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ABSTRACT 

We present a new protocol to grow large-area, high-quality single-layer graphene on Cu 

foils at relatively low temperatures. We use C60 molecules evaporated in ultra high 

vacuum conditions as carbon source. This clean environment results in a strong 

reduction of oxygen-containing groups as depicted by X-ray photoelectron spectroscopy 

(XPS). Unzipping of C60 is thermally promoted by annealing the substrate at 800ºC 

during evaporation. The graphene layer extends over areas larger than the Cu crystallite 

size, although it is changing its orientation with respect to the surface in the wrinkles 

and grain boundaries, producing a modulated ring in the low energy electron diffraction 

(LEED) pattern. This protocol is a self-limiting process leading exclusively to one 

single graphene layer. Raman spectroscopy confirms the high quality of the grown 

graphene. This layer exhibits an unperturbed Dirac-cone with a clear n-doping of 0.77 

eV, which is caused by the interaction between graphene and substrate. Density 

functional theory (DFT) calculations show that this interaction can be induced by a 

coupling between graphene and substrate at specific points of the structure leading to a 

local sp3 configuration, which also contribute to the D-band in the Raman spectra. 

* Corresponding autor. Tel: +34913349081. E-mail: mflopez@icmm.csic.es 
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1. Introduction 

 After the major impact that graphene produced on the scientific community 

because of its diverse and exceptional properties (high carrier mobility, high elasticity, 

chemical inertness, high thermal conductivity, tunable band gap, half-integer quantum 

Hall effect, etc.) [1], the focus is currently placed on its promising technological 

applications. Many different experimental protocols have been established to achieve a 

controlled, scalable and low-cost production of this carbon allotrope, though still a 

single formula combining all the aforementioned aspects is lacking [2]. Although 

exfoliation of graphene from graphite, the pioneering method used by Geim and 

coworkers [3], led to numerous exciting discoveries of graphene electronic and 

mechanical properties [4-5], the lack of scalability of this protocol has motivated the 

exploration of other preparation methods involving different types of precursors and 

substrates [6-9]. Undoubtedly, the most extended method has been graphene growth on 

metal substrates by chemical vapor deposition (CVD) using hydrocarbon gaseous 

reactants such as methane, acetylene or ethylene [10]. However, the current CVD 

processes usually require elevated temperatures (around 1000ºC) to decompose the 

gaseous reactant and to succeed in the graphene formation procedure. In order to 

overcome the temperature drawback of this method, many efforts have been made to 

lower these values in the search of a cost efficient and environmentally friendly route.  

In this work, we have explored a different graphene synthesis methodology taking 

advantage of the knowledge and technology that surface science provides. As substrate, 

copper in the form of foil was chosen due to its low carbon solubility, catalytic-like 

action and low price. As carbon source, C60 molecules were used [11], which represent 

an optimal choice, since they only contain the desired chemical element in graphene 

growth, together with their relative low cost and highest abundance among fullerenes. 

The C60 molecules, although stable at room temperature, decompose upon annealing at 

temperatures beyond 700ºC [12]. For this reason, it is expected that not extremely high 

temperatures will be needed to favor the chemical reaction for growing graphene from 

C60 molecules, making this new route advantageous.   

Indeed, the transformation of C60 into graphene was previously reported on Ni thin 

films, Pt(111), Ru(0001) and Ir(111) surfaces, in which the metal-catalyzed cage-

opening of C60 was achieved in the 700-1000°C temperature range [13-16]. All the 
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above systems fall into the category of strongly interacting interfaces, in which C60 

adsorption is dominated by molecule-substrate interaction rather than intermolecular 

interactions. In fact, for these systems several studies agree that the C60-surface 

interaction induces the formation of surface vacancies, increasing the substrate–carbon 

bonding strength [15,17,18]. This would explain why annealing at elevated 

temperatures does not cause desorption of the molecule (as observed for other metal 

surfaces) but rather C60 fragmentation and subsequent graphene formation. 

Less explored is the conversion from C60 to graphene on not so strongly interacting 

interfaces. It is particularly striking that, being one of the most employed substrates in 

the widely used CVD growth method, to our knowledge only two works have reported 

the attempt to grow graphene from C60 on copper, with dissimilar results. Yamada and 

collaborators did not succeed in inducing C60 cage unzipping on Cu(111) upon 

annealing up to 580°C, reporting the formation of disordered clusters on the surface due 

to molecular polymerization [14]. Very recently, Tatti and co-workers [19] reported the 

synthesis of graphene on copper by C60 supersonic molecular beam epitaxy (SuMBE). 

