were observed after the spontaneous oxidation of the underlying

substrate that occurred under ambient conditions. The frequencies of the

graphene G and 2D Raman modes were found to undergo red shifts, while the

intensities of the two bands change by more than an order of magnitude. To

understand the origin of these effects, we further characterized the samples by

scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS),

and atomic force microscopy (AFM). The oxidation of the substrate produced 

an appreciable corrugation in the substrate without disrupting the crystalline

order of the graphene overlayer and/or changing the carrier doping level. We

explain the red shifts of the Raman frequencies in terms of tensile strain 

induced by corrugation of the graphene layer. The changes in Raman intensity

with oxidation arise from the influence of the thin cuprous oxide film on the

efficiency of light coupling with the graphene layer in the Raman scattering

process. 

 
 

1 Introduction 

Graphene is an ideal two-dimensional material with 

extraordinary properties and potential for applications 

[1, 2]. To better match the needs in both fundamental 

studies and applications of graphene, tuning its 

properties has been a major research focus. Since 

graphene is just one atomic layer thick, its properties 

are strongly influenced by the graphene-substrate 

interface. The substrate can, for instance, induce 

strain [3, 4], charge doping [5, 6], and enhanced carrier 

scattering [7, 8]. It can alter graphene’s electronic 
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structure, quasi-particle dynamics, and transport 

properties [9, 10], and affect graphene’s chemical 

reactivity and wetting behavior [11–13]. The substrate 

thus presents both challenges and opportunities for 

tuning the physical properties of graphene. Any change 

in the graphene/substrate interface has relevance 

both for the interpretation of experimental data and 

for device application. 

Among various substrates for graphene, metals, 

including Cu, have received particular attention 

because of the success of growth by chemical vapor 

deposition (CVD) [14–23]. Potential electronic and 

optical applications of graphene, however, remain 

limited unless the metal/graphene coupling can be 

strongly suppressed or the graphene layer transferred 

to a dielectric substrate. One way to change the grap-

hene–metal interaction is through the introduction  

of intercalants such as gold and oxygen [24–26]. 

Oxidation is one of the most common processes in 

metals and its extent can go far beyond intercalation. 

When covered by the chemically-inert graphene layer, 

the Cu substrate is resistant to oxidation in aggressive 

chemical environments over the short term [27]. 

However, Cu oxidation still occurs at graphene defect 

sites over long time scales [28–31]. While the interesting 

interplay between Cu oxidation and the presence of a 

graphene overlayer has been reported in the literature, 

knowledge of the influence of oxidation on graphene’s 

atomic and electronic structure is lacking, as is an 

understanding of the influence of oxidation on the 

light/matter coupling of graphene layers. 

In this work, we report a systematic study of the 

evolution of the graphene Raman spectrum upon Cu 

oxidation and the mechanisms behind the observed 

changes. Complementary scanning tunneling micros-

copy (STM)，scanning tunneling spectroscopy (STS), 

and atomic force microscopy (AFM) measurements 

reveal that the oxidation of the substrate produces an 

appreciable corrugation in the substrate without 

much charge doping or disruption of the crystalline 

order of the graphene overlayer. We explain the red 

shifts observed for the frequencies of the graphene 

Raman modes in terms of tensile strain induced by 

corrugation of the graphene layer. The observed 

changes in Raman intensity with oxidation arise from 

the influence of the cuprous oxide film on the 

efficiency of light coupling with the graphene layer 

in the Raman scattering process. 

2 Experimental 

The graphene samples were grown by chemical vapor 

deposition (CVD) on 25-μm thick Cu foil (99.8%, Alfa 

Aesar) in a quartz tube. The tube was purged with 

10 sccm of H2 and heated to 1,300 K at a pressure of 

50 Pa. Subsequently, 1.1 sccm of CH4 was added to the 

flow and the samples were held at 1,300 K and 60 Pa 

for 5–10 min. After stopping the flow of CH4, the tube 

was allowed to cool to below 500 K before the samples 

were removed. After growth, the samples were exposed 

to air under ambient laboratory conditions for a period 

of months (at temperatures varying between 20 °C and 

35 °C and relative humidity values between 20% and 

80%). The samples were monitored and characterized 

over time by optical microscopy, Raman spectroscopy, 

Auger-electron spectroscopy (AES), AFM, STM, and 

STS. We note that the rate and degree of Cu oxidation 

depend on many factors, including temperature, 

humidity, initial graphene defect density and the 

surface index of the underlying Cu grain. For relatively 

high initial defect densities in the graphene or under 

strong oxidation conditions, the graphene samples 

after oxidation can exhibit a Raman D peak exceeding 

the G peak [30]. However, in the study reported here, 

we chose samples with low defect densities. 

