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Abstract 

Understanding the interaction between graphene and its supporting substrate is of paramount 

importance for the development of graphene based applications. In this work the interplay of 

the technologically relevant graphene-Cu system is investigated in detail as a function of 

substrate grain orientation in Cu polycrystalline foils. While (100) and (111) Cu grains show 

the well-known graphene-enhanced oxidation, (110) grains present a superior oxidation 

resistance compared to uncovered Cu and an anomalous shift of its graphene 2D Raman band 

which cannot be explained by the known effects of strain and doping. These results are 

interpreted in terms of a weak graphene-Cu coupling at the (110) grains, and show that 

graphene can actually be used as anticorrosion coating, contrary to previously reported. The 

anomalous shift is suggested to be the result of an enhanced outer Raman scattering process 

which surpasses the usually dominant inner process. Since Raman spectroscopy is widely 

used as first and main characterization tool of graphene, the existence of an anomalous shift 

on its 2D band not only challenges the current theory of Raman scattering in graphene, but 

also has profound implications from an experimental point of view. 

Keywords: graphene, Raman spectroscopy, copper oxidation, strain, graphene-substrate interaction 

 

1. Introduction 

Chemical vapor deposition (CVD) on polycrystalline Cu 

foils is one of the most widely used methods for obtaining low 

cost, large area graphene. Thus, great efforts have been 

invested during the last years in the study of the interaction 

between graphene and its single or polycrystalline Cu 

substrates. The effect of Cu crystalline orientation on the 

nucleation [1, 2], growth [3, 4] and physical properties [5] of 

graphene has been investigated in detail in the past, whereas 

the influence of graphene on the oxidation mechanisms of Cu 

has drawn an increasing attention due to its prospective 

applications as protective layer [6–10]. This last topic is 

currently the focus of an intense research in the field of 2D 

materials, not only for their use as anticorrosion coatings, but 

also because many of these materials show tendency to 

degrade under ambient conditions [11–13]. Thus, searching 
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for suitable protective materials which could be integrated in 

the architecture of 2D devices is on main interest for this 

emergent industry. In the case of graphene coated copper, 

previous works showed that, while graphene is able to 

significantly slow down the oxidation of Cu in the short term, 

it cannot totally stop the process, and may actually produce 

the opposite effect in the long term as graphene overrides the 

protective behavior of the native oxide layer [7, 8, 10]. On the 

other hand, the growth of an intercalated oxide layer has 

turned out to be of interest on its own as it has been 

demonstrated to produce an interference enhancement of the 

Raman signal [14, 15] as well as to aid the detachment of 

graphene from the Cu substrate [16, 17]. However, despite its 

ubiquity and interest, little attention has been paid to the 

interaction between graphene and the intercalated copper 

oxide layer. The effect of copper oxide on the Raman spectra 

of graphene grown on polycrystalline Cu foils was studied by 

Yin et al. [14], but they did not distinguish between the 

different grain orientations of the foil. It is well known that the 

oxidation rate of bare Cu depends on the crystal orientation of 

the exposed surface. The oxidation kinetics of different Cu 

surfaces has been subject of many studies over the last decades 

[18–23]; however, the oxidation process itself is influenced by 

a number of factors, such as the morphology and surface 

defects of the sample [22, 24, 25], its thermal history [10] or 

the oxidation temperature [18, 25], which has led to apparent 

contradictory results. It is thus expected that both, the 

oxidation process of graphene covered Cu, and the interaction 

between graphene and the intercalated oxide layer, would 

depend on the exposed Cu surface. To take full advantage of 

the new capabilities provided by the intercalated oxide layer 

and the possibility of tuning the foil texture [26], it is 

necessary to understand how the different crystallographic 

orientation of its grains affects the oxidation process in the 

graphene-Cu system. Besides, since the use of polycrystalline 

Cu foils has been posed as one of the most suitable options for 

mass production of graphene, it is important to know how 

graphene properties are modified by the Cu substrate and the 

intercalated oxide layer, as a function of the grain orientation. 

Raman spectroscopy is a widely used characterization 

technique for the study of graphene, and other 2D materials, 

as it is nondestructive, requires relatively simple setups and it 

is capable of providing information on the amount of defects, 

number of layers, electronic structure and mechanical state of 

the samples. Because of this, it is also used in the industry as 

the main tool to assess the properties and quality of the 

produced graphene. However, Raman spectroscopy has as 

main disadvantage its more complex data interpretation. 

Significant efforts have been devoted to the study of the 

Raman spectra on graphene and its interpretation [27, 28]. Yet, 

there are still some fundamental issues which are not 

completely understood. For instance, the commonly reported 

single component nature of the 2D peak is usually explained 

in terms of perfectly conical electronic and phononic band 

structures around the K points. However, due to the trigonal 

warping effect both bands are distorted at increasingly large 

energies, leading to nonequivalent directions in the Brillouin 

zone (see figure S1). Therefore a multicomponent 2D band 

should be expected instead. Even if the scattering process is 

modeled considering only phonons along the high symmetry 

directions, it would give raise to two distinct 2D components, 

contrary to what is commonly observed. Interestingly, recent 

works have shown that the line shape of the 2D band of 

freestanding graphene is actually asymmetric and can be fitted 

to two components [29, 30], while it becomes symmetric on 

supported or electrostatically doped graphene [31,32], 

suggesting that the contribution from phonons along different 

directions cannot be neglected. Understanding the asymmetric 

nature of the 2D band and its symmetrisation upon 

doping/substrate interaction would give a deeper insight on 

the involved processes, which are of fundamental importance 

for the correct interpretation of the Raman spectra of 

supported graphene. Since this phenomenon has not been 

studied for graphene on metallic supports, the graphene-

Cu/Cu2O system provides an excellent platform to explore it, 

also as a function of the metal substrate orientation. 

