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Abstract:  

Synthesis of large-scale single crystalline graphene monolayer without multi-layers involves the 

fabrication of proper single crystalline substrates and the ubiquitous formation of multi-layered 

graphene islands during chemical vapor deposition. Here, we present a cyclic electrochemical 

polishing combined with thermal annealing method that allows the conversion of commercial 

polycrystalline Cu foils to single-crystal Cu(111) with an almost 100% yield. We demonstrate a global 

“bottom-up-etching” method that is capable of fabricating large area pure single crystalline 

graphene monolayer without multilayers through selectively etching bottom multi-layered graphene 

underneath large area as-grown graphene monolayer on Cu(111) surface. Terahertz time-domain 

spectroscopy (THz-TDS) measurement of pure monolayer graphene film shows a high average sheet 

conductivity of 2.8 mS and mean carrier mobility of 6903 cm2V‒1s‒1 over large area. Density 

functional theory (DFT) calculations show that the selective etching is induced by the much easier 

diffusion of hydrogen atoms across the edges of the top graphene layer than hydrocarbon radicals, 

and the simulated selective etching processes based on phase field modelling are well consistent 

with experimental observations. This work provides new ways towards the production of single-

crystal Cu(111) and the synthesis of pure monolayer graphene with high electronic quality. 

1. Introduction 

Synthesis of high-quality large-area single crystalline graphene monolayer is of critical 

importance for its vast practical applications as well as for investigating the fundamental physical 
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phenomena in 2D space based on graphene.*1−3+ Currently, seamless stitching of unidirectionally 

aligned graphene islands growing on a substrate has been realized in achieving this goal, while this 

kind of methods face two main challenges‒(i) fabrication of a proper single crystalline substrate 

consistent with the symmetry of graphene to ensure the unidirectional alignment of graphene 

islands and (ii) avoiding the formation of multi-layers in the process of growing graphene monolayer 

samples. 

Due to the C6V symmetry of graphene, substrates showing one-, two-, three- and six-fold 

symmetries can in principle template the unidirectional growth of graphene islands during chemical 

vapor deposition (CVD).*4,5+ In practice, annealing of face-centered cubic (FCC) transition metals (TMs) 

predominantly leads to the appearance of six-fold symmetric (111) facets because of their lowest 

surface energies.*6,7+ Up to now, there have been mainly two types of methods of fabricating single 

crystalline FCC TM substrates with (111) facets, including the growth of thin TM films on single 

crystalline wafers*6,7+ and direct annealing of polycrystalline TM foils into single crystals*8,9+ such as 

temperature-gradient annealing using a delicate experimental setup,*10,11+ contact-free-annealing of 

polycrystalline Cu foils predominantly with ,112-<111> grains,*12+ or thermal annealing of Cu foils 

with pre-formed single crystalline seeds.*13+ However, the mechanism of conversion is still largely 

unknown, and the complications of operation, equipment or the use of polycrystalline metal foils 

with specific textures involved in these studies also hinder widespread applications. Considering 

various pathways of poly- to single-crystal conversion inherently existing in this complex system, it is 

highly demanded to explore an effective and robust method for ease conversion and in-depth 

understanding of the mechanism. 

During CVD growth of graphene on a single crystalline Cu(111) substrate, multi-layered 

graphene formed underneath the first layer is ubiquitous because of the non-uniform local 

environment or the existing of impurity particles that facilitate the nucleation and growth of the 
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graphene multi-layers.*14−18+ It was also found that crystalline facet orientations of the substrate and 

the carbon residues or contaminations on and inside the substrate also play critical roles in the 

formation of multi-layers.*19+ Cu(111) substrates were found to be superior as substrates to synthesize 

graphene monolayers with less multi-layers than Cu substrates with other facets.*20+ Pretreatment of 

substrates like reducing surface roughness by electrochemical polishing and carbon residues by high-

temperature annealing in H2 atmosphere for a long time have been revealed to be capable of 

lowering multi-layer coverage, while in practice there are always steps, kinks and impurity particles, 

especially SiO2, on Cu substrates and thus multi-layers will form during CVD. Up to now, it is still 

unclear whether it is possible to minimize or completely eliminate the non-uniformity effect due to 

the existence of extra graphene multi-layers. 

Here we demonstrate for the first time a cyclic electrochemical polishing combined with thermal 

annealing method that allows the production of single-crystal Cu(111) from commercial 

polycrystalline Cu foils with a size up to 4 × 32 cm2, which is limited by the size of furnace tube. The 

conversion can be completed by 2‒4 cycles with a yield of almost 100% within only 2‒4 hours’ 

annealing. Based on a collection of observations such as GB migration and grain size distribution, we 

propose that the conversion is a typical abnormal grain growth process and that cyclic 

electrochemical polishing can effectively remove the impurities that aggregate at the Cu grain 

boundaries (GBs) and pin their motions supported by experiments, which makes the complete 

conversion of polycrystalline Cu foils into single crystals possible. Moreover, we develop a global 

“bottom-up-etching” method that allows the synthesis of uniform monolayers of single-crystal 

graphene on the obtained single crystalline Cu(111) foils. This method is based on the key finding 

that the etching of multi-layers underneath the graphene monolayer film is layer-dependent with the 

faster etching rate for the underlying graphene multi-layers by slightly decreasing the supply of 

methane after the full coverage of graphene during CVD. Pure monolayer graphene film shows a high 

average sheet conductivity of 2.8 mS and carrier mobility of 6903 cm2V–1s–1 over large area up to 17 
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cm2 measured by THz-TDS technique. Our DFT calculations reveal that decreasing the supply of 

methane can lead to a near-equilibrium condition for the top-layer graphene film and simultaneously 

result in the etching of bottom multi-layers, because of the much easier diffusion of etchant 

hydrogen atoms into the interface between substrate and the first graphene layer via graphene 

edges than that of hydrocarbon radicals. In addition, phase field simulations of the selective etching 

of bottom layers based on this understanding are well-consistent with experimental observations, 

which further proves our proposed mechanism on the selective etching method. This work makes a 

contribution to the low-cost and high-yield production of single-crystal Cu(111) foils and the precise 

control of large-scale single crystalline graphene layer uniformity. 