The micro-Raman measurements were carried out 

under ambient conditions (both before and after the 

ultrahigh vacuum experiments) using a commercial 

Raman microscope (Renishaw inVia) at an excitation 

wavelength of 514 nm. The AFM measurements were 

performed in the tapping mode using a Digital 

Instruments IIIa system. The samples were taken to an 

ultrahigh vacuum (UHV) system with a base pressure 

below 3 × 10–7 Pa for AES and STM measurements. 

AES measurements were performed to analyze the 

chemical composition of the samples (Riber MAC 2). 

To probe the atomic structure and the local density of 

states of graphene, STM and STS were carried out in 

a UNISOKU UHV STM system at 78 K with Pt/Ir tips. 

STS was performed using lock-in techniques with a 

modulation amplitude of 10 meV at a frequency of 

973 Hz.  
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3 Results and discussion 

After graphene samples grown on Cu foil were 

exposed to air for extended periods of time (see 

Methods), the bright yellow color of the as-grown 

samples gradually changed to dark orange. Figure 1(a) 

shows representative Raman results for as-grown and 

oxidized samples. For clarity, the photoluminescence 

background from the substrate has been subtracted 

from the Raman spectra. The as-grown samples exhibit 

the characteristic G and 2D peaks of monolayer 

graphene, without any appreciable D peak associated 

with defects. In the oxidized samples, we observe three 

additional peaks at Raman shifts of 149 cm–1, 220 cm–1, 

and 645 cm–1. These features are characteristics of 

cuprous oxide (Cu2O) [32]. The elemental composition 

of the surfaces was verified by AES. As shown in 

Fig. 1(b), in the as-grown samples only C and Cu AES 

signals were detectable, while in samples with longer 

periods of air exposure, we observed an O KLL peak. 

No evidence of the presence of other elements, such 

as sulfur, was found in the AES spectra. We traced 

the time evolution of the samples in air by optical 

microscopy. The results indicate that the spontaneous 

oxidation begins at graphene defect sites and grows 

through a slow diffusion process, in agreement with 

recent reports [27–31]. The graphene D peak is still 

absent in the oxidized samples. This suggests that  

the graphene monolayer remains intact without the 

development of significant new structural defects. 

The stability of our graphene samples over long 

time periods was also checked by Hall measurements 

that were performed after transferring the graphene 

layers to SiO2 substrates with a 1 mm2 van der Pauw 

configuration. After one year of air exposure, the 

sheet resistance remained at 1,500–1,900 Ω/sq and the 

mobility at 600–800 cm2/Vs. Considering that the -mm2 

area is much larger than typical graphene grain sizes, 

these results indicate that the electrical characteristics 

of our graphene samples are preserved after the 

oxidization process, in agreement with the Raman 

results. However, a closer look at the Raman spectra 

reveals changes in the G and 2D peaks upon Cu 

oxidation. These changes are considered below. 

 

Figure 1 (a) Raman spectra of as-grown and oxidized samples, taken with laser excitation at 514 nm and a ~1 μm spot size. The 
absence of the D peak indicates that Cu2O formation does not cause a significant increase in defect density in graphene. (b) AES spectra
of samples with different air exposure times. The relevant features correspond to the C KLL line at 271 eV, O KLL line at 512 eV, and 
Cu LMM lines around 920 eV. The intensity of the peaks was normalized by that of the C KLL feature. The spectra are vertically shifted 
for clarity. 
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To facilitate the study of oxidation effects, graphene 

islands that only partially covered the substrate were 

grown in addition to the continuous graphene films 

already described. Figure 2(a) is an optical image of 

such “flower”-shaped graphene islands grown on Cu 

as they appear after one month of oxidation. The 

darker color in areas close to the boundary indicates 

a higher oxidation rate than the bare substrate and 

the bright color of areas under the graphene islands 

corresponds to reduced oxidation [27]. Figure 2(b) 

