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We have found that tungsten (W) foils can be used for controlling the carbon diffusion within 

copper (Cu) enclosures to synthesize large-domain bi-/multi-layers-free monolayer graphene via 

chemical vapor deposition. We observe that bi-/multi-layers graphene that nucleate underneath 

monolayer graphene can be selectively removed by a W foil placed inside of the Cu enclosure. 

Both X-ray photoelectron spectroscopy and X-ray diffraction reveal the formation of tungsten 

sub-carbide (W2C), suggesting the role of the W foil as a carbon sink, that alters the carbon con-

centration inside of the enclosure. Consequently, the bi-/multi-layers appear to dissolve away.  

Utilizing this selective removal process, we are able to demonstrate large-domain (> 200 µm) 

monolayer graphene that is free of any bi-/multi-layers by using Cu double enclosures. 
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Introduction 

Chemical vapor deposition (CVD) offers great potential for synthesizing high-quality large-area 

graphene that can be transferred onto arbitrary substrates.
1-4

 In particular, large-domain graphene 

(>100 µm) has been achieved with a quality comparable to that of exfoliated graphene using a 

Cu enclosure.
5, 6

 This approach has enabled the synthesis of graphene under low CH4 conditions 

to achieve extremely low nucleation densities.
5
 Unfortunately, while reducing the carbon flow 

significantly, the enclosure method often results in the formation of bi-/multi-layers in the film.
5, 

7
 Under these low growth rate conditions, there are more surface edges available in the monolay-
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er graphene for the diffusion of carbon underneath the monolayer to form bi-/multi-layers.
8, 9

 As 

a consequence, large monolayer domains and large bi-/multi-layer domains (20µm-100µm) al-

ways appear hand-in-hand. However, the different electronic properties of bi-/multi-layers can 

reduce the homogeneity and transport of electronic carriers within the monolayer graphene.
10, 11

 

To achieve uniform monolayer graphene, various methods have been explored, such as tuning 

growth conditions
7, 12

 and pretreating the Cu using etchant cleaning, electro-chemically polishing, 

and many-hour annealing
13-15

. Nevertheless, bi-/multi-layers can still be observed very often.
7, 12, 

16-18
. On the other hand, we can suppress the size of the bilayers of graphene through a faster 

growth rate of monolayer graphene by applying a higher CH4 concentration, but the monolayer 

domain size will then be compromised.
7
 As a result, techniques to circumvent the competition 

between monolayer domain size and layer uniformity are required. 

 

In this work, we focus on the graphene growth on Cu enclosures due to the asymmetry between 

the growth mechanisms of monolayer and bi-/multi-layer graphene.
19

 Our previous work has 

shown that by using Cu enclosures for graphene synthesis, high coverage of bilayer graphene can 

be achieved on the outside surface of the enclosure because carbon species on the inside can dif-

fuse out to form bilayers on the outside.
19, 20

 The carbon diffusion process is driven by the con-

centration gradient across the Cu foil. Here, we reverse the direction of the carbon diffusion by 

placing a carbon sink (W foil) on the inside of the enclosure, and we have found that bi-/multi-

layers can be selectively removed from the outside surface so that uniform monolayer graphene 

is then obtained.  

 

Experimental 

Cu foil (99.9%, 127 µm) and W foil (99.95%, 50 µm) were purchased from Alfa Aesar. Tungsten 

carbide (WC, ≥99%) was purchased from Sigma Aldrich. The preparations of the Cu enclosure 

and transfer process were described in our previous work.
19, 20

 All samples were grown at 1045 

⁰C under 1 sccm CH4 and 50 sccm H2. We present false colored optical images in order to high-

light the bilayer regions. The bare SiO2 surface is shown in white, while the different thicknesses 

of graphene films are represented in different shades of pink. Raman mapping were performed in 

a home built Raman system with a X-Y motorized microscope stage taken with a Nd:YAG laser 
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at 532 nm at a power of ∼1-2 mW using a 100x objective with a beam spot size of∼1 µm. Data 

was then processed with automated Lorentzian fitting in MATLAB. X-ray photoelectron spec-

troscopy (XPS) was performed using a PHI Versaprobe II. X-ray diffraction (XRD) was per-

formed using a Panalytical Multipurpose Diffractometer with Cu �� radiation. Selected area dif-

fraction patterns (SAED) were then taken using a JEOL 2011 transmission electron microscope 

at 120 kV. The size for SAED was 100 nm. 