The quality of the resulting graphene, however, is far from the aforementioned C60-

derived counterparts, with the presence of pentagons and vacancies and a small 

coherence length that even hinders the formation of a low energy electron diffraction 

(LEED) pattern [19]. 

In the present work, we describe the successful growth of high quality graphene by 

directly evaporating C60 molecules on thin polycrystalline copper substrates at 800ºC in 

ultra-high vacuum (UHV) conditions. Working in this controlled environment allows 

keeping the surface clean for several hours, enough for exploiting the catalytic-like 

properties of the metallic substrate when exposed to the adequate organic precursor. 

Several in-situ and ex-situ surface and spectroscopic techniques have been employed for 

the characterization of the synthesized graphene. With a few exceptions, 

characterization of graphene grown on copper foil is commonly performed once 

transferred to Si/SiO2 substrates, since direct characterization on polycrystalline foils 

poses several difficulties, such as high surface roughness, detrimental for scanning 

microscopy characterization, or much lower Raman scattering intensity and higher 

spectral background. However, transfer processes might modify some of the properties 

of the grown graphene. Therefore, in the present work, LEED, X-ray photoelectron 

spectroscopy (XPS), angle resolved photoemission spectroscopy (ARPES), electron 
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backscattered scattering diffraction (EBSD), scanning electron microscopy (SEM), 

atomic force microscopy (AFM), X-ray diffraction (XRD) and Raman spectroscopy 

measurements were directly performed on the as-grown samples, i.e., without 

transferring the graphene to a different substrate, so as to obtain a thorough 

characterization of the C60-derived graphene, despite the inherent difficulties. 

Additionally, theoretical calculations were performed in order to understand some basic 

points of the surface-graphene interaction. These results indicate that the proposed route 

provides high quality large area single-layer graphene on a technologically relevant 

substrate, such as polycrystalline copper, at a lower temperature than that used in 

conventional CVD. 

2. Experimental and theoretical details 

In order to investigate the main characteristics of the graphene layer grown by using C60 

molecules, different polycrystalline Cu surfaces were studied. Cu foil 25 micron thick 

(Alfa Aesar, 99.8% purity), Cu foil 50 micron thick (Alfa Aesar, 99.8% purity) and Cu 

foil 1.27 mm (Alfa Aesar, 99.9% purity) were used as substrates. The main drawback of 

the 25 micron foil was the occasional bending of the surface by the effect of the 

temperature. Except for those infrequent cases, the results were similar for all 

substrates. The surface of the Cu substrate was prepared by following a standard 

cleaning procedure in an UHV chamber (base pressure 3x10-10 mbar) consisting of 

successive cycles of argon sputtering and thermal annealing at 800ºC. The substrate 

temperature was monitored with an optical pyrometer. Commercial C60 molecules 

(Sigma Aldrich, 98% purity) were used as precursor species for growing graphene on 

the substrate. These fullerenes were evaporated directly in the UHV system using a 

home-made evaporator based on a tantalum crucible. Prior to the experiments, C60 

molecules were purified for several hours at 500ºC. During graphene growth, C60 

molecules were evaporated in UHV at a sublimation temperature of 450ºC. As a 

preparation of the procedure, the clean Cu foil was heated up to 800ºC and kept at this 

temperature. Then, the fullerene molecules were sublimated onto the hot substrate 

during typically one hour. CVD graphene was grown on copper for comparative 

purposes. Copper foil was exposed to a hydrogen atmosphere and heated to 1000ºC. At 

this temperature, the substrate was annealed under the hydrogen flow of 50 standard 

cubic centimeters per minute for 20 min, when the methane precursor was applied. The 

CVD process with the mixture of H2 (50 sccm) and CH4 (1 sccm) gases was carried out 
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for 30 min and an additional 5 min of pure hydrogen flow allowed etching of the top of 

the layers. Then, the sample was cooled to 90ºC and removed from the reactor. The 

pressure of the precursors (either the H2–CH4 mixture or only hydrogen) was kept 

constant at a value of 350 mTorr during the whole growth process. 

 The cleanliness of the substrate was checked by LEED, which allowed the observation 

of different spots corresponding to the different Cu crystallographic orientations. 