shows a close-up image of a typical island after ten 

months of spontaneous oxidation. Raman spectra at 

sites A–E in Fig. 2(b), corresponding to increasing 

oxidation, are presented in Fig. 2(c). Raman mapping 

results of the Cu2O 216 cm–1 band and of the graphene 

G and 2D bands are shown in Figs. 2(c), 2(d), and 2(e), 

respectively. Comparing the Raman mapping and the 

optical image of the graphene island, we find a 

positive correlation between the Raman intensity of 

Cu2O and that of graphene. For further quantitative 

study, Raman spectra at sites A–E corresponding to 

increasing oxidation in Fig. 2(b) are presented in 

Fig. 2(f). The graphene G and 2D mode intensities 

increased by about an order of magnitude. At the 

same time, the G and 2D peaks are seen to undergo 

red shifts by 11 cm–1 and 27 cm–1, respectively. A 

positive correlation between the Raman intensity of 

Cu2O and the G and 2D red shifts in graphene was 

also observed in Raman mapping (see Fig. S1 in the 

Electronic Supplementary Material (ESM)). These 

phenomena are considered in detail in the following. 

To understand the changes in the system under 

substrate oxidation, STM and STS measurements were 

carried out to examine graphene’s lattice and electronic 

structure. Figure 3(a) displays a typical STM image. 

The upper region of the graphene sample on the 

Cu2O layer exhibits significant corrugation, while the 

unoxidized lower region appears flat. The atomically 

resolved STM images (Fig. 3(b)) show that the graphene 

honeycomb lattice remains intact, with an average 

lattice constant of 0.246  0.005 nm. This intact atomic 

structure of graphene is important for the utilization 

of the graphene layer after Cu oxidation. 

STS provides a tool to measure the density of states 

and the doping level of graphene [33]. Figure 3(c) is 

the STS result for the oxidized region. The Fermi  

 

Figure 2 (a) An optical micrograph of graphene islands on Cu 

after one month of oxidation in air. (b) An optical micrograph of 

a single “flower” shaped graphene island on Cu after 10 months 

of oxidation. Raman intensity maps of the area shown in (b) for 

(c) the Cu2O band (205–235 cm–1), (d) the graphene G band 

(1,565–1,595 cm–1) and (e) the 2D band (2,565–2,765 cm–1).   

(f) Raman spectra corresponding to the labeled spots in (b). The 

spectra are vertically shifted for clarity. The dashed lines indicate 

the red shifts of the G and 2D peaks with increasing oxidation. 

The G and 2D intensities show strong enhancement upon 
oxidation. 
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Figure 3 (a) STM image of a graphene layer at the boundary 
between of an oxidized and an unoxidized region of the sample 
(scanning conditions: V = –1.6 V, I = 5 pA). (b) An atomically 
resolved STM image of the top region in (a) showing that the 
graphene lattice remains intact, with a lattice constant of 0.246 
nm (V = –0.5 V, I = 610 pA). (c) STS data for the region in (b), 
showing the characteristic density of states of a freestanding 
graphene monolayer. The Dirac point is quite close to the Fermi 
level, indicating little charge doping upon Cu oxidation. (d) STS 
data for unoxidized regions. 

level is found to be very close to the Dirac point and 

lies within the energy resolution of ~35 meV at 78 K. 

The behavior in the unoxidized region is similar.   

In some other unoxidized regions, there appears 

somewhat greater n-doping (Fig. 3(d)), resulting in a 

~50 meV downshift of the Dirac point from the Fermi 

level. This corresponds to a doping level below 2  

1011 cm–2 upon oxidation, which is not expected to 

induce any significant change in the frequency or 

intensity of the Raman features [5, 34]. Moreover, the 

local density of states agrees with that found in 

freestanding graphene [6]. These results show that 

the oxide layer electronically decouples graphene 

from the metallic Cu, as in the case of the graphene/ 

Ru system under oxygen intercalation [24]. 

We also applied AFM to examine the surface 

topography for a comparison with the Raman data. 

Figure 4 diplays the height profile of the graphene 

film in the same region as that of the optical image in 

Fig. 2(b). In Figs. 4(a)–4(c), we see that the graphene- 

covered areas appear smooth and flat, while the bare 

substrate (outside of the flower region) is rough. We 

see that Cu oxidation gradually spreads inwards from 

the boundaries, with the oxidized layer dropping 

from a typical thickness of 26 nm to vanishing 

thickness. 