2. Results  

2.1 Synthesis and characterization of Cu(111) 

Figure 1a shows schematic of our approach for producing single-crystal Cu(111) involving cyclic 

electrochemical polishing and thermal annealing processes (see also Methods). Typical optical and 

scanning electron microscopy (SEM) images of as-prepared Cu(111) foil are shown in Figure 1b and 

1c, respectively. The surface of large single-crystal Cu(111) appears smooth and flat, and shows 

uniform color contrast without the presence of GBs. Figure 1d shows a typical atomic force 

microscopic (AFM) image of as-prepared Cu(111) surface, which displays the characteristic three-

directions associated with slip lines along <110> on Cu (111) surface.*6,21+ The X-ray diffraction (XRD) 

characterization (Figure 1e) on samples shows a sharp single high-intensity peak at 43.3° that is the 

characteristic peak of Cu(111). Inverse pole figure (IPF) maps (Figure 1f) from electron back-scattered 

diffraction (EBSD) recorded on different areas of an as-prepared Cu foil across the whole surface 

show homogeneous color, indicating highly-crystalline Cu(111) surface without the presence of 

subgrain boundaries. The corresponding pole figures (Figure 1g) and kernel average misorientation 

(KAM) maps (Figure 1h) demonstrate that as-prepared Cu (111) has the same in-plane orientation. 
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Cu(111) is also confirmed by high-resolution transmission electron microscope (TEM) 

characterization (Figure S1). The sizes of single-crystal Cu(111) foils are simply dependent on the 

furnace used (2-inch quartz tube in our case), and the repeated use of this method resulted in a 

single-crystal Cu(111) foil with a size up to 4 × 32 cm2 (Figure 1i). 

In comparison, thermal annealing of polycrystalline Cu foils for a long time without 

electrochemical polishing essentially failed to produce large-scale Cu(111) foils (Figure S2), thus 

highlighting the critical role of electrochemical polishing and cyclic operation of Cu in the conversion. 

Investigating the whole process reveals several typical important points. First, in sharp contrast to 

very rough surface of commercial Cu foils (Figure 2a‒c), the first polishing process results in a 

smooth and flat Cu surface (Figure 2d, e). This is due to the fact that a protrusion part on Cu surface 

is associated with a high electric field, causing a faster dissolution in electrochemical polishing 

process.*22+ Second, after the first annealing process with 1 h, Cu surface typically appears several 

emerging features such as the network of GBs with single domains from tens to hundreds of 

micrometer, bumps or thermal grooves with varied size (Figure 2f). Third, the second polishing is 

capable of erasing out these features, leading to an appearance similar to that of the first polishing 

(Figure 2g). However, GBs are still present, and most of bumps or grooves typically disappear after 

the second thermal annealing (Figure 2h). Note that GBs formed after annealing show a deep groove 

configuration with a height ranging from 100-400 nm (Figure 2i). Finally, Cu(111) foils can be 

obtained with 2‒4 cycles (Figure 1). 

2.2 Mechanism of the conversion from polycrystalline to single crystalline Cu(111) 

To understand the mechanism of conversion, several key observables in this dynamic system 

including the change of GB location, GB flattening and merging were measured by combining optical 

imaging, SEM and EBSD measurements, which have been rarely reported. Figure 3a‒c shows a 

typical movement of a GB during the process. Note that the sample was slightly oxidized in air at 
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200 °C for 2 min for optical imaging. Our experiments showed that different colors in Figure 3a are 

associated with different Cu grains that have different oxidization rates (Figure S3).*23+ This technique 

is capable of rapidly identifying grains, and positions of GBs before and after their movement. For 

example, adjacent light and dark lines indicating the possible positions of GBs can be found in the 

optical image in Figure 3a, which were also observed in the corresponding SEM image (Figure 3b). 

EBSD mapping in the same area confirms that the light and blue lines in Figure 3a actually denote the 

original and current positions of the GB (denoted by GB1 and GB1), respectively (Figure 3c). 

Moreover, it can be seen that that Cu(111) grain is growing larger at the cost of adjacent Cu(110) 

grain, in which several speckles indicate the existence of small subgrains on Cu(110) (Figure 3c). The 

motion direction of this GB can also be identified, which is towards the center of GB curvature that is 

consistent with the growing direction of Cu(111), and the motion of a GB appears not uniform as 

evidenced by the two curved lines with different geometrical shapes (Figure 3a‒c and Figure S4). A 

more complex case involving motions of interconnected GB lines is shown in Figure S5. 

It should be noted that the motion direction of the GBs is determined by both surface energy of 

grains and the local curvature of GBs between grains. As schematics shown in the inset of Figure 3a, 

the energy change per unit volume after a small motion of a GB is: 

dE =
2∆𝛾𝑟𝑑𝜃𝑑𝑟+𝛾𝐺𝐵ℎ𝑑𝜃𝑑𝑟

ℎ𝑟𝑑𝜃𝑑𝑟
=
2∆𝛾

ℎ
+
𝛾𝐺𝐵

𝑟
,                       (1) 

where ∆𝛾 is the surface energy difference between the two grain facets, 𝛾𝐺𝐵 is the GB energy, h 

represents the thickness of the Cu foil and 1 𝑟⁄  is the local curvature of the GB, the coefficient 2 in 

the first term represents the two surfaces of the Cu foils. Eq. (1) shows that the motion of a GB is not 

necessarily towards the direction of surface energy decreasing (∆𝛾 < 0), if the local curvature of the 

GB 1 𝑟⁄  is negative. Indeed, we have observed the motion of a GB from a high-energy facet towards a 

low-energy one (∆𝛾 > 0), which will be shown in the following discussion. 
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Previous studies have classified grain growth behaviors into two groups: normal grain growth 