Moreover, some control substrates were chosen after the cleaning treatment to study 

their surface morphology by AFM and verify the lack of contamination. An increase in 

grain size together with the development of flat terraces was also observed after 

substrate cleaning. After growth, LEED patterns were used to check in situ graphene 

formation on the sample surface. At this stage, the sample was taken out of the UHV 

chamber to perform the structural and morphological characterization of the graphene 

layer. For this purpose, a commercial AFM system and software (WSxM) from Nanotec 

[20] operating in ambient conditions was employed. Topographic images were acquired 

in dynamic mode, exciting the tip at its resonance frequency (~ 75 kHz in our case). 

Commercial AFM tips from Next-Tip S.L. [21] were used. Raman spectra were 

collected with a confocal Raman microscope (Witec alpha-300R) equipped with a 532 

nm excitation laser and a 100x objective lens (NA = 0.9). The optical diffraction 

resolution of the confocal microscope was limited to about ~400 nm laterally. The 

incident laser power density was lower than 40 mW/µm2, below the onset of sample 

damage. SEM micrographs were recorded on a FEI Nova NanoSEM 230 microscope 

using a vCD detector. XPS spectra were recorded with a VG-CLAM hemispherical 

electron energy analyzer using Mg Kα radiation (1253.6 eV) in an UHV chamber with a 

base pressure lower than 10-9 mbar. XRD θ-2θ patterns were measured using a 

BRUKER 4-circle thin film diffractometer operating on Cu Kα1 radiation (λ = 0.154056 

nm) in a nearly-parallel beam configuration. The EBSD orientation maps were recorded 

using a Hitachi S4800 scanning electron microscope operated at 20 keV with the sample 

tilted by 70°. The mapping was performed with a lateral step of 2 µm. ARPES 

experiments were performed at the CASSIOPÉE beamline (SOLEIL synchrotron, 

France) with a hemispherical photoelectron spectrometer (VG Scienta R4000). The 

spectra were measured at room temperature using a photon energy of 36 eV with a 

beam spot size ranging from 40×20 to 100×100 µm2 and in a UHV system with a base 

pressure in the range of 10-10 mbar. Finally, µ-LEED patterns were acquired at the 
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LEEM-PEEM experimental station of the CIRCE beamline at ALBA Synchrotron [22] 

using an illumination aperture of 10 µm diameter on selected areas of an in situ grown 

sample. 

We have computed the Gr/Cu(110) interface by DFT [23] calculations implemented in 

the plane-wave code QUANTUM ESPRESSO [24]. In particular the vibrational modes 

of pristine graphene and graphene on that surface have been calculated using an 

efficient approach based on a second order response to DFT. This result can be regarded 

as a crude estimation of the non-resonant contribution to the Raman spectrum. For that 

purpose we computed the second order derivative of the electronic density matrix with 

respect to a uniform electric field, using pseudopotentials and periodic boundary 

conditions (see Refs. [25-30]). To establish the optimal ground-state, interfacial 

configurations, total energies, forces, and stresses were minimized (for both structure 

and lattice) by using DFT [24], considering a perturbative van der Waals (vdW) 

correction to account for dispersive forces [31,32]. A generalized gradient 

approximation parametrization [33] was used for the exchange-correlation potential, and 

norm-conserving Troullier-Martins pseudopotentials to model the ion−electron 

interaction [34]. All the Brillouin zones were sampled by means of optimal Monkhorst-

Pack grids [35], using a kinetic energy cutoff of 40 Ry to guarantee a full convergence 

in energy and electronic density. For the calculation of phonon modes we considered a 

(4x4x1) k-points grid. A description of the geometrical model is explained in detail in 

the supplementary information (see Figure S5). 

3. Results  

LEED patterns were used to determine the crystallinity and cleanliness of the substrate. 

The as-received Cu foil does not show any LEED spot, indicating that the surface is 

oxidized. However, after successive sputtering-annealing cycles of the substrate in 

UHV there is a thermally promoted recrystallization process, which leads to a notorious 

increase of the grain sizes and the appearance of bright and well-focused spots at the 

LEED pattern (see Figure S1 of the supplementary information). The crystallographic 

configuration was different from one Cu foil sample or region to another, indicating a 

smaller grain-size than the electron beam spot and that there is not a common 

geometrical orientation. In our case the electron beam size of our LEED equipment is 

within the sub-millimeter range, and considering that just few spots are seen, this 
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indicates that just a few crystallites are sampled by the electron gun, and therefore they 

should have an approximate size of tens of microns, in good match with the AFM 

images shown below.  