With the STM, STS and AFM results at hand, we are 

now in a position to consider the red shifts observed 

in frequencies of the Raman G and 2D modes. Strain 

and charge doping are two common factors that can 

induce such frequency changes [7, 8, 29, 34–40]. Either 

n or p doping will result in a blue shift of the Raman 

G mode above 1,584 cm–1 and a decrease in the I2D/IG 

ratio [34, 35], both of which are contrary to our 

findings (Fig. 2(f)). Moreover, our STS results directly 

show that there is little doping of graphene after Cu 

oxidation. We consequently focus our attention on 

possible strain effects. Because of the van der Waals 

interaction between graphene and the substrate, the 

graphene overlayer cannot slide freely and modification 

of the substrate can induce strain fields in the graphene 

sample. In fact, compressive strain due to the mismatch 

in the thermal expansion coefficients has been reported 

and correlated with a blue shift in the Raman features 

of the as-grown graphene on Cu and SiC [29, 36]. We 

notice that the degree of the compressive strain also 

depends on the surface index of the Cu substrate [5]. 

Release of this compressive strain due to weakened 

interaction with the substrate can be achieved by 

transferring graphene to another substrate, resulting in 

the Raman G and 2D peak positions at 1,584 cm–1 and 

2,685 cm–1 respectively, as expected in the absence  

of strain [5, 34]. However, for graphene in oxidized 

areas, as shown in Fig. 2(f), the peak positions of  

the G and 2D bands are lower in frequency than the 

strain-free values. This cannot be explained by a release 

of compressive strain. It indicates rather an average 

tensile strain in graphene and that this tensile strain 

increases with the degree of oxidation. Indeed, Fig. 4(c) 

shows that the average corrugation level of graphene 

on Cu2O is ~7 nm, about five times that of graphene 

on the bare Cu substrate. The corresponding increase 

in the surface area of the substrate is the origin of  

the tensile strain in graphene, just as for the case of 

graphene on bent elastomers [3].  
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We can determine the strain in the graphene samples 

in different regions directly from the experimental 

results using the measured AFM height profiles z(x,y). 

We do so by evaluating the area of a strained layer of 

graphene on a corrugated surface 
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d d
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where (xij, yij, zij) (j = 1, 2, 3) are the coordinates of the 

three corners of the ith triangle. We then compare  

the area of a graphene sample on an oxidized region 

of the substrate with a reference area of graphene 

sample on the bare substrate. We obtain the average 

(biaxial) strain induced by substrate oxidation as 

 = 2[(A/A0)1/2 – 1] ≈ ΔA/A0 for ΔA << A0, where ΔA is 

the calculated change in graphene surface area for   

a reference area A0. From the AFM data of the cor-

rugated and flat surface areas corresponding to Circle 

E in Fig. 2(b), we calculate an average biaxial strain  

of 0.4%. We can predict the red shifts in the Raman 

features from the strain using the mode Grüneisen 

parameter  = Δ/(), where  is the Raman mode 

frequency and Δ the shift in mode frequency induced 

by biaxial strain . Using the recently reported [3] 

Grüneisen parameters of G = 1.8 and 2D = 2.6 for the 

two modes and the strain range of 0–0.4% inferred 

from the AFM data, we predict frequency shifts in the 

range of 0–11.4 cm–1 for the G mode and 0–27.9 cm–1 

for the 2D mode. These values are in good agreement 

with the red shifts that we determined directly from 

the Raman measurements. These findings suggest 

that oxidation and other routes to modifications of 

substrate topography may be an attractive approach 

for tuning of graphene properties through intentional 

“strain engineering” [41]. 

We now turn to the observed changes in the 

intensity of the Raman modes with oxidation. Since 

the doping level in the graphene samples was quite 

low and the induced strain has a negligible effect on 

 

Figure 4 (a) Height image of the graphene lobes in Fig. 2(b), rotated clockwise by 40°, as obtained from tapping mode AFM. (b) A
magnified image of the upper left corner of (a). (c) The height profile along the white line in (b), showing the corrugation of areas with 
different levels of oxidation. The Cu2O decreases from ~26 nm in thickness to a vanishing thickness over a distance of a few microns. 
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the Raman scattering cross-section, other factors must 

account for the strong increase in Raman intensities 

of the G and 2D modes. Here we show that this effect 

can be explained simply by the modification of the 

light/matter coupling of the graphene film induced 

by the presence of the oxide layer. No additional 

intrinsic changes to the Raman scattering cross section 

need to be considered. Following the general procedure 

used to calculate the Raman enhancement factor [42], 

we calculated the local field correction for the pump 

field and the correction for the scattered Raman field. 