 

Results and Discussion 

Figure 1 shows the optical images of the transferred graphene films (on SiO2/Si substrates) 

grown on a flat Cu foil, an empty Cu enclosure, and a Cu enclosure with a W foil inside (illustra-

tions shown in the insets). In Figure 1a, small bilayers can be observed on the flat Cu foil, due to 

the diffusion of carbon atoms underneath the first grown monolayer at the nucleation stage.
8, 19

 

On the other hand, monolayer graphene with high-coverage bi-/multi-layers appears on the out-

side of the empty Cu enclosure in Figure 1b, which is consistent with our previous report.
19

 (See 

Raman spectra in supporting information) For a typical graphene growth on a Cu enclosure, the 

carbon can leak slowly into the inside of the enclosure through the gaps at the edges, forming a 

carbon source on the inside, which can diffuse out to form bi-/multi-layers.
19

 However, for Cu 

enclosures with a piece of W foil enclosed, there is no graphene growth on the inside of the en-

closure. This observation suggests that the carbon supply to the monolayer graphene is reduced 

by the W foil. In addition, it has been reported that the presence of the W foil does not interfere 

with the growth of graphene on Cu
21

, nor does W inter-diffuse into Cu
22

. At the same time, the 

graphene on the outside surface is uniform with no bi-/multi-layers present in Figure 3c. This 

indicates that there is no available carbon source provided from the inside of the enclosure, in 

agreement with the observation that no graphene forms on the inside.  

 

To investigate the growth mechanism of uniform monolayer graphene, we compare in Figure 2 

the graphene films grown on the outside of the Cu enclosures with and without W enclosed for 

different lengths of time. For the first 10 min, bi-/multi-layers indeed nucleate in the center of the 

monolayer graphene flakes on both of the Cu enclosures.
19

 As time progresses, for the empty Cu 

enclosure, the monolayer becomes complete and the bi-/multi-layers continue to grow larger due 
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to the continual flow of carbon from the inside of the enclosure. In contrast, for the Cu enclosure 

with the W foil, the bi-/multi-layers start to diminish in size and eventually disappear after one 

hour. Additionally, high resolution scanning electron microscope (SEM) images also confirmed 

that the graphene on the Cu enclosure with W foil enclosed is uniform monolayer with no bi-

/multi-layers. (See Supporting Information) At the same time, no graphene grows on the inside, 

indicating that the concentration of carbon sources is extremely low.
23

 However, when we grow 

graphene under the same condition for five hours, bi-/multi-layers start to appear again on the 

outside and graphene grows on the inside simultaneously. (See Supporting Information)  

 

Since the bi-/multi-layers grow at the beginning and then disappear later, a question arises: is the 

monolayer graphene also affected by the W? To answer this question, we utilize carbon isotopes 

(
13

CH4 and 
12

CH4) to identify the carbon incorporation as a function of time. We grew graphene 

by sequentially flowing 
13

CH4 for the first 15 min and then 
12

CH4 for the remaining time using a 

Cu enclosure with W foil inside. Based on the time dependent studies in our previous work, the 

monolayer and bi-/multi-layers on the outside surface should be solely composed of 
13

C.
20

 If the 

graphene is being substituted during the growth process by the incoming carbon, 
12

C will incor-

porate into the films. Finally, using Raman spectroscopy, we can locate and differentiate the var-

ious carbon isotopes.
24

 The positions of Raman peaks are dependent on the masses of 
12

C and 

13
C.

25
 We thus performed Raman mapping on the graphene grown on the outside surface of the 

Cu enclosures with W foil enclosed. The G peak position of monolayer composed of 
12