(NGG) and abnormal grain growth (AGG), which is based on the criterion of how fast grain 

grows.*24−27+ Figure 3d‒e demonstrates the evolution of grains for the same Cu area with the 

treatment of the second and third cycles, in which millimeter-scale AGG occurs. We found that there 

is no much change in the grain texture after the first two cycles of treatment around this area, where 

a large Cu(110) grain was on the left side and many small grains with different facets on the right side 

(Figure 3d, also see Figure S6 for the optical image of this area after the first cycle treatment). In 

contrast, after the third cycle, the whole Cu surface changes dramatically (Figure 3e). Specifically, the 

right region on Cu surface containing many different grains including Cu(111) appears the same color, 

indicating that this whole area becomes Cu(111), as driven by the lowest surface energy of Cu(111) 

and elimination of GBs. It is worth noting that the motion of GB from Cu(110) towards Cu(111) 

(denoted by blue and red arrows in Figure 3e), which is induced by the local negative curvature of 

the GB, can be explained above. More such examples are shown in Figure S7. 

To reveal the conversion mechanism from polycrystalline Cu foils to single crystals by cyclic 

electrochemical polishing and annealing, statistics on the grain size within 4  4 cm2 area of a Cu foil 

under different treatment cycles are obtained, as shown in Figure 3f. It can be seen that the grain size 

increases significantly with the increase of treatment cycles. Moreover, the bimodal distributions 

suggest that the conversion is mediated by AGG. We propose that the cyclic electrochemical 

polishing removes impurity particles that accumulate at GBs in the Cu foil and pin their motion, 

which leads to the successful conversion of polycrystalline Cu foils to single crystals. Zener equation 

shows that the limiting size of the normal grains during annealing can be estimated by 
𝛼

𝑓
, where 𝛼 is 

a parameter related to the diameter of impurity particles and 𝑓 is the volume fraction of impurity 

particles.*28+ If we assume that only 𝛽 percent of impurity particles is remained after one cycle of 

electrochemical polishing, then 𝑓 = 𝑓0𝛽
𝑁 with 𝑓0 to be the original volume fraction of impurity 



  

This article is protected by copyright. All rights reserved. 

9 

particles and the size of the normal grains after the Nth annealing cycle is 
𝛼

𝑓0𝛽
𝑁 
. Figure 3g shows the 

evolutions of the mean diameter of normal grains and the largest diameter of abnormal grains with 

the increase of treatment cycles N. Obviously, the mean diameter of normal grains increases 

exponentially with N, and 𝛽 is fitted to be 0.43, which is strikingly consistent with our analysis. More 

importantly, we found that the size of the largest abnormal grain also satisfies the Zener prediction 

and increases exponentially with N and 𝛽 is fitted to be 0.17. The smaller 𝛽 for abnormal grains 

suggests their faster growth rates than normal ones and proves that polycrystalline Cu foils can 

always be annealed into single crystals by our method. 

We have performed extensive experiments to investigate the impurity information of Cu before 

and after treatments including X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS) and 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) techniques. Several impurity elements 

such as Al, Fe, Ca, Zn, S, Cl, Si and P with several hundred ppm level are detected in initial Cu foils by 

XRF measurements, among which Al and Fe elements are not found in treated Cu foils in XRF data, 

and the concentrations of Ca and Zn elements in single-crystal Cu foils are much lower than those of 

initial Cu (Table S1). XPS measurements of initial and treated Cu foils (Figure S8) show that only Al 

and Fe elements are absent, indicating that Al and Fe elements are from external contaminants. 

Moreover, the impurity concentrations of S, Cl and Si elements show a clear decreasing trend with 

the cycle number, strongly indicating that the impurities are removed by the treatment (Figure S9). 

Note that the impurity of P element essentially remains the same with a small fluctuation, possibly 

due to the fact that the electrochemical polishing solution contains phosphoric acid (Figure S8). 

Finally, impurity concentration distributions of Cl and P on Cu surface essentially map GB profiles by 

ToF-SIMS mappings of treated Cu foils (Figure S10), in which the concentrations of Cl along GBs are 

higher than those on surface with the highest contrast compared to P, Si and S mappings. Note that a 

fluctuation of element concentration distributions along GBs and grain surface can also be seen, and 

apparent “dark” regions along “light” lines is most likely from the effect of GB morphology. In a word, 
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these results are indeed consistent with the main points that impurities in Cu tend to accumulate in 

GB regions, and the impurities are removed by electrochemical polishing process. 

In order to further reveal the mechanism of grain growth at microscopic scale, AFM imaging of 

GB locations was performed to characterize the morphological changes of GBs after their migration. 

Two locations in Figure 3h were highlighted. Marked areas covering the location of the original 

intersecting point (Figure 3i) show no detectable grooves or signals for the existence of GBs after 

their migration. For comparison, newly-formed GBs (Figure 3j) show typical GB morphology and 

grooves with a height range similar to that for original GB (Figure 2i). These results further 

demonstrate that grain growth process involves GB migration and the flattening steps. 

With these collected observables in mind, it is possible to discuss the mechanism of grain 

growth in more details and establish a connection between microscopic motion of Cu atoms and 

global observations in the process. First, from the microscopic point of view, the existence of GBs 

causes a distortion of Cu lattice that is associated with a local energy field gradient. This gradient and 

surface energy difference provide driving forces for motion of adjacent Cu atoms, which is 

responsible for global grain growth. Using this picture, several basic observations or empirical rules 

can be well-explained. For example, stress/strain-induced energy field gradient or temperature-

gradient enable other external driving forces for the conversion. Grain growth appears to occur by 

the motion of GBs. Considering high energy of GBs, local gradient drives the directional motion of 

local atoms, and this microscopic motion of atoms can equivalently be described by a global motion 

of GBs. In this sense, while net results allow various kinds of routes from the initial to final states, 

global atom plane rotation or translation are not energetically preferred. Moreover, local geometric 

features such as GB curvatures are directly associated with local distortion degree of Cu lattice, and 

thus eliminating or reducing the curvature of a GB curve is energetically preferred, leading to a 
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motion direction towards the center of a GB curvature and simultaneous minimization of the 

curvature of a GB. 