On this kind of substrate the graphene growth protocol was followed (see experimental 

details). Although LEED patterns were recorded routinely at the laboratory, after 

determination of the best experimental conditions for the growth method also µ-LEED 

experiments were performed at the ALBA synchrotron. Fig. 1a represents a typical µ-

LEED pattern obtained after graphene growth on the Cu foil surface. As can be 

observed, the µ-LEED pattern acquired at 40 eV shows a ring of modulated intensity 

and multiple bright spots mainly in square or rectangular geometries. The ring is the 

fingerprint of a polycrystalline graphene layer and arises from the superposition of 

hexagonal patterns from rotated graphene domains, as its radius with respect to the (00) 

spot corresponds to the graphene lattice parameter (0.246 nm). Moreover, the 

modulation of the graphene ring indicates that some of the graphene orientations appear 

more frequently than others, which is related to the larger stability of some particular 

graphene orientations with respect to the surface (known as Moiré superstructure in 

single crystal surfaces) [36]. This pattern is observed along the whole sample surface 

evidencing the formation of a continuous graphene layer. On the other hand, the 

multiple bright spots, which are observed in addition to the ring, exhibit mainly 

rectangular crystallographic order, corresponding to Cu(110) grains. This result 

contrasts with the LEED pattern reported for graphene grown by CVD on Cu foils. In 

that case, the main crystallographic orientation of the Cu grains is hexagonal [37], 

corresponding to Cu(111) grains.  



	   8	  

 

Fig. 1: a) µ-LEED pattern obtained after graphene grown on the Cu foil surface taken at 

40 eV. b) XRD diffraction pattern shows experimental and excess ratios with respect to 

normalized ideal powder intensities (black curves and red bars, respectively) indicating 

a predominance of the (110) orientation. c) EBSD orientation map for a Cu foil after 

growing one monolayer of graphene by using C60. d) EBSD for a Cu foil with CVD 

graphene. The inset shows the color code assignment for the different lattice orientation. 

EBSD measurements also corroborate this difference in preferred crystallographic 

orientation of the copper grains, depending on the growth method. Figure 1c and 1d 

show representative EBSD orientation maps of graphene grown on Cu by different 

methodologies, and the inset in Figure 1d exhibits the color code assignment for the 

different Cu lattice orientations. Fig. 1c corresponds to a Cu foil in which graphene has 

been grown using our protocol based on low-temperature decomposition of C60. The 

image exhibits multiple grains with different crystal orientations. However, the (110) 

orientation seems to dominate. On the other hand, Fig. 1d represents the EBSD 

orientation map for the case of the CVD graphene grown sample (see experimental 

details). In this case, the most prevailing orientation for the multiple grains is (111).	  

Though the particular grain crystallographic distribution differs from sample to sample, 

the average orientation is representative of all samples grown with the two different 
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methodologies.	   The different behavior of the Cu foil itself obtained for the two 

graphene formation methods is remarkable. In fact, this result is in agreement with the 

LEED observation. One plausible explanation is based on the temperature used in each 

process. The higher temperatures used for CVD growth could be responsible for the 

formation of (111) grains [38] while the lower temperatures used in the C60 based 

procedure may lead to the formation of mainly (110)-type Cu grains. In order to gain 

insight into the crystal orientation prevalence of the substrate, XRD patterns were 

obtained from Cu foils which have undergone the same pre-growth treatment protocol 

but which have been taken out of the vacuum chamber just before the graphene growth 

(see Fig. 1b). The black peaks on this figure represent the experimental diffraction data 

and the red bars the excess ratios with respect to normalized ideal powder intensities. 

Those excess ratios are obtained by dividing the experimental intensity by the ideal 

powder intensity for each reflection and the resulting value is then normalized to the 

(111)-reflection intensity. Thus, Figure 1b evidences an abnormal pattern in the 

observed diffraction peak intensities by comparison with the powder average and after 

normalisation to the intensity of the (111) reflection: there is an increase by factors 7, 9 

and 13 of the observed intensities for the (311), (200) and (220) reflections, 

respectively. The latter we interpret as an increase in the number of (110) oriented 

grains. In that case, the temperature used for the cleaning process was 800ºC, i.e. the 

same as that used for the graphene growth method and much lower than the typical 

temperature used in CVD processes. This is a remarkable finding, due to the important 

role of the substrate lattice orientation in the growth process, as reported by Kalbac [39]. 

