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Abstract 

 

The growth of single-layer graphene (SLG) by chemical vapor deposition (CVD) on copper 

surfaces is very popular because of the self-limiting effect that, in principle, prevents the growth 

of few-layer graphene (FLG). However, the reproducibility of the CVD growth of 

homogeneous SLG remains a major challenge, especially if one wants to avoid heavy surface 

treatments, monocrystalline substrates and expensive equipment to control the atmosphere 

inside the growth system. We demonstrate here that backside tungsten coating of copper foils 

allows for the exclusive growth of SLG with full coverage by atmospheric pressure CVD 

implemented in a vacuum-free furnace. We show that the absence of FLG patches is related to 

the absence of decomposition of methane on the backside and consequently to the suppression 

of C diffusion through copper. In the perspective of large-scale production of graphene, this 

approach constitutes a significant improvement to the traditional CVD growth process since (1) 

a tight control of the hydrocarbon flow is no longer required to avoid FLG formation and, 

consequently, (2) the growth duration necessary to reach full coverage can be drastically 

shortened.  
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Introduction 

 

Chemical vapor deposition (CVD) has become the most popular production method of 

graphene, mainly because it holds great promises for industrial-scale applications. Catalytic 

CVD is a conceptually simple technique: it involves the decomposition of hydrocarbon 

precursors on substrates at high temperature in a controlled atmosphere at low1 or atmospheric 

pressure.2 In particular, copper (Cu) is extensively chosen as a substrate because it allows self-

limited graphene growth due to its very low carbon (C) solubility, leading to highly 

homogeneous graphene sheets.1 

The main focus of the recent research devoted to CVD growth of graphene is to produce ever 

larger graphene single crystals aiming, notably, to eliminate the detrimental effect of graphene 

domain boundaries on electron transport. The dominant approach towards this goal is to 

decrease the nucleation density of graphene by suppressing or passivating the nucleation sites 

(defects and surface steps at Cu’s surface, impurities, etc.) by various treatments: chemical 

mechanical polishing;3 electropolishing (EP);4 prolonged thermal annealing;5 high-pressure 

thermal annealing;6 melting and resolidification;7 pre-growth superficial 

oxidation;8,9,10,11,12,13,14,15,16 surface engineering with melamine;17 oxygen-assisted growth;18 

second passivation19 and oxygen-assisted C contamination scavenging.20 A second, less popular 

technique is to grow the graphene flakes in epitaxial registry with a monocrystalline Cu 

substrate. In consequence, the domains are aligned relatively to each other and merge 

seamlessly to produce graphene sheets in theory free of domain boundaries. Such 

monocrystalline substrates can be obtained from the epitaxial deposition of thin Cu films on 

various kinds of single crystals.21,22,23,24,25 However, it is more convenient and cost-effective to 

start from cold-rolled polycrystalline Cu foils and convert them (at the surface or in the bulk) 

into monocrystals by appropriate strategies such as a prolonged thermal annealing at high 

temperature,26,27 successive oxidative and reductive annealing at high temperature,28,29 the hole-

pocket method30, or a Czochralski-like reconstruction induced through a temperature gradient.31 

A completely different route consists of working with the smooth surface of melted Cu.32 

A very important challenge is related to the unwanted formation of few-layer graphene (FLG) 

domains inside the large-sized single-layer graphene (SLG) flakes or films. Even though SLG 

CVD growth on Cu is in principle self-limited, the presence of impurities or defects acting as 

nucleation centers breaks down this behavior3, more specifically in atmospheric pressure 

conditions. The C-rich molecules that decompose on the frontside Cu surface are often regarded 

as the source for the FLG nucleation.33 FLG flakes are considered to grow either on top of the 

first graphene layer, via layer-by-layer epitaxy,34,35 or underneath, by C intercalation under the 

first-grown graphene flakes.36,37 In that respect, C diffusion through the Cu foil is often 

disregarded as a supplier of carbonaceous species. However, Fang et al.38 show that, despite 