Second, the observations or classifications of NGG and AGG modes appear to be related to the 

randomness of this complex process, which possibly originates from the lacking of detailed 

microscale information of starting Cu foils, or from the complex interaction of GBs motion during the 

conversion. This randomness has some consequences that can be observed. For example, it is 

difficult to predict when and how an AGG occurs (Figure S11 and S12), how many exact polishing 

cycles are required or how long every annealing time should be. As a result, these parameters are 

empirically determined, and may not be mostly optimized for certain case. Statistical results are very 

reliable regardless of these fluctuations in terms of cycle times, the starting or ending time of AGG, 

annealing duration and so on. On the other hand, AGG may be more likely a synergetic phenomenon, 

involving the interactions of many grain growths and GBs motions in which certain Cu(111) was 

randomly-selected to grow larger and then this growth dominates the neighboring grain growth. In 

practice, the best example can be realized by two cycles of polishing and annealing. 

Finally, cyclic Cu polishing plays a critical role in Cu(111) foil production, which can remove 

contaminants and impurities on surface and GBs. Due to the high energy of GBs, impurities are 

readily diffused from the surface or segregated from the bulk to GB regions,*29+ which is not preferred 

for GB movement in both energetics and kinetics. Statistically, the requirement of Cu conversion is 

that a big number of energy values imputed into the system are factored into the addition of a large 

number of small energy costs. In this sense, an interconnected GB network in a polycrystalline 

material remains to be locked even when a small fractions of GBs are pinned by impurities. 

Considering the existence of various kinds of GBs*30+ (low-angle, large-angle, high-mobility, low-

mobility, and so on) between different Cu grains, the grain growth can be terminated at some stages 
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or some locations. Our approach provides an effective response in a global and cyclic manner that 

minimizes this potential failure of grain growth.  

2.3 Growth and characterization of single-crystal pure graphene monolayer 

The development of the method of producing Cu(111) and deeper understanding of conversion 

mechanism allows the direct applications of our as-prepared Cu(111) foils to the CVD growth of 

graphene, which has been extensively investigated in recent years, as Cu(111) provides a symmetry 

and lattice-matched substrate for the formation of well-aligned graphene domains and their further 

coalescence into single crystalline films. These graphene films generally contain multi-layered 

graphene portions, the percentage and distribution of which are dependent on various experimental 

conditions. Traditional approach for restraining the possibility of multi-layered nucleation and growth 

is mainly based on controls over parameters such as C sources, carrier gas types, pressure, 

temperatures or substrates during the growth stage.*31,32+ However, the realization of a complete 

monolayer graphene growth on Cu(111) surface remains elusive at present. 

To solve this issue, our general idea is not to control nucleation and growth stages of graphene, 

but to modulate etching process after the formation of multi-layered graphene films. Our approach 

involves a first graphene film growth stage and then a second“bottom-up-etching” stage that is 

capable of etching away the underlying multi-layers*33−36,19+ with the survival of the upper single-layer 

graphene (Figure S13). The experiments involving the use of 12CH4 and 
13CH4 as graphene growth 

precursors (Figure S14), Raman spectroscopy (Figure S15) and oxygen plasma etching (Figure S16) 

were performed to determine whether the second layer grows below or above the first grown 

graphene monolayer, and we found that the former is indeed the case and consistent with previous 

studies. Briefly, during the first growth stage, a relatively large concentration of CH4 was used to grow 

a common multi-layered graphene film on Cu(111) surface, and then the flow rate of CH4 was 

reduced to a value at which as-grown upper single-layer graphene is non-etched, and the multi-
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layered graphene under the first single layer can be gradually etched away. After a certain period of 

time, a uniform single crystalline monolayer graphene can be obtained (Figure S17). This idea 

provides a route for general and global controls of the complete monolayer graphene synthesis 

regardless of growth conditions and various non-uniformity of multi-layered samples. 

Figure 4a shows a typical optical image of multi-layered graphene film synthesized during the 

first stage transferred onto a 300 nm SiO2/Si substrate, in which many dark areas representing multi-

layered portions are non-uniformly distributed on the continuous graphene film. In sharp contrast, 

as-grown graphene film shows a uniform color contrast, indicating a monolayer graphene film after 

the completion of the whole stages (Figure 4b). The zoom-in images of both samples in the inset of 

Figure 4a and 4b show characteristic optical contrast of multi-layer and monolayer graphene films, 

respectively. The comparison of Raman mappings of samples further confirms the nature of multi-

layered graphene (Figure 4c and Figure S18a‒c) and the uniformity of monolayer graphene over a 

large length scale (Figure 4d and Figure S18d‒f), respectively. All Raman spectra of monolayer 

graphene film measured at different locations over an area of 17 cm2 show the similar results, in 

which D band located at 1350 cm‒1 is absent or negligible, and the peak intensity ratios between 2D 

and G are about 1‒3 (Figure 4e and Figure S18f), demonstrating that as-grown graphene films are 

uniform monolayer. 