The top images of Figure 2 show the morphology of the sample surface measured by 

AFM. AFM images are recorded on a single Cu crystallite or grain, and the presence of 

different atomic steps delimiting terraces tell us that the substrate was atomically clean 

before the growth process. In the AFM images the presence of the graphene layer is 

indirectly detected by the formation of the characteristic wrinkles that appear in 

graphene due to stress caused by the differences in the thermal expansion coefficients of 

graphene and copper. These wrinkles are observed to cross the substrate terraces, 

indicating that structurally coherent regions of graphene extend beyond the steps. The 

length of these wrinkles is no longer than one micron, which is shorter than the values 

reported in the literature [40], and probably related to the lower growth temperature. 

Wrinkles are usually linked to graphene boundaries and consequently, these topological 
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defects are a good indication of the graphene layer formation on the metallic substrate. 

From a close inspection of the AFM images, one can realize that in our case wrinkles do 

not define a closed area, but leave open paths all over the surface, indicating that the 

extension of graphene is larger than the Cu grain size. In the inset image a height profile 

corresponding to one of the wrinkles can be observed. The typical width of the substrate 

terraces is of the order of hundred nanometers. In some of the wrinkles or grain 

boundaries the graphene could change the relative orientation with respect to the 

substrate, increasing the number of different rotational domains, and also contributing to 

the diffraction ring seen in µ-LEED (see Fig. 1a).  

The bottom images of Figure 2 show SEM micrographs for the special case of a Cu foil 

substrate partially covered by graphene, where the presence of several Cu grains with a 

typical width of tens of microns can be observed. The growth of this incomplete 

graphene layer was performed with the aim of studying the graphene morphology 

before the formation of the complete monolayer (about 0.8 ML). In this particular case, 

we checked that uncovered Cu areas appear lighter than those from graphene in the 

SEM image. The boundaries between Cu grains are clearly observed (see also Figure 

S2).  Interestingly, in some cases the graphene layer crosses the boundaries between 

neighboring Cu crystallographic domains, extending over different Cu grains, as it is 

shown in the encircled regions in the right bottom micrograph of Fig. 2. These areas 

show that graphene growth is not confined to the crystallographic grain were nucleation 

start, but extend to neighboring grains. In the case of completed graphene layers (Figure 

S2b of the supplementary information), such a contrast associated with graphene was 

not observed by SEM and only the morphology of the Cu grains could be distinguished. 
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Fig. 2: Top: AFM images of the graphene layer grown on the Cu foil by the 

decomposition of C60 molecules. The characteristic wrinkles of graphene are observed 

crossing across the Cu terraces and grains. The inset shows a height profile 

corresponding to one of the wrinkles. Bottom: SEM images of an incomplete graphene 

layer (0.8 ML) showing the boundaries between larger Cu grains. The uncovered Cu 

areas appear lighter than the graphene. The red circles highlight regions where graphene 

nucleation extends over adjacent Cu grains. 

To determine the influence of the cleaning and growth procedures on the substrate 

morphology, roughness analysis was performed on the as-received Cu foil, the treated 

Cu foil and the foil with graphene grown on top. The root mean square (RMS) 

roughness value, calculated for 500×500 nm2 areas, is 1.2 nm for the as-received foil, 

decreases to 0.4 nm after the UHV cleaning procedure and remains constant after 

graphene growth (see Figure S3). Excluding wrinkles, the AFM images show a uniform 

graphene layer covering the copper terraces, with no evidence of the presence of bilayer 

or multilayer patches. Most previous works reported that the advantage of using copper 

as substrate for graphene formation, beyond its low cost, is related to the low solubility 

of carbon into the bulk, conferring a quasi self-limiting character to the growth. 

Attending to the binary phase diagram of Cu-C [41], the carbon solubility in Cu 
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decreases with decreasing temperature, being around 0.002% at 800ºC, in contrast to 

typical CVD temperatures around 1050ºC, where the solubility is four times larger. 

Besides this low carbon solubility values at the temperature used in our growth process, 

the low pressure conditions of the C60 thermal deposition also contribute to the creation 

of only one monolayer of graphene. As we will see below, in addition to the AFM 

measurements, different experimental techniques used in the present study reveal the 

formation of a single graphene monolayer, which suggests a self-limiting mechanism in 

the catalytic-like action of Cu. 