In this work, we investigate the orientation dependent 

oxidation of graphene covered Cu (Gr/Cu) foils, and how their 

properties are affected by the orientation of the Cu grains and 

the presence of an intercalated oxide layer. To this end we 

determined the crystallographic orientation of different Cu foil 

grains by means of electron backscattering diffraction (EBSD) 

and studied their oxidation over a period of more than 8 

months under ambient conditions. Conventional and cross 

polarized (CP) optical microscopy, as well as atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) 

were used to track the changes in morphology and oxide 

coverage of the samples, while Raman spectroscopy was used 

to characterize the physical properties of graphene as well as 

to qualitatively compare the oxidation degree of the samples. 

Our study reveals important changes in the oxidation kinetics 

of graphene covered Cu compared to uncovered one, 

manifested in a swap of the oxidation rate relationship 

between the three low Miller index orientations, (100), (110) 

and (111), with (100) and (111) oriented grains oxidizing 

faster in the graphene covered Cu, and the (110) grains 

showing qualitatively lower long term oxidation degrees 

compared to the bare Cu. This difference is correlated to an 

orientation dependent modification of the surface morphology 

of the grains, which is produced during the growth of 

graphene. The oxide layer itself is found to tensile strain and 

dope the otherwise compressively strained and undoped 

graphene, with little effect of the Cu grain orientation. An 

important and unexpected result is the observation of an 

anomalous shift of the G and 2D Raman peaks of graphene on 

Cu (110) unoxidized surfaces, which is removed upon 
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oxidation. This shift, which has been commonly overlooked 

in the literature, is correlated with a significant lower 

oxidation rate and surface smoothness of (110) grains 

compared to (100) and (111) ones, and cannot be explained by 

the usual substrate strain/doping effect. 

Understanding the oxidation process of Cu below graphene 

and the physical phenomena behind the anomalous shift of the 

2D peak of graphene supported on Cu is crucial for the 

implementation of the CVD growth of graphene on Cu in the 

industry as well as for the correct interpretation of the Raman 

spectra, which are systematically used to characterize 

graphene. 

2. Experimental section 

2.1 Sample fabrication 

Graphene single layers were grown on Cu foils by CVD 

following a procedure reported elsewhere [10]. Briefly, 

commercial Cu foils (25 μm-thick, 99.8%, Alfa Aesar) were 

first cleaned with acetone and acetic acid to remove any trace 

of surface contaminants, and then annealed at 250 °C in air to 

form a protective oxidized surface. The foils were then 

transferred into a CVD tubular furnace, where they were 

annealed at 1015 °C in the presence of a hydrogen flux 

(~8·10−1 mbar, 104 sccm) for 1 h. Afterwards the temperature 

was decreased to 900 °C and an additional CH4 flux of 10 

sccm was introduced for 30 minutes to induce the growth of 

graphene. To perform a proper comparison, control samples, 

i.e. Cu foils with no graphene on top, were grown following 

the same procedure as for the Gr/Cu foils, but without 

introducing CH4 during the 900 °C step to avoid the formation 

of graphene. Cooling was performed by placing the samples 

on the cold region of the tube for about 15 minutes before 

venting. The samples were stored in ambient conditions after 

growth and studied for more than 8 months as they oxidized. 

2.2 Characterization techniques 

The morphology of the samples was studied by means of 

optical microscopy, both in bright field and CP modes, as well 

as by SEM in a FEI Inspect microscope with accelerating 

voltages in the range of 5-20 V. AFM images were collected 

in tapping mode (Nanosensors PPP-NCH-w Si tips with 

cantilever resonance frequency f0 ~ 270 kHz and k ~ 30 N m−1) 

with a commercial equipment from Nanotec. Orientation 

maps were obtained by means of EBSD carried out with a 

Bruker e-FlashHR+ detector using an acceleration voltage of 

20 kV, and a sample tilt angle of 70°. The recorded Kikuchi 

patters were automatically analyzed by the QUANTAX 

CrystAlign software in order to determine the crystalline 

orientation of the foils at each probed pixel. This technique 

has a typical probing depth of tens of nm, which has two 

implications: first, EBSD is not a surface technique; the 

overall crystalline orientation of the grains is given with 

respect to the sample surface and thus it is insensitive to 

surface reconstructions or terrace step formation at low angle 

surfaces. Second, even if there is an oxide layer atop, its 

thickness is typically of few nm [26], and thus the majority of 

the signal comes from the Cu below, allowing the 

identification of the crystal orientation of the underlying Cu. 

Micro-Raman experiments were performed at room 

temperature using the 488 nm line of an Ar+ laser with an 

Olympus microscope (100x objective with a numerical 

aperture of NA = 0.95, which corresponds to a Raman spatial 

resolution of ~0.8 μm for 488 nm) and a “super-notch-plus” 

filter from Kaiser. The scattered light was analyzed with a 

Jobin-Yvon HR-460 monochromator coupled to a Peltier 

cooled Synapse CCD. Reference freestanding graphene 

Raman spectra were recorded on CVD graphene transferred 

onto an Al2O3/Al foil. The foil was bended prior the 

transference of graphene in order to induce cracks on the 

alumina, and measurements were performed on graphene 

suspended over the cracks. 