We employed a standard transfer matrix approach 

and used the dielectric constants of Cu and Cu2O from 

the Ref. [43]. The simulations (described in detail in 

the ESM) are found to be in very good agreement 

with our experimental results for oxide thickness in 

the range of 0–35 nm (Fig. 5). The modification of the 

optical fields explain increases of 8× for the graphene 

G mode and 13× for the graphene 2D mode for a 

22-nm thick Cu2O spacer layer. The electromagnetic 

origin of these effects was confirmed by transferring 

graphene layers onto pre-oxidized Cu substrates. We 

observed similar Raman enhancements for the same 

oxide thickness, despite expected differences in the 

interfacial interactions of graphene with the oxide  

 

Figure 5 Experimental results (symbols) and simulation results 
(solid curves) for the intensity of graphene 2D and G Raman 
modes for 514-nm excitation as a function of the Cu2O thickness 
relative to the expected Raman intensities for suspended 
graphene. The simulation is based solely on the effects of the 
Cu2O layer in altering the light–matter coupling for the Raman 
process, as described in the text. 

layer compared to case of in situ oxide growth beneath 

the graphene layer. 

The physical origin of the strong increase in Raman 

intensity induced by the thin oxide layer can be 

understood as follows. At the surface of the copper 

substrate, there is strong cancellation of the (in-plane) 

electric fields of optical radiation because of the 

metallic response of the material. When the graphene 

layer is lifted above the copper surface by the presence 

of the Cu2O layer, this cancellation is reduced. The 

calculation shows that constructive interference 

between the incident and reflected fields (and maximal 

Raman intensity) is achieved when the fields propagate 

through a Cu2O of ~20 nm thickness. Taking into 

account the refractive index of Cu2O, propagation of 

the light through this thickness gives rise to a round- 

trip phase shift of ~85° for the relevant wavelengths. 

The remaining phase shift of ~275° needed for con-

structive interference between the incident and reflected 

waves is precisely what is expected for reflection at 

the Cu/Cu2O interface at the relevant wavelengths. 

The fact that the response of the copper substrate in 

the optical range is not that of an ideal metal (with  

a phase shift of 180°) leads to a reduction in the  

oxide thickness below the value of /4n ≈ 40 nm that 

one might expect to be required for constructive 

interference. 

We observe that for appropriate oxide thicknesses, 

the predicted Raman scattering efficiency of graphene 

exceeds that of a freestanding graphene layer, as 

expected in the presence of the constructive interference. 

For a 20-nm thick Cu2O layer, for example, the 

intensities of the Raman G and 2D modes are predicted 

to be 39% and 92% greater than those for a suspended 

graphene layer (Fig. 5). By way of comparison, for 

the common case of a Si substrate covered by a 

300-nm SiO2 layer, a similar but weaker interference 

effect is operative: The G and 2D Raman intensities 

for this supported graphene layer are expected to be, 

respectively, 23% and 36% greater than for a free-

standing layer. We note that the significant modifica-

tions of the light-coupling efficiency for graphene 

induced by the substrate identified here, while 

discussed in the context of Raman scattering in this 
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work, are also relevant for other optical applications 

of graphene. 

4 Conclusion 

Significant changes in the Raman spectrum of CVD- 

grown graphene on copper were observed upon 

spontaneous oxidation of underlying substrate under 

ambient conditions. The frequencies of the graphene 

G and 2D Raman modes were found to undergo  

red shifts, while the intensities of these two bands 

increased by more than an order of magnitude. The 

mechanisms behind these changes were investigated. 

STM and STS measurements demonstrated that the 

oxidation process leaves the atomic structure largely 

intact, with little charge doping. Correlated AFM 

measurements show that the Cu oxidation causes 

corrugation in the substrate, which in turn induces 

mild tensile strain in graphene. This is the origin of 

the observed red shifts of the Raman modes. The 

Cu2O layer also greatly modifies the efficiency of light 

coupling with the graphene layer, resulting in a 

significant increase in the graphene Raman scattering 

efficiency. Because Cu2O is an insulator that can 

decouple graphene from the metallic substrate, we 

hope that this work can serve as a step toward 

transfer-free “substrate engineering” of graphene for 

future applications. 
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