 

Fig. 3: XPS C-1s core level spectrum (black dots) of the graphene layer on the Cu foil. 

The main subspectrum corresponds to the sp2 carbon emission. 

XPS measurements were carried out to identify the chemical species on the sample 

surface. XPS analyses were performed ex-situ: after growing the graphene layer on the 

Cu foil substrate under UHV conditions, the sample was exposed to air in order to 

transfer it to the XPS equipment. Figure 3 shows an XPS C-1s spectrum of a graphene 

layer grown on the Cu foil using C60 as precursor. It is important to mention that the 

sample was measured without any cleaning treatment before the XPS data acquisition. 

To determine the different components of the C-1s emission, the XPS spectrum was 

fitted using standard Gaussian-Lorentzian lines and the corresponding integral 

background. In order to accommodate the typical asymmetric line shape of sp2 carbon, 
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this component was fitted using a Doniach and Sunjic line shape with an asymmetry 

parameter of 0.068 [42]. The solid black line through the data points represents the 

result of the least-squares fit. Five components were used to simulate the emissions 

corresponding to the different chemical environment of the carbon atoms. Thus, the 

subspectra located at 284.4, 285.4, 286.7, 288.5 and 290.5 eV, are assigned to C-sp2, C-

OH, C-O, C=O, and C-C=O together with O-C=O species, respectively. The strong 

intensity of the C-sp2 component with respect to the oxide components evidences, even 

after air exposure, the high quality of the graphene. In most cases of graphene layers 

grown by CVD, the XPS intensities corresponding to the oxygen-rich species are larger 

than those observed here, which indicates a higher presence of oxygen-containing 

groups in those CVD samples [43]. In our case, the combination of UHV conditions and 

low temperatures involved in the growth process, which prevents segregation of many 

of the contaminants contained in the copper bulk ensures a controlled and cleaner 

procedure. The oxide components in the XPS spectrum are probably coming from the 

exposure of the sample to air. It is worth mentioning that the XPS technique does not 

allow distinguishing whether some unbroken C60 molecules are present on the surface, 

because the C-sp2 C60 emission from such species undergoes a very small shift, around 

0.06 eV [36], with respect to the C-sp2 graphene signal, which is below the resolution of 

the equipment.  

The ultimate evidence for single-layer graphene synthesis is generally given by Raman 

spectroscopy. Previous to the Raman data acquisition, images of the graphene/Cu 

sample were taken with a 100× optical confocal microscope, showing copper grains, 

with sizes of order of tens of microns, as can be seen in a typical image shown in the 

inset of Fig. 4. This, again, confirms the increase of the mean Cu grain size due to the 

recrystallization process induced by the annealing treatment, and agrees with the 

observation of multiple spots in the LEED patterns shown in the Fig. 1a. The Raman 

measurements were performed on different regions of the samples to check the 

uniformity of the graphene layer. A representative spectrum of a freshly prepared 

sample is shown at the lower curve of Fig. 4, in red color. It exhibits the G, 2D and D 

peaks that are distinctive of graphene although with very reduced intensity. Similar low 

intensity Raman spectra have been observed for graphene epitaxially grown on single 

crystals [44] and has been interpreted as a quenching of the vibrational spectral features. 

The upper black curve presents the Raman spectrum of the same sample, taken two 
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months after growth. In this time the sample was exposed to air under ambient 

laboratory conditions (at temperatures varying between 18°C and 30°C and relative 

humidity values between 20% and 60%). Surprisingly the peaks have now a much 

larger intensity, though no visible changes are observed in the morphology of the 

sample measured with AFM indicating that the measured intensity enhancement is most 

likely related to the evolution of the graphene-copper interface. A similar enhancement 

has been observed in graphene on copper foils exposed to air, and has been related to 

the formation of copper oxide and to the intercalation of molecules from the atmosphere 

through defects in the graphene lattice [45,46]. Additional experiments, beyond the 

scope of this work, are being carried out by us to investigate in a more controlled 

manner this effect, which certainly points out to a decoupling of the graphene layer 

from the copper substrate due to ambient molecular intercalation, resulting in an 

enhanced Raman signal due to the reduction of electromagnetic screening from the 

copper substrate [47]. The intensity and position of the 2D peak are generally used to 

gather information on the number of graphene layers. For monolayer graphene, a single 

peak with full-width-half-maximum (FWHM) ∼30 cm-1 and normalized intensity 

(I2D/IG) >1 (<1 for multilayers) is expected [48]. From the black curve in Fig. 4, an 

intense 2D peak is observed at 2689 cm-1. The spectral shape of the 2D peak is quite 

narrow, with a FWHM of 26.6 cm-1 (as adjusted with a Voigt profile), and highly 

symmetric, i.e., it is made of a single component, as is the case for monolayer graphene. 