C’s low solubility in Cu, it can decompose on one face of a Cu enclosure, dissolve in and diffuse 

through Cu to form FLG flakes under graphene grown on the opposite side. Later, the same 

group claim that a tungsten (W) foil inserted inside the Cu enclosure can be used as a C sink to 

inhibit FLG growth.39 By growing a thin Cu oxide layer on the backside of Cu foils prior to 
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graphene growth, Braeuninger-Weimer et al.20 also demonstrate how oxygen (O) can diffuse 

through the Cu foil to scavenge C impurities, thereby enabling a drastic decrease of the 

graphene nucleation density on the front surface. Recent publications also evidence the 

complete suppression of FLG patches when a nickel (Ni) substrate (foil or foam) is placed 

between the fused silica carrier and the flat Cu foil.40,41 In both cases, Ni acts as a C “getterer” 

and prevents C diffusion. Finally, Yoo et al.42 deposit a thin layer of Ni on the Cu foil’s 

backside. They find out that the graphene layer number grown on the frontside depends on the 

thickness of the Ni thin film. 

In this work, we propose backside W deposition to obtain CVD growth of strictly homogeneous 

SLG films under atmospheric pressure with vacuum-free equipment. The main novelty of this 

study is the deposition of a thin W layer on the backside of electropolished Cu foils. We show 

that this W backside coating leads to the reproducible growth of exclusively SLG films. This 

remarkable result is explained by the complete suppression of C diffusion through the Cu foil, 

which restores self-limited growth of SLG. The W back coating enables to relax the strict 

control on the growth conditions, greatly facilitating the production of exclusively SLG sheets 

at an industrial scale. 

 

Experimental 

 

Pre-growth Cu foil treatment 

We use a single 30×30 cm2 Alfa Aesar (AA) Cu foil (reference number #46365: 25 μm-thick, 

purity 99.8%, annealed, uncoated) for all the CVD growth experiments, from which we either 

cut 2×8 cm2 pieces if subjected to EP or 1×1 cm2 pieces otherwise. The Cu pieces are sonicated, 

maintained in a vertical position, in a mixture of 60 ml of deionized water (DIW) and 2 ml of 

glacial acetic acid for 5 min, then rinsed in DIW for 2 min still in vertical position, rinsed in 

isopropanol for 2 min, and finally blow-dried with nitrogen. 

Before EP, the Cu pieces are cleaned in the same way as described above. EP is performed by 

reproducing the experimental setup and conditions proposed in Ref. [12], with some 

adaptations. More specifically, we use a Coplin staining jar as a container. The Cu foil, fixed to 

a glass slide for easy handling (the grooves in the Coplin jar exactly match the size of the glass 

slide), is used as an anode and a circa 1-mm-thick Cu plate (of the same size as the Cu foil) is 

used as a cathode. Both electrodes are connected to the power supply using crocodile clips. It 

is important that the Cu foil is flat and parallel to the thicker Cu electrode to achieve 

reproducible, uniform EP. A constant voltage of 7 V is applied between the two electrodes for 

60 s (inter-electrode distance: ~5 cm). The electrolyte solution is a mixture of 25 ml of DIW, 

12.5 ml of phosphoric acid, 12.5 ml of ethanol, 2.5 ml of isopropanol, and 0.4 g of urea [12]. 

After EP, the Cu foil on the glass slide is transferred for rinsing to a second Coplin jar containing 

DIW, and sonicated for 2 min. Finally, it is stored in ethanol. 
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Graphene growth 

The samples are first laid on a flat fused silica boat and inserted into a tubular fused silica 

reactor at room temperature. An Ar flow of 2000 sccm is admitted for 15 min in the tube after 

sealing (purge step). Meanwhile, the hotwall furnace is pre-heated to 1050 °C. Next, the fused 

silica tube is introduced into the furnace and the Ar flow is reduced to 500 sccm. The sample is 

then exposed to Ar alone during 15 min and is mildly oxidized at the surface due to residual 

oxidizing impurities. Thereafter, the Cu foil’s surface is reduced for 45 min with the addition 

of 20 sccm of H2. Afterwards, dilute methane (CH4; 5% in 95% of Ar) is injected to grow 