3. Results and discussion 

3.1 Grain dependent oxidation of graphene covered Cu 

foils 

After several months of air exposure both the Gr/Cu foils 

and the control sample present grains with different color 

contrast under the optical microscope. The difference in color 

contrast is a direct indication of different oxidation degrees, 

the redder tones being related to a more advanced oxidation 

state, as confirmed by Raman spectroscopy. Figures 1(a) and 

(b) shows representative micrographs of both samples, as well 

as their corresponding orientation maps, where some low 

index grains have been identified, namely (100), (110) and 

(111) grains. Raman spectra recorded at the identified grains 

are plotted in figures 1(c) and (d), respectively. 

The set of peaks at frequencies below 1000 cm-1 has been 

attributed to Cu2O phonon modes [10], while the two peaks 

located at ~1580 and ~2700 cm-1 (in the case of the Gr/Cu foil) 

are the characteristic G and 2D peaks of graphene, 

respectively. The control sample also presents two very broad 

peaks in the spectral region of 1350 – 1600 cm-1, which 

correspond to carbonaceous species deposited during the 

EBSD measurements performed after it was already oxidized. 

The intensity of the Cu2O peaks is related to the oxide 

thickness on the probed area, and therefore its most intense 

peak, centered at ~640 cm-1, can be used to qualitatively 

compare the oxidation degree of different grains [7, 10]. It is 

clear from the spectra, as well as from the different reddish 

tone of the samples, that the Gr/Cu foil is more oxidized with 

respect to the control sample, as expected after a long 

oxidation period [7, 8, 10]. Comparison of grains with 

different orientations shows that in the control sample the 

(110) grains are more oxidized, followed by the (111) grains 
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and then the (100) grains, although these variations are 

relatively small (𝑟𝐶𝑢 𝑓𝑜𝑖𝑙
(100)

< 𝑟𝐶𝑢 𝑓𝑜𝑖𝑙
(111)

< 𝒓𝑪𝒖 𝒇𝒐𝒊𝒍
(𝟏𝟏𝟎)

, where r stands 

for oxidation rate, figure 1(c)). In general (100) surfaces are 

reported to have the fastest oxidation rates at room 

temperature, contrary to our own results, while no agreement 

is found concerning (110) and (111) surfaces [33, 34]. 

However, theoretical calculations, have shown that structural 

disorder can swap the oxidation rate relationship of these 

surfaces, as atomic defects (and/or temperature) increase the 

oxidation rate of (110) and (111) surfaces with respect to (100) 

ones, which are almost insensitive to this effect [25]. Surface 

defects are expected in large amounts in the studied foils due 

to the presence of extrusion lines (surface steps) and relatively 

fast cooling after sample growth (point defects), thus 

explaining our observations. This result highlights the 

importance of comparing the oxidation rates of different 

crystallographic orientations between samples treated under 

similar conditions. 

 

 

Figure 1. (a) and (b) Optical micrographs of the control 

sample and the Gr/Cu foil after several months of air exposure. 

Some low index grains are indicated. Insets show the 

corresponding orientation maps as determined by EBSD. The 

orientation color code is displayed at the bottom left. (c) and 

(d) Raman spectra acquired at different grains of the control 

sample and the Gr/Cu foil, respectively. Due to the 

inhomogeneous distribution of the oxide layer on the Gr/Cu 

foil, two spectra, representative of the highly and lowly 

oxidized areas, are shown in (d). The two peaks at 1350 – 1600 

cm-1 on (c) correspond to carbonaceous species deposited by 

the SEM during the EBSD measurements. 

 

The situation is exactly the opposite for the Gr/Cu foil, with 

faster oxidation rates for grains oriented parallel to the (100) 

and (111) surfaces, while (110) grains present large 

unoxidized areas, as confirmed by the absence of the Cu2O 

Raman peak (within the detection limit of the technique), and 

some small and weakly oxidized patches, (𝒓𝑮𝒓/𝑪𝒖
(𝟏𝟏𝟎)

≪ 𝑟𝐺𝑟/𝐶𝑢
(111)

≲

𝑟𝐺𝑟/𝐶𝑢
(100)

, figure 1(d)). The difference in oxidation rates is much 

higher in the Gr/Cu foil than in the control sample, as 

evidenced from the comparison of the Raman spectra. 

Therefore, the presence of graphene drastically changes the 

oxidation kinetics of the different surfaces, swapping their 

oxidation rate relationship to the point of enhancing the long 

term oxidation of Cu (100) and (111) grains, while hindering 

the same process on (110) grains. This suggests that graphene 

can actually work as a protective layer under certain 

circumstances, contrary to the general graphene-enhanced 

corrosion reported previously, where the orientation of the 

substrate was not considered. 