In order to further evaluate samples’ electronic quality with a spatial resolution at a large-scale, 

THz-TDS measurements (See methods and Figure S19) were performed. Figure 4f and Figure S20a 

show DC sheet conductivity map and histogram of large-area graphene film with multi-layered 

coverage similar to the case in Figure 4a. For comparison, improved uniformity of DC sheet 

conductivity (2.8 mS) for monolayer graphene film can be directly visualized from Figure 4g. In 

addition to non-destructive and spatially-resolved features, THz-TDS allows a full determination of 

graphene electronic properties such as sheet conductivity, carrier density, carrier scattering time and 
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carrier mobility (Figure 4h, 4i and Figure S20b–f), which has previously been shown to agree well 

with transport measurements.*37+ The drift mobility of monolayer graphene was found to have an 

average value of 6903 cm2V–1s–1 with a standard deviation of 1420 cm2/Vs (Figure 4i). The measured 

level of uniformity and average mobility of the monolayer graphene is high compared to that of the 

corresponding graphene film containing multi-layered regions, and also high compared to previously 

reported CVD grown graphene samples including single-crystal graphene film determined by THz-TDS 

technique (Table S2), indicating high electronic quality of our pure and continuous monolayer 

graphene. 

We further performed several techniques for revealing the crystallinity of graphene samples 

over a large length scale. For example, we found that all partially-covered graphene domains grown 

on Cu(111) before their merging show a good alignment in our experimental conditions (Figure S21). 

Note that the shapes of graphene domains are dependent on growth conditions and Cu(111) 

substrate, variously-shaped graphene domains deviated from ideal hexagonal shapes were observed 

in our growth condition. The good alignment of graphene domains leads to a large-scale single-

crystal graphene film. As-grown monolayer graphene films were also further etched at the growth 

temperature without the presence of CH4, and the results showed that etched holes are also well-

aligned over the whole area of graphene film (Figure S22‒S24), indicating its single-crystal 

nature.*38−40+ In addition, low-energy electron diffraction (LEED) technique was conducted on as-

grown monolayer graphene film on Cu(111) (Figure S25). The results show two distinguishable sets 

of six-fold diffraction patterns that are close to each other, in which the pattern far away from the 

center is attributed to graphene lattice (graphene lattice 2.46 Å, and the underlying Cu lattice 2.56 

Å*41+), and the same orientation of two diffraction patterns for two locations separated by 2 mm 

provides an additional evidence of single-crystal graphene. Finally, the observed coalesced graphene 

grains with rounded concave corners (Figure S26) indicate their seamless coalescence,*3, 42+ and direct 
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TEM selected area electron diffraction (SAED) measurement (Figure S27) further confirms the 

absence of GBs in coalesced graphene islands. 

The changes from various states of multi-layered graphene to a single state of uniform 

monolayer graphene are intriguing. A flow diagram of the whole process consisting of the first 

graphene growth and the second etching process is shown in Figure 5a. Generally, compared to the 

upper layer, less C supplies are provided for lower graphene layers due to the limited diffusion of C 

precursors within the lower confined space, possibly resulting in a layer spatial-order-dependent 

etching, i.e., the upper layer is corresponding to the lower etching rate. Many strong evidences were 

found to support the “bottom-up-etching” in our experiments. For instance, Figure 5b‒d and Figure 

S28 show typical SEM and optical images of graphene samples at the second etching stage 

transferred onto 300 nm SiO2/Si substrates. While graphene monolayer (G1) remains a continuous 

film, the underlying graphene layers (G2 or G3) appear the loss of their natural integrity or contain 

holes with well-defined hexagonal shapes, which is associated with the etching of these lower 

graphene multi-layers. Etching rates for different layers can be clearly derived by comparing different 

etching area in local imaging of samples. Raman spectra of labelled area (Figure 5d) are indeed 

consistent with graphene layer numbers using direct optical images (Figure 5e). Further Raman 

mappings of these samples’ G and 2D peak intensities not only show the contrast of different layer 

numbers that are consistent with the corresponding optical images, but also reveal the typical layer-

stacking information (Figure 5f‒h and 5i‒k). Compared with 2D peak intensity of monolayer 

graphene, 2D peak intensities of bilayer graphene show higher and lower intensity at different 

regions. These observations reflect a different coupling strength of bilayer with different stacking 

order.*43,44+ In the case of two layers with 0° orientation (AB or Bernal stacking), the intensity of 2D 

peak for two layers is significantly reduced due to a strong coupling between two layers. In contrast, 

for 30° orientations, 2D peak intensity of bilayer is usually higher than that of monolayer 

graphene.*45+ These behaviors were generally found in our samples (Figure S29‒S31). Finally, in 
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practice, as the growth and etching of graphene are sensitive to experimental conditions such as 

temperature, the flow ratio of Ar to H2 and trace amount of H2O or O2,
*46+ the flow rate of CH4 and in-

situ etching duration are experimentally determined. A set of non-uniform multi-layered graphene 

films grown at different conditions can be converted to uniform monolayer state under tunable 

growth-etching conditions. 

2.4 DFT and phase field simulations for the formation of uniform graphene monolayer 

To understand the growth and selective etching of graphene in our experiments, extensive first-

principles DFT calculations and phase field simulations were performed. It has been found that CH4 

cannot stay on Cu(111) surface under a typical graphene CVD temperature (1300 K) due to its small 

binding energy (0.05 eV) on Cu surface.*47+ Our calculations showed that dissociation of H2 molecules 

into H atoms is energetically favorable on Cu(111) surface (Figure S32). Therefore, hydrocarbon 

radicals and H atoms on Cu surface are responsible for the growth and etching of graphene during 

CVD, as schematically shown in Figure 6a. We then calculated the formation energies of CHi (i = 0, 1, 

2 and 3) on a bare Cu(111) surface and at the interface between graphene and Cu(111), respectively 

(Please refer to SI for calculation details). Under a relatively high chemical potential of H, such as H 

atom on Cu(111), the formation energy of CH3 on bare Cu(111) surface is lowest, suggesting that CH3 

are dominant among all the carbon radicals considered (Figure 6b). With the decrease of the 

chemical potential of H, the formation energy of C atoms (or carbon dimers C2, which were found to 

be even more stable than C monomers*47,48+) on bare Cu(111) surface will become the most stable 

and the dominant species (Figure S33). Our results are consistent with previous studies.*47,48+ 

Importantly, it can be seen that all carbon radicals at the interface between graphene and Cu(111) 

show higher formation energies than those on bare Cu(111) surface, leading to their lower 

concentrations and thus a slower growth rate of graphene multi-layers beneath the graphene top-

layer. The diffusion of H atoms, C2 and CH and CH3 radicals, which were found to be dominant under 
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a high H2 partial pressure,
*47,48+ from bare Cu(111) surface to the graphene-Cu interface were also 

explored. As shown in Figure 6c‒e and Figure S34‒S37, the diffusion of H atoms to the graphene-Cu 

interface is much easier than C2, CH and CH3, which further proves the more difficult growth and 

much easier etching of graphene multi-layers than the top-layer. Consequently, a continuous 

graphene monolayer with sparsely distributed multi-layers will be formed during growth. 