graphene. For all the W-free samples, the dilute CH4 flow is set to 0.5 sccm, while it is variable 

for the W-capped ones (with a maximum of 3 sccm). The reactor is extracted 1 h later from the 

furnace after graphene growth and left to cool down naturally in the same gas mixture. The 

conditions corresponding to a dilute CH4 flow of 0.5 sccm and a growth duration of 1 h are 

referred to as the “standard growth conditions”. During the whole growth procedure, the reactor 

is maintained at atmospheric pressure (no pumping equipment connected to the system, which 

is called “vacuum-free”). For more details, we refer the reader to our previous publication.28 

Graphene transfer 

Graphene is transferred onto silicon dioxide/silicon (SiO2/Si) substrates by the widely used wet, 

polymer-assisted method. After poly(methyl methacrylate) (PMMA) coating and baking at 

110 °C, Cu is etched in an ammonium persulfate solution. The PMMA/graphene stack is next 

rinsed thoroughly in DIW and fished on the SiO2/Si support. The sample is left to dry overnight, 

baked at 120 °C for 1 h, and, finally, PMMA is stripped with acetone. Both the W-free and W-

coated samples are transferred in this way. 

W deposition 

W (50 nm; 99.95% purity) is coated on the backside of the Cu pieces by magnetron sputtering 

with a deposition pressure of 10-2 mbar (base pressure = 10-4 mbar) and Ar as sputtering gas. 

The deposited thickness is controlled by a quartz balance next to the sample. 

 

More details about the experimental techniques (scanning electron microscopy, energy-

dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, Raman spectroscopy setup, 

X-ray diffraction, Hall bar fabrication, transport measurements) can be found in the ESI. 

 

Results and discussion 

 

To prevent any CH4 diffusion through Cu, we deposit a thin (50 nm) W layer on the backside 

of electropolished Cu pieces (see the ESI, Figs. S1−9, for a critical review of various procedures 

and investigations carried out to solve and understand the origin of persistent reproducibility 

issues in terms of coverage and uniformity). Contrary to the use of foils or foams as a support 
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for Cu samples (see Fig. S9), deposition ensures an intimate contact with the Cu foil’s backside. 

In addition, the Cu specimens remain flat, facilitating the manipulation (as opposed to the Cu 

enclosure configuration). Since W has a very high melting point (as high as 3422 °C at ambient 

pressure), the thin film is able to sustain the harsh thermal conditions in the reactor and retain 

its integrity during the full procedure. We choose W as a backside coating material instead of 

Ni because it is known to absorb and release carbon during thermal treatments42. W is more 

appropriate as a C diffusion barrier because it is able to form a carbidic compound with a high 

thermal stability.43 

In Fig. 1a, a low-magnification scanning electron microscopy image of the surface of a Cu piece 

after graphene growth (standard growth conditions) with W covering half of the backside (this 

half is called the “W half” in the following) is shown. Spectacularly enough, the two halves of 

the Cu foil exhibit very distinct morphological aspects. The left side (W half) of Fig. 1a is very 

heterogeneously contrasted, meaning that Cu remains polycrystalline. The other half reveals a 

homogeneous morphology, indicative of a Cu reconstruction in the (111) crystalline 

orientation.28 The reconstruction of cold-rolled Cu foils occurs at high temperature, via the 

mechanism of abnormal grain growth, if the grain boundaries are left free to evolve.28 In the 

presence of a W coating over the underside of Cu foils, the Cu grain boundaries are pinned and 

any further reconstruction is prevented even at temperatures as high as 1050 °C. 

It is also worth noting that the graphene flakes on the W-free half are hexagonal, while they 

exhibit an irregular shape on the other half, probably related to the polycrystallinity of Cu. More 

importantly, on the W-free half, FLG islands are clearly visible. In contrast, it is difficult to 

assess the presence of FLG flakes on the W half due to the mosaic of Cu grain orientations. In 

addition, the density in SLG graphene flakes is significantly lower on the W half, suggesting 

that W plays a crucial role in the supply of C building blocks to the front surface. 