The calculated integrated I2D/IG ratio gives a value of 5.2, which corroborates the 

previous observation of the presence of a monolayer of graphene. On the other hand, the 

G peak, located at 1594 cm-1, exhibits a FWHM of 15.6 cm-1. All these values fall 

within the typical range of values established for a graphene monolayer not significantly 

subjected to strain [49].  

Additionally, a small D peak was also detected at 1351 cm-1 with a FWHM of 15.6 cm-

1. The D peak is, however, less intense than the one found in a previous work on C60 

decomposition on nickel where, due to the strong D signal, the possibility of improving 

the quality of the graphene layer by using another metallic substrate or another 

precursor was suggested [13]. Raman spectra collected at different points of the sample 

showed that the monolayer of graphene uniformly covers the copper foil surface (see 

Figure S4). 
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Fig. 4: Representative Raman spectra, taken with a laser wavelength of 532 nm. The red 

spectrum at the bottom was obtained just after the graphene growth while the black 

spectrum at the top corresponds to aged graphene. A sharp 2D band is observed together 

with less intense D and G bands. The inset shows a 100× optical image taken on the 

graphene grown surface, where the copper substrate grains are visible. 

In our experimental protocol, graphene grows on a previously UHV cleaned Cu 

polycrystalline substrate with a certain (110) texture. Under these conditions a strong 

coupling between the metal surface and graphene can be expected. To gain some insight 

into the interactions at the interface, we have performed theoretical calculations of the 

vibrational modes of free-standing graphene and of Gr/Cu(110), which can be 

considered as a crude approximation to the Raman spectrum, excluding the well-known 

Raman resonant processes in graphene as well as two-phonon phenomena. The results 

of the DFT structural optimization reveal that the interaction of the graphene with the 

metal substrate strongly depends on the surface configuration. The optimization of the 

simulation cell leads to a buckled graphene surface due to the interaction of some 

distinct C atoms with the Cu atoms underneath, inducing a corrugation on the graphene 

layer of about 0.22 Å for Gr/Cu(110). At these particular points the C atom is displaced 

towards the Cu surface, interacting more strongly with the Cu, thus acquiring a sp3 

character. Fig. 5 shows that the calculation of the vibrational modes for free-standing 
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graphene presents, as expected when excluding anharmonic effects, a unique feature at 

1599 cm-1, characteristic of sp2 carbon, that can be assigned to the well-known G band. 

When the graphene layer is simulated on the Cu(110) surface (see details in the 

supplementary information), a new feature appears at 1365 cm-1 due to interaction with 

the substrate. Our calculations show that the graphene-substrate interaction may induce 

the rupture of the sp2 hybridization producing the appearance of local regions with sp3 

character [50] and a diamond-like sp3 vibrational band, whose frequency lies in the 

same spectral region as the graphene D band characteristic of structural defects (Fig. 5). 

Therefore, in our case, in addition to a D band accounting for structural defects at grain 

boundaries or graphene wrinkles, the aforementioned sp3 carbon hybridization due to 

the interaction with the Cu surface could also contribute to this spectral feature. 

Nevertheless, even though we may have an extra contribution to the D band in the 

Raman spectra, our D intensity (Fig. 4) is comparable to that already published [51]. 

 

Fig. 5: First approximation of the theoretical calculation of the Raman scattering for 

free standing graphene and graphene on Cu(110). The G band is visible in both cases 

while the D band emerges for the graphene layer on top of a Cu(110) surface. 

The experimental conditions for the CVD growth of graphene do not exclude the 

presence of oxide species below the graphene layer, which would favor a decoupling 

with the substrate. However, in our PVD methodology, as we have already mentioned, 

no Cu oxides were detected in the samples. In our case, the clean Cu atoms in the 

terraces are prone to react with C atoms from the graphene, favoring strong coupling at 

specific locations and doping as will be shown next.   
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Fig. 6: Energy-momentum dispersion of a multi-grain graphene layer on a Cu foil 

measured with circularly polarized light of 36 eV in the vicinity of K point along Kx 

direction. Due to the contribution of different graphene grains more than one band is 

observed.   