After the full coverage of the top graphene layer, we propose that selective etching of the multi-

layers can be realized by properly decreasing the supply of CH4 to keep the top-layer and multi-layers 

of graphene under near-equilibrium and carbon-deficient environments, respectively. Because the 

synthesis of graphene via CH4 follows CH4 ⇌ CH3 ⇌ CH2 ⇌ ⋯ ⇌ Graphene and CH4 cannot stay on 

Cu(111) surface under a high growth temperature, we then compared the chemical potential 

difference between CH3 radicals (𝜇𝐶𝐻3(𝜌𝐶𝐻3 , 𝑇)), H atoms (𝜇𝐻(𝜌𝐻 , 𝑇)), and graphene top-layer (𝜇𝐺(𝑇)) 

on Cu(111) surface: 

∆𝐺 = 𝜇𝐶𝐻3(𝜌𝐶𝐻3 , 𝑇) − 3𝜇𝐻(𝜌𝐻 , 𝑇) − 𝜇𝐺(𝑇)     (2) 

where 𝜌𝐶𝐻3  and 𝜌𝐻 are the concentrations of CH3 radicals and H atoms on the Cu(111) surface, 

respectively, which can be estimated from the partial pressures of CH4 (𝑃𝐶𝐻4) and H2 (𝑃𝐻2) at a 

temperature of T based on a simplified adsorption-dissociation-desorption model (Please refer to SI 

for details.). Figure 6f shows the predicted critical 𝑃𝐶𝐻4 and 𝑃𝐻2 (marked by black line) for at which ∆G 

= 0 is satisfied under 1300 K. Growth and etching of the graphene top-layer are expected under 

conditions far above and below this predicted boundary, respectively, while a near-equilibrium 

environment for graphene synthesis can be achieved under conditions close to this boundary. This 

prediction is in good agreement with our experiments, where the square dot in Figure 6f denotes the 

typical partial pressures of CH4 and H2 used for graphene growth at 1348 K. By slightly decreasing the 

supply of CH4 and keep the supply of H2 unchanged (circular dot in Figure 6f), the concentrations of 
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CHi radicals beneath the graphene top-layer were reduced and therefore etching of the multi-layers 

can be achieved, while near equilibrium of the graphene top-layer can still be maintained. 

Phase field theory simulations were performed to demonstrate the selective etching process 

(Please refer to SI for details.). Figure 6g schematically shows an atomic model of an as-grown 

graphene monolayer with an extra layer beneath it, both of which were nucleated near an impurity 

particle, as observed in our experiments. At the initial selective etching stage, a hole in the two 

graphene layers at the nucleation site will be formed (first panels in Figure 6h and 6i, respectively). 

Because the diffusion of H atoms into the interface between the top-layer graphene and Cu surface is 

much easier than CH3, the relative concentration ratio of H atoms to CH3 radicals at the graphene-Cu 

interface is much higher than that on the bare Cu surface, and thus etching of the bottom-layer is 

much faster than that of the top-layer. With the etching continued, concentration of carbon radicals 

at the graphene-Cu interface will increase and these carbon radicals will diffuse out to the bare Cu 

surface near the nucleation center, which subsequently stops the etching and even leads to re-

growth of the graphene top-layer (Figure 6h‒j and Figure S38), and a hexagonal hole will develop 

only in the bottom-layer. It should be noted that carbon radicals etched from the graphene bottom-

layers cannot directly desorb from the substrate surface. Instead, they can only diffuse away to other 

areas of the graphene-Cu interface or to the air through defects of the graphene top-layer. Therefore, 

the evolution of the outer circumference of a graphene bottom-layer during etching is not the same 

as that of hexagonal top-layer graphene islands,*49+ where the six vertices are quickly etched away 

and twelve tilt edges appear to dominate the circumference. For the etching of a graphene bottom-

layer, the faster etching of vertices than edges leads to higher concentrations of carbon radicals near 

to the vertices than edges (Figure 6j), which in-turn lowers down the etching rate of vertices. 

Consequently, the shape of the outer circumference of the bottom-layer will not change significantly 

during etching (Figure 6i, Figure S39 and S40), which is also consistent with our experimental 

observations (Figure S20). 
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3. Conclusion 

In summary, this work develops a cyclic “electrochemical polishing and thermal annealing” 

approach that allows the production of large-scale Cu(111) with almost 100% yield and wide 

applications. Electrochemical polishing and cyclic operation are particularly effective for reducing 

energy barriers of GB migration and pinning. Using key evidences of GB migration, flattening and 

merging, we develop a framework that allows the understanding of the complex conversion. We 

further demonstrate a global “bottom-up-etching” method that is capable of etching away multi-

layered graphene, leading to a realization of producing a uniform monolayer graphene film on 

Cu(111) surface. These approaches and the corresponding understanding of mechanism are key to 

the realization of high-quality single-crystal substrate and the controlled growth of graphene or other 

2D materials. 