The inversion in the oxidation rate relationship is 

accompanied by a change in both the morphology and the 

oxidation habit of the grains. Figure 2 shows the optical, CP 

and SEM images of both the control sample and the Gr/Cu 

foil. While the contrast in the optical images is mainly related 

to the presence of Cu2O, the CP and SEM images are sensitive 

to both the topography and the presence of Cu2O (the latter 

due to the interference signal amplification effect of Cu2O [15] 

and its different electron yield compared to bare Cu, 

respectively). As can be seen in figures 2(a–c), the control 

sample shows a relatively homogeneous oxidation degree 

within each grain, despite different grains present different 

oxidation degrees. The Gr/Cu foil, on the other hand, has an 

uneven distribution of Cu2O within each grain, with large, 

elongated oxide patches covering the surface of (100) and 

(111) grains, and small Cu2O islands scattered over the 

otherwise pristine (110) grains (figures 2(d–l)). Besides, while 

the control sample looks relatively smooth regardless the 

considered grain (figures 2(a–c)), the Gr/Cu foil clearly shows 

a different morphology depending on the grain orientation, 

with (100) and (111) grains presenting rippled surfaces, and 

(110) grains showing pretty smooth surfaces instead (figures 

2(d–l)). Similar ripples on grains with the same (100) and 

(111) orientation (but not on (110) grains) can be observed in 

the as grown Gr/Cu samples (figure 2(m)), evidencing that this 

is a general result and that ripples are formed during the 

growth of graphene and not as a result of the oxidation 

process. AFM images show that these ripples are actually 

composed of a large number of small terrace steps with a 

typical step height of 5 – 30 nm (see figures 3(a) and (b)). This 

result suggests that the ripples are most probably originated by 

the bunching of Cu steps moving due to the sublimation of the 

foil during the thermal treatment, as reported by Wofford et 

al. [1] and Hayashi et al. [35]. The step bunching process is 

produced when the terrace step movement is stopped or 

slowed down by the presence of a graphene layer, as it 

prevents the Cu atoms from escaping the foil surface (see the 

sketch in figure 3(c)). Rippling is not limited to (100) and 

(111) surfaces, but it is also present in other (but not all) higher 
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Miller index surfaces. All these step-bunched surfaces show 

similarly high oxidation degrees, suggesting that the variation 

in oxidation rate is somehow related to the presence of Cu 

ripples. 

 

Figure 2. Optical, cross polarized (CP) and SEM images of 

the different Cu surfaces: (a)-(c) bare Cu foil, (d)-(f) Gr/Cu 

(100) grain, (g)-(i) Gr/Cu (111) grain and (j)-(l) Gr/Cu (110) 

grain. The redder/brighter regions correspond to the Cu2O 

patches in the optical/cross polarized images, respectively. In 

the SEM images the darker regions correspond to the Cu2O 

patches on (100) and (111) grains, while the contrast is 

reversed for (110) grains. (m) Optical image of an as grown 

Gr/Cu foil showing the presence of ripples in one of the grains 

before any oxidation has taken place. (n) Raman spectra 

acquired at different grains of the Gr/Cu foil showing the 

absence of D peak. 

Incomplete coverage of graphene or increased 

concentration of graphene defects as a result of the presence 

of ripples are two possible explanations linking both 

phenomena. However, Raman maps recorded at different 

grains confirmed that graphene totally covers the whole 

surface of the sample (the laser spot size is smaller than the 

typical size of the oxide patches). In fact, the oxide patches are 

aligned approximately perpendicular to the ripples, while it 

was demonstrated that graphene tends to align parallel to the 

Cu terrace steps in the early growth stages, i.e. when graphene 

has not totally covered the foil surface [35]. Besides, despite 

graphene defects have been reported to act as nucleation 

centers for the oxidation of graphene covered Cu [6, 36], no 

correlation was found between the intensity of the D peak 

(related to defects and almost undetectable in our samples) and 

the presence of oxidized patches (figure 2(n)), suggesting a 

similarly low concentration of defects in all the studied grains. 

A different explanation would rely on a grain dependent 

coupling between graphene and its Cu substrate. Those grains 

showing a weaker mechanical coupling will present higher 

surface mobility for the Cu ions, allowing the terrace steps to 

keep moving despite being covered by graphene, preventing 

the formation of ripples. Similarly, graphene has been reported 

to enhance the electrochemical oxidation of Cu by assisting 

the electron transfer from the Cu to the upper surface of its 

native oxide layer [7, 8]. During the oxidation process Cu+ 

cations diffuse through the oxide layer to the surface, where 

they react with adsorbed O species in a redox reaction. 

Nevertheless, the insulating nature of the oxide impedes those 

electrons left behind to reach the surface, preventing the 

oxidation from continuing. Graphene can contact electrically 

both the Cu and Cu2O surfaces, allowing the redox reaction to 

proceed. However, if graphene is electrically decoupled from 

the substrate this process cannot take place, effectively 

protecting the Cu, as observed in the smooth (110) surfaces. 

Raman spectra performed on an as-grown sample showed that 

those grains presenting smooth surfaces have statistically 

higher 2D to G integrated ratios, which is an indication of a 

lower degree of graphene-substrate coupling, compared to 

grains with rippled surfaces (see figure S2). Similarly, Zhang 

et al. [2] observed a physical decoupling between graphene 

and Cu (110) surfaces after performing some low temperature 

thermal cycles, while Wilson et al. [37] described a very weak 

interaction between graphene and Cu (110) single crystals in 

order to explain an observed weak mismatch epitaxy of 

graphene on that surface. 
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Figure 3. (a) and (b) AFM images of the Gr/Cu rippled surfaces. The low magnification image reveals how the observed ripples 

are composed of a large amount of smaller Cu steps, while the high magnification image shows a detail of these steps, having 

a step height of 5 – 30 nm. (c) Sketch of the graphene driven step bunching process. Without graphene all the steps move at a 

constant rate as a result of the Cu sublimation, keeping the surfaces smooth. After graphene has nucleated it prevents the Cu 

atoms to leave the surface underneath, slowing down the movement of the steps and causing them to pile up. 