To increase the graphene coverage on the W half and to better visualize the FLG flakes, we 

produce a similar sample with a slightly higher dilute CH4 flow (0.6 sccm) and we transfer it 

on a 90-nm-thick SiO2/Si sample (see Fig. 1b). Spectacularly, the W half is completely devoid 

of FLG graphene islands, while the other half is completely scattered with them. To 

quantitatively confirm this observation, simultaneous micro-Raman and micro-reflection 

analyses are performed on the whole sample. Fig. 1c displays the number of layers NG deduced 

from the normalized Raman G-band area. Further characterization and analysis of this sample 

are available in the ESI (see Figs. S10−12). It gives a definitive proof that the W half of the 

sample comprises almost uniquely SLG while the W-free half is very heterogeneous. We 

evaluate the quality of the present graphene film by the defect-related D band. The average 

spectrum corresponding to Fig. 1c is presented in Fig. S11. It is very comparable (very weak D 

band) to the quality obtained from graphene grown on Cu foils without W layer on the 

backside.28 

Consequently, in all the following experiments, since the W layer pins the Cu grain boundaries, 

we first (1) reconstruct the Cu foil in the unique (111) orientation after EP, (2) then only deposit 

W on the backside, and (3) finally, grow graphene on the frontside of the Cu foil. In this way, 

we can combine the benefits of the monocrystalline Cu foil and of the underside W coating to 
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grow purely monolayer, monocrystalline, FLG-free graphene sheets in a single time. Fig. 1d 

displays a photograph of four such samples after growth and heating on a hot plate in air at 

150 °C for 5 min, corresponding to a progressive increase of the dilute CH4 flow (from 0.6 to 

1.2 sccm by steps of 0.2 sccm). We can clearly see that the graphene coverage increases 

progressively, until it is complete for 1.2 sccm (the reddish color indicates oxidized Cu). Fig. 

1e shows an X-ray diffraction (XRD) spectrum of a Cu sample with a W backside coating 

(deposited after Cu reconstruction) after graphene growth. The very intense, unique Cu(111) 

peak confirms the Cu monocrystallization (except for a few residual (200) grains26,28). Finally, 

Fig. 1f reveals an optical microscopy image of typical submillimeter monolayer graphene flakes 

grown on the same type of W-coated Cu(111) substrate. 

 

Fig. 1: (a) Low-magnification scanning electron microscopy image of a Cu piece after graphene growth 

with a 50-nm-thick W layer covering the left half of its backside (grown with a 0.5 sccm dilute CH4 

flow). (b) Optical microscopy picture of a graphene sample (grown with a 0.6 sccm dilute CH4 flow on 

the same type of Cu sample as described in (a)) transferred onto a 90-nm-thick silicon dioxide/silicon 

substrate. (c) Map of the number of layers of the sample shown in (b) deduced from the normalized 

integrated Raman G-band intensity. The dashed white rectangle corresponds to the region shown in (b). 

(d) Four Cu samples (W backside deposition after Cu(111) reconstruction) corresponding to a 

progressive increase of the dilute CH4 flow (from 0.6 to 1.2 sccm by steps of 0.2 sccm), photographed 

after graphene growth and heating on a hot plate in air to reveal the oxidized, uncovered (reddish) Cu 

surface. (e) X-ray diffraction spectrum of a Cu(111) sample with a W backside coating (deposited after 

Cu reconstruction) after graphene growth. (f) Optical microscopy picture of typical hexagonal graphene 

domains grown on a W-coated Cu(111) sample. 

 

Next, we perform simultaneous micro-reflection and micro-Raman mapping on the 1.2 sccm 

sample of Fig. 1d transferred onto a 90-nm-thick SiO2/Si substrate (see also the ESI, Figs. 