The electronic structure of our single layer graphene was also investigated by means of 

ARPES. Figure 6 shows a multigrain photoemission momentum map along Kx direction 

of the sample using circularly polarized light of 36 eV. In this case and due to the 

polycrystalline nature of our sample, the photoemission data taken along any ΓK 

direction will show not only one Dirac cone but multiple π bands. That is the case in 

Fig. 6, where the two Dirac cones are observed in the image, corresponding to two 

adjacent graphene grains. The right one (labeled as Kx=0 Å-1) is exactly at one K point 

whereas the one near Kx=-6 Å-1 is slightly misaligned, and therefore it should not be 

taken into account to study the doping and the gap of this sample. It can be clearly 

observed that the electronic bands are completely linear, as corresponds to a massless 

Dirac fermion behavior. A deeper study of the data show an n-type doping of 0.77 eV, 

which is probably due to the coupling of the graphene π bands and the copper d-band 

[52]. In fact, n-doping agrees with the Raman data, where the G peak position at 1594 

cm-1 corresponds to a negative charge carrier concentration [53]. This result differs from 

previous observations of graphene grown by CVD on Cu foil, where a lighter doping, 
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around 0.4 eV, [37,54] or even an undoped [55] behavior was found. This difference 

can be ascribed to the present growth procedure, involving UHV conditions, clean 

surface, C60 molecules and complete single layer graphene, which leads to a larger 

coupling between graphene and the substrate, as the theoretical calculations suggest. 

This coupling would also be responsible for the charge transfer from the Cu foil to the 

graphene layer. In this sense, gaps of 0.36 eV have been reported for graphene on Cu in 

UHV [52]. Moreover, our ARPES data also evidence the existence of a small bandgap 

of 0.12 eV, which is in the range of other gaps already reported for similar systems 

[37,52]. Finally, Fig. 6 does not show parabolic bands, typical of the presence of bilayer 

graphene or graphene oxide regions, indicating the growth of an extended single layer 

graphene in agreement to the Raman and AFM data, and the prevalence of the graphene 

electronic properties on this technologically relevant kind of samples. 

4. Discussion and conclusions 

In this work, large area graphene monolayer was grown on Cu foils in UHV conditions 

using C60 as precursor molecules. The mechanism of graphene layer formation on the 

Cu surface is based on the decomposition of the C60 molecules, a thermally activated 

process promoted by the Cu surface. The above-mentioned process presents several 

advantages with respect to the use of hydrocarbons as carbon sources. First, the process 

is self-limiting and only single layers are obtained. Second, it requires lower substrate 

temperature than conventional CVD graphene growth methods. The decrease of the 

temperature results in two main advantages: on the one hand, fewer impurities are 

segregated to the surface, promoting an ultra-pure graphene-copper interface, and on the 

other hand the solubility of carbon into the Cu bulk is reduced, avoiding the formation 

of bilayer or few layer domains in the graphene layer. Moreover, in our experimental 

protocol UHV conditions were used, and therefore, the surface was atomically clean 

before experiments, so no oxygen was involved or intercalated during the process. 

With the aim of evaluating the quality and properties of the graphene layer, different 

characterization techniques were applied on the as-grown samples. The in-situ LEED 

pattern of the Cu foils after the surface cleaning process showed characteristic spots of 

different Cu facets, which corresponds to a typical polycrystalline specimen. After 

graphene growth, a clear ring feature appears in the in-situ LEED pattern, evidencing 

the presence of a multidomain graphene film on the surface, although some graphene 
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orientations prevail. The morphology of the graphene layer was studied by ex-situ 

AFM. The AFM images exhibited complete coverage of the areas measured and 

uniform graphene film on the Cu foil. The presence of graphene wrinkles, crossing the 

substrate terraces, was also observed. Raman spectra, similar along the sample surface, 

showed a narrow 2D band as well as G and D peaks. By investigating the surface 

chemical composition by XPS, sp2 hybridized carbon emission is the main contribution 

and only low contents in functional groups were observed after exposing the sample to 

atmospheric conditions. ARPES measurements showed that the band structure of 

graphene grown on the Cu foil is based on multiple linearly dispersing graphene bands, 

which correspond to different graphene grains. All results suggest that the envisaged 

protocol to synthesize graphene from C60 molecules is a successful strategy to obtain 

large area uniform single layer graphene on technologically relevant substrates at lower 

temperature than the widespread CVD method.  
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