 

3.2 Graphene–Cu and graphene–Cu2O interaction 

Considering the clearly unavoidable oxidation of the Gr/Cu 

foils as well as the totally different evolution of the grains, it 

seems necessary to study the effect this oxide layer has on 

graphene properties, taking into account the orientation of the 

grains. Figure 4(a) shows a representative example of the 

Raman spectra of the three different orientations presenting 

different degrees of oxidation. It is evident from the plot that 

the 2D peak (and the G peak to a lesser extent) shifts to lower 

Raman frequencies as the oxidation degree increases. This is 

further confirmed by the Raman maps performed at different 

grains as shown in figures 4(b–g). Those grains showing more 

reddish tones (more oxidized) have lower 2D Raman 

frequencies, ω2D. 

Figure 5(a) shows ω2D as a function of the intensity of the 

Cu2O peak at 640 cm-1, I(Cu2O), for a large set of spectra 

recorded from (100), (110), (111) and other randomly oriented 

grains (red, green, blue and grey symbols respectively). 

Measurements were performed at different times during a 

period of 8 months after the sample was grown. The observed 

frequency decrease is clearly related to the Cu2O thickness and 

has otherwise a very weak dependence on the orientation of 

the grains (see figure 5(a)), although (111) grains present 

slightly larger shifts. Black squares correspond to 

measurements performed on an as grown (non-oxidized) 

sample and depict the dispersion of ω2D for I(Cu2O) = 0, with 

an average ω2D value of 2717 ± 7 cm-1. When all data points 

are plot in semi-logarithmic scale (figure 5(b)) a clear linear 

trend can be observed. Data can be fitted to an empirical 

formula y = A – Bln(x + C), with A = 2727.2 cm-1, B = 6.3 cm-

1 and C = 4.4, with a saturation value of y[I(Cu2O) = 0] = 2718 

cm-1, which is very approximately the average value of ω2D 

for the as grown, non-oxidized Gr/Cu foil. It is worth noting 

that (111) grains show some points which deviate from the 

observed trend, although the reason for this is still unclear.

 

Figure 4. (a) Representative Raman spectra of the three studied grain orientations before (solid lines) and after (dotted lines) 

being oxidized in ambient conditions for eight months. Each spectrum has been background corrected and Lorentzian fits are 

shown in the unoxidized G and 2D peaks to facilitate comparison. (b–j) Optical micrographs of different grains (including those 
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of the three studied orientations), and their corresponding Raman maps of the Cu2O peak intensity and the 2D peak frequency 

(ω2D). Dashed lines highlight the grain boundaries. The scale bar is 5 μm in all images. 

 

 

Figure 5. 2D Raman peak frequency vs. the intensity of the 

Cu2O Raman peak recorded at different points of the three 

grain orientations. Black squares represent the 2D peak 

distribution of an as grown (non-oxidized) sample. The 

logarithmic dependence is highlighted in (b). Solid lines are 

the fit to the phenomenological equation y = A – Bln(x + C). 

 

Shifts in both the G and 2D Raman peaks of graphene are 

usually produced by a combination of strain and doping due 

to the interaction with the substrate. Each contribution can be 

separated by plotting the 2D peak position against the G peak 

position in a 2D-G diagram as those shown in figure 6 [38]. 

Strain shifts proportionally both peaks in the same direction 

and therefore the points in the diagram move along a single 

line with a slope Δω2D/ΔωG of 2.2, as determined by Lee et al. 

[38]. The strain line crosses the point of freestanding 

graphene, shown by the purple dot in figure 6, which we have 

estimated to be ωG ≈ 1581 cm-1 and ω2D ≈ 2690 cm-1. These 

values are in agreement with previous measurements reported 

in the literature, either directly obtained at 488 nm excitation 

wavelength [15] or by extrapolation from values measured at 

different excitation wavelengths [29, 30, 38–42], assuming a 

variation in ω2D with excitation energy of Δω2D/ΔEexc. = 100 

cm-1 eV-1 [5, 28, 30, 43, 44]. The location of the data with 

respect to the point of freestanding graphene determines 

whether the strain is compressive (larger ωG and ω2D) or 

tensile (smaller ωG and ω2D). Doping, on the other hand, 

always shifts the position of the G peak towards higher 

frequencies, while having a small effect on the 2D peak: p-

doping slightly shifts the 2D peak, with a slope of ~0.75 on 

the 2D-G diagram, and n-doping leaves its position almost 

unaffected for low carrier concentrations. Therefore, the net 

contribution of doping is to displace the points away from the 

strain line to higher ωG values. The 2D-G diagram is thus 

divided in two regions by the strain line; the upper-left region, 

which is inaccessible (forbidden) by any combination of strain 

and doping, and the lower-right region where all the data 

points should lie, as indicated in figure 6. 