S13−15) to give a quantitative support to our claim of an exclusively SLG film. We follow the 

approach detailed in Ref. [44], with NG the number of layers obtained using the normalized 

Raman G-band area, and NOC the number of layers obtained from the laser optical contrast (see 
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Fig. 2a and b). Both data sets agree and confirm that except for two edges, the sample is almost 

exclusively composed of SLG. Furthermore, in Fig. 2c, the 3-dimensional bivariate histograms 

of NG and NOC, as well as the histograms for each independent quantity, are displayed for the 

central part of the sample delimited by the yellow dashed frame in Fig. 2a. Quantitatively, on 

the 6500 points where the number of layers could be attributed, 3.1% correspond to the bare 

substrate (i.e. no graphene), 1.1% are 0−1 layer (only partial graphene coverage), 94.2% are 

SLG, 1.3% are between 1 and 2 layers (graphene wrinkles, partial bilayer graphene coverage, 

etc.) and 0.3% is bilayer (mostly small graphene pieces scratched and folded during the 

transfer). 

 

Fig. 2: Maps of the number of layers of the sample grown with a 1.2 sccm dilute CH4 flow and transferred 

on a 90-nm-thick silicon dioxide/silicon substrate (a) NG, the number of layers deduced from the 

normalized integrated Raman G-band intensity and (b) NOC, the number of layers deduced from the laser 

optical contrast. (c) 3D bivariate histogram (0.025 bin size) of NOC and NG derived from the maps (a) 

and (b). The region considered is delimited by the dashed yellow frame shown in (a). The number of 

occurrences (frequency counts) is color-coded as shown on the graphs. On top (resp. right hand side) 

are displayed the corresponding histograms of NOC (resp. NG). 

 

We also evaluate the W backside coating method when the CH4 flow is significantly increased 

(3 sccm, maximal value of our mass flow), with the objective of drastically decreasing the 

growth duration (fixed here to 5 min, instead of 1 h as before). The corresponding data are given 

in the ESI, Figs. S16−18. The Raman spectroscopy/optical contrast mapping results show that 

the corresponding graphene is also exclusively monolayer, with an almost complete coverage, 

evidencing the robustness of the synthesis technique. This is a very important aspect of the W 

backside coating approach in the perspective of industrial production since a tight control of 

the CH4 flow is no longer required to avoid FLG formation and the full-coverage synthesis 

process duration can be dramatically shortened. The efficiency of the W backside coating to 

prevent FLG growth confirms the hypothesis that FLG islands grow under the first SLG layer. 

Consequently, after full graphene coverage, there is no more catalytic surface available for CH4 

decomposition into carbon building blocks and graphene stops growing (the “self-limited” 

growth mechanism). A further exposure to CH4 will then not lead to FLG growth. 
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To better understand the precise role of the W coating, we inspect, by depth profile X-ray 

photoelectron spectroscopy (XPS) (Fig. 3a and b) and XRD (Fig. 3c), the chemical and 

morphological evolution of a W film just after deposition (no thermal treatment) on Cu and 

after graphene growth, respectively. The XPS analysis shows that the as-deposited W layer is 

slightly oxidized (Fig. 3a) and contains no C (within the detection threshold of XPS of < 0.5 

at% for the acquisition parameters used during the XPS profile). After graphene growth, Cu 

and W appear intermixed (roughly a 50% Cu / 50% W alloy) and again, no C is contained in 

that layer, in agreement with Fang et al.39 It is true that graphene can be grown on W foils43 

but, here, C detected at the very surface of the sample corresponds to organic contamination. 

Furthermore, from Fig. 3c, the as-deposited W film appears amorphous, since no W-related 

diffraction peak can be observed. The graphene growth process leads to the crystallization of 

metallic W, in the cubic 𝐼𝑚3́𝑚 structure (space group 229), with the occurrence of diffraction 

peaks located at 40.3, 58.2, 73.2, 87, and 100.6° attributed to the (110), (200), (211), (220) and 

(310) crystallographic orientations, respectively.45 W is known for its carbide forming 

capabilities43 but we find no trace of diffraction peaks related to W carbide. Based on these two 

analyses, it appears that the W layer acts as a C diffusion barrier rather than as a C sink, since 

no C appears to be trapped inside the W-bearing layer. We illustrate the proposed working 

principle in Fig. 3d. 