 

4. Experimental Section/Methods  

Synthesis of single-crystal Cu(111) foils: Single-crystal Cu(111) foils were prepared by a cyclic 

electrochemical polishing and high temperature annealing process as follows. First, commercial Cu 

foils were electrochemically polished. The solution consists of deionized water, ethanol, phosphoric 

acid, isopropanol and carbamide with the proportion of 10 : 5 : 5 : 1 : 0.16. Cu foil serves as the 

anode with a voltage of about 3‒5 V, and a typical process takes a few minutes. After polishing, Cu 

foils were thermally annealed at a temperature close to the melting point of Cu with a flow of H2 or a 

mixture of Ar (200 sccm) and H2 (50) for about 0.5‒1h. 2‒4 cycles of this process lead to single-

crystal Cu(111) foils. 

Synthesis and transfer of multi-layer and uniform monolayer graphene films: The experiments were 

performed in a CVD system with a 2-inch quartz tube. Briefly, as-prepared single-crystal Cu(111) foils 

were placed on a quartz tube. When the temperature was raised to be 1075 °C with a flow of 250 
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sccm Ar and 20 sccm H2, 4‒8 sccm methane diluted in argon (0.5 % in Ar) was introduced into the 

tube for about 1h, resulting in a multi-layer graphene film. For monolayer graphene growth, the flow 

rate of CH4 was reduced to a small value typically in the range of 0.2‒0.5 sccm for selectively etching 

multi-layer graphene, and the duration is about 2.5‒3.5 h. In addition, for carbon isotope 12CH4 

(99.9% purity) was first used to grow graphene islands. and then switched off followed by the 

introduction of 13CH4 (99% purity) to the growth system. Briefly, an extra valve in 12CH4 gas path was 

installed for controlling the diffusion of 12CH4 to main gas path. Before the dosing of 13CH4, a flow of 

500 sccm Ar was introduced to purge the system for 1 min after stopping the dosing of 12CH4. All the 

experiments were performed at ambient pressure. As-grown graphene samples were transferred 

onto 300 nm SiO2/Si substrates for Raman tests and oxygen plasma treatment. Finally, the flow of 

CH4 was switched off, and the system was quickly cooled down to room temperature. The transfer of 

graphene samples on Cu is conducted by using traditional wet transfer methods. Briefly, the PMMA 

solution was spin-coated on the graphene sample on the surface of the Cu foil at a speed of 3000 

r/min, and baked at 120 ºC for 10 minutes. The PMMA/graphene/Cu samples are then placed into a 

saturated FeCl3 solution. After the Cu foils are completely etched, the PMMA/graphene sample 

layers are washed with diluted HCl and deionized water several times, and then the samples are 

transferred to a 300 nm SiO2/Si substrate. 

Terahertz time-domain reflection spectroscopy: THz-TDS measurements were conducted using a 

commercially available fiber-coupled spectrometer (Teraflash system). The Teraflash system uses a 

robust, femtosecond laser system with wavelength centered at 1560 nm and a photoconductive 

antenna with high-mobility InAlAs/InGaAs multilayer heterostructure to generate picosecond 

electromagnetic terahertz pulse. The detector coherent to the emitter is based on the 

photoconductive with an LT-grown Beryllium doped InAlAs/InGaAs multilayer heterostructure. One 

piece of high-resistivity silicon wafer (𝜌 > 10000     ) is used as a beam splitter, which allows 

terahertz pulse normal incident and reflected on the sample. Spatial THz-TDS maps with 250 μm step 
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size were acquired by raster scanning the samples at normal incidence in the focal plane of the THz 

beam and the THz spot size is 1 mm at 1 THz. The frequency-dependent sheet conductivity of 

graphene was extracted from the ratio of THz radiation passing through graphene-covered sample 

regions   ( ) and THz radiation passing through a substrate reference area with no graphene 

 𝑟( ): 𝑟 =
𝐸 ( )

𝐸 ( )
= |

        0 ( )

 +    + 0 ( )

 +    

      
|, where      is the refractive index of substrate and  0 is 

the free space impendence. THz-TDS sheet conductivity maps show the spatially averaged sheet 

conductivity in the 0.4−1.4 THz range. The DC conductivity  𝐷𝐶  and scattering time τ can be 

extracted from THz-TDS measurements of graphene by fitting the frequency-dependent sheet 

conductivity of graphene to the Drude-model,  ( ) =  𝑑  (1 −    ), where  ( ) is the frequency-

dependent sheet conductivity. The carrier density n and mobility μ of graphene can subsequently be 

calculated from  =
  2   

2

 4  
2 2

 and 𝜇 =  𝐷𝐶   , where  𝐹 is the Fermi velocity set to 10       

Characterizations: Samples were characterized by optical microscope (Olympus DX51, Olympus), 

scanning electron microscopy (Hitachi S-4800), Raman spectroscopy with an excitation wavelength 

532 nm (Renishaw inVia, Renishaw), Powder X-ray diffraction (PANalytical Empyrean diffractometer 

using Cu radiation) and XPS (ESCALAB250XI). AFM images were taken with Veeco Nanoscope IIIa, 

tapping mode. TEM was conducted by JEOL 2010F. LEED were performed under ultrahigh vacuum of 

1 × 10−10 Torr (Elmitec LEEM-III system). EBSD data were obtained with ULVAC-PHI 710 under the 

voltage of 15 kV and the current of 10 nA, and the probe model is EDAX OIM 6.0. X-ray fluorescence 

analyses (XRF) of samples were carried out on a PANalytical Zetium spectrometer. The films were 

analyzed by wavelength-dispersive XRF, and the data were analyzed by Omnian method. The SIMS 

analysis was performed with a ToF-SIMS 5 instrument (ION-ToF GmbH, Münster, Germany) 

equipped with a 30 keV Bi3+ primary ion gun and a 10 keV Ar sputter gun. An electron flood gun was 

used for charge neutralization. The theoretical calculations were carried out on TianHe-1(A) at 

National Supercomputer Center at Tianjin. 
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Figure 1. The preparation process and characterizations of single-crystal Cu(111) foils. (a) 