The 2D-G diagram obtained on six randomly oriented 

grains of the as grown (unoxidized) sample in shown in figure 

6(a). The unoxidized sample presents a bimodal behavior: for 

rippled grains (blue symbols), which typically (but not 

exclusively) correspond to (111) and (100) orientations, the 

points are distributed around the strain line, revealing a 

negligible doping level, further confirmed by an average 

FWHM of the G peak of 15 cm-1 (see figure S2) [45–47], and 

an inhomogeneous compressive strain, in agreement with 

previous reports [5, 37, 48]. It is worth noting that despite 

some previous works have determined certain degree of 

doping on graphene on copper samples, careful angle resolved 

photoelectron spectroscopy (ARPES) measurements 

performed by Marsden et al. revealed no significant doping 

unless samples were annealed above 200 ºC in ultra-high 

vacuum conditions [48]. Interestingly, for some grains, 

usually presenting smoother surfaces (green symbols), the 

points are shifted towards the forbidden region. This shift into 

the forbidden region is, in average, Δω2D ~10.3 cm-1 along 

the ω2D axis, larger than the data point dispersion of any of the 

studied grains (δω2D ~ 6 cm-1, marked by the red shadowed 

area in figure 6(a)), and thus cannot be explained as a 

statistical fluctuation. The forbidden region is only accessible 

at a very low doping level, where graphene G peak is predicted 

to anomalously shift towards lower Raman frequencies [45–

47]; however the expected shift (~1 cm-1) is significantly 

smaller than observed here.
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Figure 6. 2D-G diagrams of two different Gr/Cu foils. (a) As grown sample with non-oxidized substrate. Different colors 

represent different grains. (b and c) Equivalent sample measured for a period of 8 months after being grown, showing an 

oxidized Cu substrate. Color code in (b) indicates the intensity of the Cu2O peak at each measured position, while the 

corresponding crystalline orientation is represented in (c). (d) Combination of data from both samples and their biaxial strain 

as estimated from their relative position [38] to the freestanding graphene (purple dot) along the strain line. 

 

The observed compressive strain is a consequence of the 

difference in sign of the thermal expansion coefficient of 

graphene and the underlying Cu, and usually leads to the 

formation of graphene wrinkles as those shown in figure 3(b). 

This strain can be either uniaxial or biaxial. The symmetry 

breakdown produced under uniaxial strain splits both the G 

and 2D peaks into two components, G+, G- and 2D+, 2D- [39, 

40], while biaxial strain preserves the symmetry of graphene 

lattice and does not change the line shape of the peaks [41]. 

The shift of the G peak due to strain effects has been estimated 

to be ΔωG/Δε ~ -23.5 cm-1/% for uniaxial strain (averaged for 

G+ and G- split peaks) [39, 40], and ΔωG/Δε ~ -69.1 cm-1/% for 

biaxial strain [38, 41, 49], so a compressive strain as large as 

ε = -1.2% would be obtained if uniaxial strain is considered; 

enough to produce an appreciable splitting of the G peak, 

regardless of the orientation of graphene with respect to the 

strain direction. Since all observed peaks can be fitted using 

just one component, a biaxial compressive strain must 

therefore be assumed, as expected for any strain produced by 

a difference in thermal expansion between graphene and 

copper (see figure 6(d) and Supporting Information S3 for 

further details). 

Figure 6(b) shows the 2D-G diagram of a Gr/Cu foil several 

months after being grown (between 4 and 8 months). The 

color code indicates the relative thickness of the Cu2O layer 

(oxidation degree) as determined by the intensity of its Raman 

peak at 640 cm-1 (black, not oxidized; red, slightly oxidized; 

yellow, very oxidized). As the sample starts getting oxidized 

the data points in the diagram shift down the strain line, 

indicating a relaxation of the compressive strain. At relatively 

low oxidation degrees (see also figure 5(a)), the data points 

jump away the strain line and continue moving downwards 

along a parallel line, depicted by the linear fit shown in the 

figure, indicating the presence of certain degree of doping. 

The fact that the data points keep moving parallel to the strain 

line points out to a constant doping level, which is produced 

by the interaction with the underlying Cu2O, independently of 

its thickness. This is in contrast to the observations made by 
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Yin et al. [14] who described an electrical decoupling of 

graphene upon oxidation, leading to undoped graphene on 

Cu2O. Doping is reported to decrease the FWHM of the G 

peaks [46, 47, 50, 51], however, despite the significant doping 

level induced by the Cu2O layer, both the G and 2D peaks are 

broadened up to ~25 cm-1 and ~46 cm-1 respectively (see 

figure S3). This broadening, affecting both peaks, is most 

likely related to an increase in the inhomogeneity of the 

graphene strain/doping state (with a characteristic size below 

that of the laser spot) induced by an increased surface 

roughness upon Cu2O growth, as reported by Yin et al. [14]. 

The surface roughening would be responsible also for the 

compressive strain release of graphene: Cu2O Raman peaks do 

not shift as the oxide layer grows thicker, indicating a 

negligible change in its lattice parameter; therefore the direct 

coupling of graphene with the larger lattice parameter of Cu2O 

cannot account for its progressive strain relaxation, in 

agreement with the observed mechanical decoupling upon Cu 

oxidation [16, 17]. 

As in the case of the as grown graphene (non-oxidized 

substrate), a dense bunch of points remains anomalously 

located into the forbidden region at a statistically significant 

distance from the strain line. These data points were taken 

from areas (or grain areas) which had not undergone any 

significant oxidation and correspond precisely to (110) grains 

or other grains with smooth surfaces, as shown in figure 6(c). 

These grains are precisely those that are more resilient to 

oxidation, and present unoxidized areas even a year after the 

sample was grown, as discussed before. Interestingly, once 

Cu2O nucleates and grow on those particular grains the 

observed anomalous shift is completely removed in the areas 

directly above the oxide patches, but it is preserved on the yet 

unoxidized areas, as shown in figure S4. Comparison between 

figures 6(b) and (c) shows how data points obtained in 

oxidized (110) grain areas lie in the same region of the 

diagram as other similarly oxidized (100) and (111) grains. 