It is worth discussing here in more details the role of the W backside coating. The W foil in 

reference [39] is placed inside a Cu enclosure, and the authors claim it to act as a carbon sink, 

while in our case the W layer is rather used as a barrier for carbon diffusion (as confirmed above 

by XRD and XPS). The two observations are not incompatible, and are related to the different 

role played by W in the “Cu enclosure + W foil” configuration versus “W-coated flat Cu foil” 

configuration. In our configuration, the W layer is in intimate contact with Cu, preventing the 

decomposition of CH4 on the backside and the diffusion of C through the Cu foil. In 

consequence, FLG islands do not grow at all on the top surface. This is in stark contrast with 

the case of reference [39], where FLG inclusions are formed in the first stages of the growth, 

and claimed to be progressively removed after more than 30 min of process by the W foil inside 

the Cu enclosure. 
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Fig. 3: X-ray photoelectron spectroscopy depth profile of a W film on Cu (a) before (as-deposited) and 

(b) after graphene growth. (c) X-ray diffraction analysis of a W film on Cu, just after deposition and 

after graphene growth. (d) Working principle. 

 

Finally, electronic characterization of the as-synthesized graphene (transferred on a 300-nm-

thick SiO2/p
++ Si substrate) is carried out using a graphene field-effect transistor (GFET) in a 

Hall bar configuration to evaluate its quality (see Fig. S19a). Measurements of the longitudinal 

resistivity ρxx = Vxx/I × W/L and transversal (Hall) resistivity ρxy = Vxy/I are conducted with a 

current bias of 10 µA (see Fig. S19b). By sweeping a gate voltage VG, applied between the 

graphene Hall bar and the p++ Si electrode, the Fermi level of graphene can be altered, resulting 

in the well-known ambipolar field-effect behavior. The sheet conductance σxx = 1/ρxx versus VG 

for a representative GFET is shown in Fig. 4a, at room temperature and at 400 mK. In the insets, 

the electronic level filling of the Dirac cone is schematically indicated by the blue regions. We 

find an average electron-hole mobility at both temperatures of ~4 × 103 cm2/(Vs). This value is 

close to the value previously found for graphene grown on Cu foils without the W backside 

coating (with an average electron-hole mobility of ~5×103 cm2/(Vs)),46 within the experimental 

and process-to-process variability. Hall measurements are performed at 400 mK, at a magnetic 

field of 5 T applied perpendicular to the graphene plane. The Hall conductivity as a function of 

VG, shown in Fig. 4b, demonstrates the clear half-integer quantum Hall effect, σxy = 4e2/h × (n 

+ 1/2) (n = 0, 1, 2,…). Green vertical lines exhibit the gate values where the first derivative of 

σxy has local minima (shown in the inset to Fig. 4b), aiding in the identification of the plateaus 

This is typical of SLG47,48 and serves as an indication of the high electronic quality of the 

sample.49 
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Fig. 4: (a) Graphene sheet conductivity as a function of the gate voltage with respect to the charge 

neutrality point, σxx(VG – VCNP), at room temperature and 400 mK. The insets portray the dispersion 

bands of graphene, with the blue areas representing the level filling. (b) Hall conductivity σxy(VG –VCNP) 

at B = 5 T and 400 mK. Plateaus appear at σxy = 4e2/h × (n + 1/2), with n an integer. Inset: first derivative 

of σxy. 

 

Conclusion 

 

We demonstrate that the reproducible growth of exclusively SLG in vacuum-free equipment is 

achieved by coating a thin W layer on the backside of Cu foils. The W layer completely blocks 

C diffusion from the backside towards the front surface of the foil. These results substantiate 

that this C diffusion through the Cu foil (and not the morphology of the upper Cu surface) is 

the determining factor in the growth of FLG inclusions. Therefore, the tight control over the 

hydrocarbon flow usually needed during the CVD protocol to achieve purely SLG with full 

coverage can be relaxed. At the same time, the possibility of increasing the hydrocarbon flow 

enables the drastic diminution of the growth procedure duration. That leeway on the growth 

conditions (both in terms of hydrocarbon flow and growth duration) constitutes a major 

contribution in the perspective of industrializing the SLG production. 
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