C and 
13

C 

is located at around 1583 cm
-1

 and 1535 cm
-1

, respectively.
20

 The percentages of 
12

C and 
13

C 

were extracted and plotted in Figure 3a. The absence of 
12

C throughout the entire process sug-

gests that the film is completely composed of 
13

C, implying that under the same growth condi-

tion, no substitution of carbon in the monolayer occurs. Only small bilayer regions grown at the 

beginning disappear, while the monolayer regions remain intact. This observation is also sup-

ported by previous reports that once Cu is fully covered, there is no catalytic surface to further 

decompose 
12

CH4.
4, 26

 The difference in the results of the monolayer and small bi-/multi-layers is 

probably due to the edges of graphene. It is possible that the edges of the small bilayers are un-

bounded and chemically active.
27, 28

 With the assistance of the catalytic Cu foil, the reaction of 

graphene formation is reversed, such that graphene is etched back to carbon, diffuses inwards 

through the Cu foil, and is eventually consumed by the W foil.
29

 In contrast, the edges of mono-
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layer graphene domains are bonded to adjacent grains, thereby making them more stable as com-

pared to that of the bi-/multi-layers.
18, 30, 31

  

 

To elucidate the role of the W foil, we use a combination of X-ray photoelectron spectroscopy 

(XPS) and X-ray diffraction (XRD) to study the change of the chemical composition of the W 

foil. We performed XPS on both the outside and inside surfaces of the Cu enclosure and found 

that there is no presence of W. On the other hand, there is a presence of Cu on the W foil after 1 

hour of growth, as shown in the inset in Figure 3b. This is expected because the growth process 

was carried out at 1045°C, which is close to the melting temperature of Cu, resulting in Cu evap-

oration on the W foil during the growth process. To show that the thin Cu layer on W does not 

affect the role of the W, we put a W foil into a Cu enclosure for annealing under 10 sccm H2 at 

1045⁰C for 1 hour. Then, we removed the W foil which had been coated with a thin layer of Cu 

and repeated our previous growth utilizing a Cu-coated W foil in place of our standard W foil. 

For the same growth condition, we found that uniform monolayer graphene can still be obtained. 

(See Supporting Information). Figure 3c shows the XRD results on as-received W (without any 

growth), W after one hour growth (inside the Cu enclosure), W after five hours growth and as-

received WC, respectively. In Figure 3c, for W after five-hour growth, the W2C peaks are evi-

dent, as highlighted by red asterisks. Formation of WC was reported by annealing graphene ox-

ide and tungsten oxide
32

, however, here we found W2C forms on the W under our growth condi-

tions. Moreover, recent research has shown that W2C is stable even at high temperature and with 

more carbon source provided.
33-36

 The formation of W2C indicates that the carbon source is slow-

ly being incorporated into the W. Nevertheless, the W2C peak is not observed after only one-hour 

growth. This can be explained by the fact that there are no significant amounts of detectable W2C 

present due to the low carbon concentration on the inside at the beginning of the growth pro-

cess.
5, 19

 In Figure 3d, high resolution XPS of C1s confirms the presence of W2C, located at 

283.6eV, which can be distinguished from WC at 282.6eV.
37, 38

 All the peaks are fitted with 

Gaussian functions of different widths. The peak located at around 284.6eV with full width half 

maximum (FWHM) larger than 1eV is from the presence of adventitious carbon adsorbed on the 

surface, instead of graphene or graphite formation. For graphene or graphite, the FWHM of the 

peak is much narrower (< 1eV).
39
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Since the W foil removes the bilayer graphene from the outer surface of an enclosure, we can 

utilize this method for preparing large-domain bi-/multi-layers-free graphene using a Cu double 

enclosure geometry. The schematics of the Cu double enclosure are shown in Figure 4a. The W 

foil is placed inside the small Cu enclosure, which itself is placed inside a larger Cu enclosure. 