This strongly suggests that the shift is produced by the 

interaction between graphene and the Cu substrate at those 

particular grains. The trend followed by the data points after 

oxidation seems very weakly dependent on the grain 

orientation, in agreement with data from figure 5. A summary 

of all data obtained for both unoxidized and oxidized samples 

is presented in figure 6(d), showing the evolution of graphene 

2D/G peaks with oxidation degree, as well as the estimated 

biaxial strain. 

The origin of the observed anomalous shift is still unclear, 

but this phenomenon is not unique to our work. Indeed, some 

previous reports of graphene on Cu have shown anomalously 

large 2D Raman peak frequencies when compared to the 

corresponding G peak position [5, 17]. Nevertheless, this 

phenomenon has been generally overlooked, attributed to 

inaccuracies, or directly ignored. Whelan et al. [17] used the 

disappearance of a high frequency 2D+ peak and the 

appearance of a different low frequency 2D- peak as indicator 

for the mechanical decoupling of graphene during the 

oxidation of the Cu substrate; however, they did not discuss 

the physical origin of these two components. Frank et al. [5] 

estimated a higher than expected unstrained 2D peak 

frequency, ω2D,free, for as-grown graphene samples on Cu 

single crystals by extrapolating their data to the unstrained 

ωG,free value. They partially attributed this discrepancy to a 

reduced dependence of the 2D band with excitation energy 

(due to a slight substrate-induced doping), which would lead 

to higher ω2D,free when extrapolating their values (obtained at 

1.96 eV) to the larger excitation energies usually employed in 

the literature (typically 2.41 eV, i.e. 514 nm). However, the 

excitation energy used in our work is 2.54 eV, and therefore a 

smaller dispersion of the 2D band would imply an 

extrapolated lower ω2D,free value, contrary to our observations 

(see figure S5). 

Twisted (turbostratic) graphene bilayers have been shown 

to present similar shifts of the 2D peak position, depending on 

their relative rotation angle [52–54]. The origin of this shift is 

believed to be related either to the renormalization of the 

Fermi velocity of graphene, vF, or to the formation of van 

Hove singularities, although there is some controversy on this 

issue [53, 55–57]. These systems are characterized by single 

component 2D peaks, contrary to the usual four components 

of Bernal (AB stacking) bilayers, and their G to 2D peak 

intensity depends on the rotation angle, making it difficult to 

distinguish them from monolayer graphene just by means of 

Raman spectroscopy. Nonetheless, we do not see any evidence 

of bilayer graphene in our samples, such as the reported 

change in reflectance (optical microscopy) and electron yield 

(SEM) compared to monolayer regions [58]. Besides, if the 

presence of twisted bilayers was responsible for the observed 

anomalous shift of the 2D peak, it would imply that they 

totally cover particular grains with specific orientations and 

surface morphologies (smooth surfaces parallel to (110) 

planes), without spreading to adjacent grains. However, 

graphene is known to cross grain boundaries during its growth, 

spreading to adjacent grains, and bilayers usually appear as 

isolated spots (micron size) when grown by CVD on Cu [59]. 

Moreover, the fact that the anomalous shift is removed when 

the samples get oxidized without changing the single 

component nature of the Raman peaks strongly points to some 

sort of interaction between graphene and the Cu substrate and 

not between two rotated graphene layers (see figure S4). This 

different (less coupled) graphene-substrate interaction at (110) 

grains could also explain the smoothness and oxidation 

resistance of these surfaces, as discussed above. 

The lack of doping observed in our as grown Gr/Cu 

samples agrees with a weak electronic coupling for the 

different surfaces, however, the anomalous shift of the 2D/G 

peaks measured on (110) grains points to the presence of a 

non-negligible interaction for those surfaces. A way this 
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interaction may produce the observed behavior might be 

through a decrease in vF of graphene, similar to the case of 

twisted graphene bilayers. For instance, it has been predicted 

that the presence of a uniform electric field could modify the 

vF of graphene [60]. This decrease would in turn increase the 

Raman frequency of the 2D peak without affecting the 

position of the G peak. However, a reduction of the Fermi 

velocity would produce a smaller shift of the 2D peak for 

lower excitation energies [53], while either a similar or larger 

shift is observed when an excitation energy of 1.88 eV is used 

(see figures S6 and S7). 

A different explanation would lie in the recently discovered 

bimodal shape of the 2D band for freestanding graphene. Luo 

et al. [30] reported an asymmetric 2D band for freestanding 

graphene which could be fitted to two Lorentzian peaks: the 

first one, at lower frequency, ω2D
-, accounting for most of the 

intensity of the 2D band, and a second one at higher frequency, 

ω2D
+, giving rise to the high frequency tail. This asymmetric 

shape was mentioned in previous works [29], however its 

origin was not explored until very recently. Luo et al. [30] 

related the presence of both components to the two possible 

scattering paths responsible for the formation of the 2D band, 

the so called inner and outer processes. Due to the trigonal 

warping effect, the scattering process along the KΓ direction 

(outer process) is more energetic compared to the KM 

direction (inner process) (see figure S6). Despite the 

wavevector nesting is larger for the outer process, suggesting 

a higher intensity for the ω2D
+ component [31], theoretical 

calculations including quantum interference and the q-

dependent scattering matrix elements of the phonon intensity 

showed that the inner process ω2D
- is the dominant one [61]. 