Schematic illustration for the preparation of single-crystal Cu(111) by cyclic electrochemical polishing 

and thermal annealing. (b‒d) Typical optical, SEM and AFM images of as-prepared Cu(111) surface, 

respectively. (e) Typical XRD data of Cu(111) foil with a single and sharp peak located at 43.3°. (f‒h) 

Typical EBSD inverse pole figure (IPF) mappings in the normal direction (f), (001) pole figures (g) and 

KAM maps (h) of six different regions separated by about 1cm on Cu(111) surface. i) Photograph of 

Cu(111) foil with a size of 4  32 cm2. 
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Figure 2. Characterizations of Cu surface at different stages of electrochemical polishing and 

annealing. (a‒c) Optical, SEM and AFM images of commercial polycrystalline Cu, respectively. (d, e) 

Optical and AFM images of Cu surface after the first polishing process, respectively. (f) Optical image 

of Cu surface after the first annealing. (g) Optical image of Cu surface after the second polishing. (h) 

Optical image of Cu surface after the second annealing. (i) AFM image of typical GB grooves. 
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Figure 3. Characterization of GBs migration. (a‒c) Optical, SEM and EBSD characterizations of the 

same location on Cu involving a GB movement, respectively. The right schematic of (a) illustrates the 

profiles of GBs before and after migration. The line marked with GB1 indicates the original GB and 

the line marked with GB1 indicates the newly-formed GB after migration toward the center of 

curvature. The scale bars are 50 μm, 60 μm and 60 μm, respectively. (d) Optical image of the Cu 

region after the second polishing and annealing treatment. (e) Optical image of Cu region after the 

third polishing and annealing treatment, showing abnormal growth of large Cu(111) grain and a 

behavior of GB movement towards Cu(111) region, indicating the initial (blue arrow) and newly-

formed (red arrow) GBs. The scale bars are 200 μm. (f) Histograms of Cu grain sizes with the 

treatment of different cycles. (g) Plots of average Cu grain sizes in NGG and AGG as a function of 

cycle numbers. (h) Optical image of a location involving the movement of interconnected GBs. (i, j) 

AFM images of blue and red areas labelled in h, respectively, showing that the grooves in the original 

GB areas were not found after GB migration, and the heights of newly-formed GB grooves are in the 

range of 100‒400 nm. The scale bars are 5 μm and 10 μm, respectively. 
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Figure 4. The synthesis of uniform monolayer graphene films on Cu(111) surface and THz-TDS 

characterization of graphene electronic properties. (a, b) Optical images of multi-layered graphene 

and uniform monolayer graphene films transferred onto 300 nm SiO2/Si substrates, respectively. The 

scale bars in a and b are 100 m and 200 m, respectively. Inset: The corresponding close-up optical 

images of a and b. The scale bars are 10 m. (c, d) The comparison of large-scale Raman mappings of 

2D peak intensities for multi-layer and monolayer graphene films, respectively. The scale bars are 50  

m. (e) Typical Raman spectra of monolayer graphene films measured at randomly different 

locations. (f) THz-TDS sheet conductivity map of graphene film with multi-layered portion transferred 

onto a 300 nm SiO2/Si wafer. (g, h) THz-TDS sheet conductivity and carrier mobility maps of 

monolayer graphene film transferred onto a 300 nm SiO2/Si wafer, respectively. (i) Carrier mobility 

histogram. Inset: Photograph of a monolayer graphene film transferred onto a 300 nm SiO2/Si wafer 

for THz-TDS measurement. 
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Figure 5. “Bottom-up-etching” of multi-layered graphene. (a) Schematic illustration of 

multi-layered graphene film growth and etching process for the preparation of uniform 

monolayer graphene. The first, second and third layers are shown in black, blue and 

red color, respectively. G1, G2 and G3 indicate the graphene layers from top to down, 

respectively. Typical SEM (b, c) and optical images (d) of transferred graphene films on 

SiO2/Si substrates, showing that the etching of multi-layered graphene occurs at the 

second etching stage. (e) Raman data of different locations marked in image d. Optical 

image (f) of etched multi-layered graphene on SiO2/Si substrates, and the 
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corresponding Raman mappings (g, h) for G and 2D peak intensities, respectively. (i‒k) 

Another case similar to the (f‒h). 

 

 

Figure 6. Theoretical exploration on the synthesis of monolayer graphene by growth and selective 

etching. (a) Atomic schematics showing the distribution of CHi (i = 0, 1, 2 and 3) radicals and H atoms 

on a bare Cu(111) surface and at the interface between graphene and Cu substrate. (b) Formation 

energies of CHi (i = 0, 1, 2 and 3) radicals on a bare Cu(111) surface (denoted by CHi@Cu) and at the 

graphene-Cu interface (denoted by G-CHi-Cu). (c, d and e) Calculated diffusion barriers of a H atom, 

C2 and CH3 radical from the bare Cu(111) surface to the graphene-Cu interface. IS, TS and FS 

represent initial state, transition state and final state, respectively. (f) Predicted diagram on the 

growth (above the black line) and etching (below the black line) condition of the top-layer graphene 

on Cu(111) surface at 1300 K. Square and circular dots denote the typical growth and selective 

etching conditions in our experiment, respectively. (g) Schematics showing the initial structure of 

CVD grown graphene monolayer with one bottom-layer nucleated at an impurity particle (large red 

sphere) and grown beneath the continuous graphene top-layer, prior to the selective etching step. 
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(h‒j) Simulated selective etching process of the structure shown in (g). (h, i) show the evolution of 

the graphene top-layer and bottom-layer during etching, respectively. (j) shows the evolution of 

concentration distribution of carbon precursors on Cu surface during etching. The concentration 

profiles along the black line are provided. 

 

We report for the first time a cyclic electrochemical polishing and thermal annealing approach that 

allows the effective conversion from commercial Cu to single-crystal Cu(111) foils. Using the Cu(111), 

a general “bottom-up-etching” method is developed for producing pure monolayer graphene film 

with high electronic quality. This work provides new ways and mechanisms for these key issues. 
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