The surfaces on both sides of the Cu enclosures are numbered from the inside to outside. For ex-

ample, the innermost surface of the small enclosure is labeled surface 1 and the outside surface 

of the big enclosure is labeled surface 4. After growth under the same conditions for different 

lengths of time, graphene films on surface 2 and 3 were transferred and compared. After 1.5 

hours, the domain size of graphene is more than 200 µm. In the center of the domains, we can 

find bi-/multi-layers. As time proceeds, monolayer graphene is complete and bi-/multi-layers 

graphene continue to grow larger on surface 3 (highlighted in red). In contrast, the bi-/multi-

layers on surface 2 start to disappear, resulting in a uniform monolayer. Both surface 2 and 3 are 

exposed to the same environment with the same gas composition and temperature. However, be-

cause of the presence of a W foil inside the small Cu enclosure, the bi-/multi-layers underneath 

surface 2 can be removed, consistent with earlier observations. However, the bi-/multi-layers on 

surfaces 3 and 4 remain because they are encapsulated by graphene monolayers on both sides, 

which act as a carbon diffusion barrier.
8
 

 

In order to probe the domain size of the graphene, we carried out further characterization using 

transmission electron microscopy (TEM). (High resolution TEM image in supporting infor-

mation) We recorded the diffraction patterns at different locations of the sample. There were no 

discontinuous changes in the orientation of the diffraction spots, indicating that there were no 

rotational domain boundaries. Results in Figure 5 showed that the diffraction patterns were the 

same at different locations, suggesting that the monolayer on surface 2 is composed of a large 

single graphene domain over 200 µm.  

 

Conclusions 

In summary, uniform bi-/multi-layers-free monolayer graphene is obtained using Cu enclosures 

with a W foil enclosed. The bi-/multi-layers underneath the monolayer graphene are selectively 

removed while the monolayer remains intact. The W foil plays an important role in maintaining a 
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low carbon content inside of the Cu enclosure by itself absorbing carbon. Both XRD and XPS 

results indicate the formation of W2C on the W foil. Finally, using double Cu enclosures, we 

were able to achieve uniform large-domain graphene with no bi-/multi-layers. The formation of 

large-area single-domain monolayer graphene can enable large-scale integration of graphene de-

vices with high yield and high reproducibility. 
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Figure 1. Optical images of graphene grown on (a) a flat Cu foil, (b) the outside surface of the 

Cu enclosure and (c) the outside surface of the Cu enclosure with a W foil inside. The different 

thicknesses of graphene are represented by different shades of pink. The darker regions are bi-

layers or multilayers.  
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Figure 2. Optical images of transferred graphene grown on the outside of the Cu enclosure as a 

function of time.  On the outside surface of the Cu enclosure, the bilayer growth on the outside 

continues to grow. In contrast, bilayers grow during the first 20 minutes but start to disappear on 

the Cu enclosure with W foil inside. The monolayer graphene film remains uniform for the rest 

of the growth time of up to 2 hours. 
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Figure 3. Characterization of the graphene grown on Cu enclosures with W and the composition 

analysis of the W foil. (a) Percentage of the 
12

C and 
13

C isotope in monolayer graphene grown 

using isotopic labeling. (b) XPS results on W and on both inside and outside surfaces of the Cu 

enclosures. (c) XRD results on as-received W foil (black), W foil after 1-hour (blue) and 5-hour 

growth (red), and as-received  WC (grey). (d) Detailed XPS spectrum of C1s. Fitted peaks are 

shown with dashed lines. 
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Figure 4. Graphene grown on Cu double enclosures. (a) Schematics of the Cu double enclosures. 

(b) Growth mechanism for bi-/multi-layer graphene on surface 2 disappears while growth re-

mains on surface 3. (c) Comparison of graphene grown on the surface 2 and 3 as a function of 

time.   
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Figure 5. Large single domain monolayer graphene. The hexagonal diffraction patterns were tak-

en from the corresponding locations on the graphene in the SEM image in the center.   
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