The symmetric shape of the 2D band is usually recovered on 

supported graphene samples. Berciaud et al. [32] related the 

broadening and symmetry recovery of the 2D band to the 

effect of doping as both components tend to merge when the 

doping level is increased. The reported frequency splitting of 

the ω2D
- and ω2D

+ components (~15 cm-1) is very similar to the 

average anomalous shift observed in this work (~10.3 cm-1). 

Figure 7 shows the Raman frequency of the ω2D
- and ω2D

+ 

components reported by several works for freestanding 

graphene as a function of excitation energy. The values 

obtained in our work by extrapolating both the normal (pink, 

crossed circle) and anomalous (blue, crossed diamond) data to 

the unstrained graphene ωG ~ 1581 cm-1 are shown for 

comparison. The same has been done with data from the work 

of Frank et al. [5], where an anomalously high frequency of 

the 2D band was observed for graphene on Cu single crystals 

(blue diamond with a dot in the center). 

Both our values from the anomalous region, as well as those 

reported by Frank et al., fit quite well within the trend of the 

ω2D
+ component, pointing to a dominant outer, ω2D

+, process 

as the origin of the anomalously high frequency of the 2D 

band. This is in contrast to the usual higher intensity of the 

inner process. Luo et al. [30] and Berciaud et al. [32] observed 

an enhanced (decreased) intensity of the outer (inner) process 

with decreasing excitation energy; however, for the excitation 

energy used in our work the inner process (ω2D
-) should 

dominate the spectrum. The contribution from the outer 

process usually gets negligible or degenerates to that of the 

inner process at larger graphene substrate coupling, which 

again points to a lower graphene-substrate coupling at (110) 

grains. Charge doping has been reported to switch the intensity 

from the inner to the outer component (at very low doping 

levels) in graphene layers embedded in h-BN [31], however, 

doping also shifts the outer component to lower frequencies 

until both peaks are merged, so it cannot explain our 

observations. Therefore, further theoretical work would be 

necessary to elucidate the exact origin of the observed 

suppression (or enhancement) of the inner (outer) process on 

the graphene-Cu system. 

 

Figure 7. Raman frequency of the two components of the 2D 

peak (ω2D
- and ω2D

+) as a function of excitation energy as 

reported in several works for freestanding graphene. Both the 

data from reference 32 as well as their corresponding second 

order polynomial fits (solid lines) have been shifted upwards 

by 6 cm-1 to match the data reported by the rest of the 

references. Points from reference 5 as well as those obtained 

in this work have been extrapolated to the point of 

freestanding graphene (ωG ~ 1581 cm-1), assuming a strain 

shift of Δω2D/ΔωG = 2.2 and negligible doping. Please note 

that both in our work and in [5] all 2D peaks were fitted to a 

single Lorentzian profile, so each point here correspond to the 

extrapolation of data from either the normal (Nor.) or the 

anomalous (An.) regions. 

4. Conclusion 

In summary, the interaction between graphene and its Cu 

substrate plays an important role not only in the morphology 
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and oxidation of the Cu substrate, but also in the Raman 

scattering processes of graphene. The surface morphology and 

oxidation rates of graphene covered Cu strongly depends on 

their coupling at different Cu grain orientations. For (100) and 

(111) grains graphene leads to the formation of ripples on the 

Cu surface and increases its long term oxidation as compared 

to the uncovered case. Conversely, (110) surfaces remain 

unaltered after graphene growth and present almost pristine 

surfaces for extremely long periods of time. These differences 

are attributed to a reduced graphene-Cu coupling at (110) 

surfaces which, on the one hand, permits the proper diffusion 

of Cu ions below graphene, avoiding the step bunching 

process that leads to the formation of ripples and, on the other 

hand, hinders the charge exchange between graphene and Cu 

surface, necessary for the oxidation of the substrate. 

Therefore, it is shown that CVD graphene can actually work 

as protective layer (either for Cu or other materials) provided 

it is properly decoupled from the substrate. Considering the 

new advances performed in the detachment of CVD graphene 

from its growth substrate these results can have important 

implications for the industry beyond its use as anticorrosion 

coating of different metallic substrates. In particular, graphene 

could also be used in all-2D-based devices, both as active 

region (or electrode) and as protective layer of other 2D 

materials such as phosphorene or transition metal 

dichalcogenides, which tend to degrade under ambient 

conditions. This would span the range of functionality of 

protective 2D coatings, which are currently represented 

mainly by the highly insulating hexagonal boron nitride (hN). 

The weak coupling at (110) surfaces is correlated to an 

anomalous Raman shift of the 2D peak which cannot be 

explained in terms of the conventional strain-doping 

mechanisms. Other effects, such as the presence of uniaxial 

strain, the renormalization of the Fermi velocity or a reduced 

dispersion relationship have also been ruled out as the origin 

of the shift. It is thus concluded that the most likely 

explanation for the phenomenon is an enhanced outer Raman 

emission (2D+), in contrast to the usually stronger inner 

process (2D-). This enhancement is believed to be a 

consequence of the reduced graphene-Cu coupling. Our 

results suggest that the process leading to the bimodal line 

shape of the 2D band is more complex than previously 

expected, as already pointed by other authors, and reveal the 

necessity of performing further theoretical studies in order to 

elucidate its origin and evolution with the graphene-substrate 

interaction. Given the wide usage of Raman spectroscopy not 

only in the academy, but also in the industry of graphene, 

understanding these processes is of paramount importance for 

the proper characterization of supported graphene. 
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