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 ABSTRACT 

The fast growth of large single-crystalline graphene by chemical vapor deposition

on Cu foil remains a challenge for industrial-scale applications. To achieve the 

fast growth of large single-crystalline graphene, understanding the detailed 

dynamics governing the entire growth process—including nucleation, growth, 

and coalescence—is important; however, these remain unexplored. In this

study, by using a pulsed carbon isotope labeling technique in conjunction with 

micro-Raman spectroscopy identification, we visualized the growth dynamics, such 

as nucleation, growth, and coalescence, during the fast growth of large single-

crystalline graphene domains. By tuning the supply of the carbon source, a

growth rate of 320 μm/min and the growth of centimeter-sized graphene single 

crystals were achieved on Cu foil. 

 
 

1 Introduction 

Graphene is an emerging material for applications in 

various electronics and optoelectronics owing to its 

unique structural, electrical, and optical properties [1–4]. 

The production of large-area, high-quality, single- 

crystalline graphene film, which is required for the 

practical realization of electronic-grade graphene-based 

technology, is perhaps one of the most challenging 

tasks and is in its infancy [5, 6]. Among the synthetic 

methods enabling the production of graphene, chemical 

vapor deposition (CVD) employing transition metals— 

especially Cu foil—hold great promise with regard  

to the growth of large-area graphene films with a 

domain quality comparable to that of mechanically 

exfoliated graphene [6–12]. For instance, through the 

introduction of oxygen, the careful pretreatment of 

the substrate, and a low precursor supply, centimeter- 

scale graphene single crystals can be successfully 

grown; however, these are usually achieved with a low 

growth rate of few micrometers per minute [5, 6, 13]. 

The long growth time of several hours leads to a high 
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energy-consumption during the high-temperature CVD 

process for graphene crystals. Thus, a major hurdle 

remains for achieving the fast and controllable growth 

of large single-crystalline graphene: improving the 

output quality and energy consumption [14–16]. 

For the realization of the rapid growth of large 

single-crystalline graphene, a full understating of the 

growth dynamics, including nucleation, growth, and 

coalescence of single domains, is needed to enable 

rational process optimization [17]. However, the de-

tailed growth dynamics during the fast growth of large 

single-crystalline graphene remains largely unexplored 

[18–20]. There have been several reports regarding 

the in situ observation of graphene growth via 

environmental scanning electron microscopy [21, 22] 

or radiation-mode optical microscopy (OM) [23]; 

however, the growth behavior of large graphene 

single crystals has not been reported. Fortunately, the 

evolution of graphene domains is driven by the lateral 

attachment of carbon atoms onto the edges of the 

graphene basal plane, which can be labeled with carbon 

isotopes for visualizing growth process of graphene 

in conjunction with ex situ Raman spectroscopy [24]. 

The carbon isotope labeling technique was demons-

trated for investigating the formation mechanism, 

diffusion mechanism, and stacking orientation of 

graphene grown on Cu foil [5, 10, 24–28]. Nevertheless, 

such routines mainly rely on the switch between normal 

methane (12CH4) and 13C-labeled methane (13CH4), 

which might produce unavoidable perturbation of 

the growth during carbon-source switching, especially 

when an extremely low supply of carbon source is 

utilized for the suppression of nucleation during the 

rapid growth of a large graphene domain. In particular, 

new domain nuclei might emerge during the swit-

ching (Fig. S1 in the Electronic Supplementary Material 

(ESM)). 

In this study, we visualized the nucleation and fast 

growth of large single-crystalline graphene by using 

the isotopic pulse-labeling technique; i.e., 12CH4 was 

continuously present in the chamber during the 

entire growth period and was kept unchanged while 

pulses of a small amount of 13CH4 were sequentially 

introduced with minimum perturbation (Fig. S2 in 

the ESM). The time evolution of the growth of large 

single-crystalline graphene is clearly presented in 

conjunction with the Raman maps, which can finger-

print the corresponding growth dynamic, especially 

regarding the roles of the carbon source in the control 

of the nucleation and growth. Importantly, based  

on such investigation, the growth of centimeter-sized 

graphene single crystals and a growth rate of 

320 μm/min for growing millimeter-sized graphene 

single crystals are realized by carefully tuning the 

carbon source, which are highly important for achieving 

the energy-efficient growth of high-quality graphene 

for further applications. Deep insights regarding the 

influence of the carbon source on the growth dynamics 

of the nucleation and the final coalescence are also 

presented. 

2 Results and discussion 

Figure 1(a) shows a schematic of the CVD growth of 
13C-pulse-labeled large single-crystalline graphene 

and the visualization of the temporal evolution using 

Raman spectroscopy. The Cu foil was exposed to 
12CH4 at constant fluxes, and a small amount of 13CH4 

pulses was introduced in a specific sequence (Fig. S3 

in the ESM). Owing to the surface-mediated growth 

mechanism of graphene on Cu and the separated 

Raman modes of 12C and 13C, the visualization of the 

spatial distribution of isotopic carbon atoms and the 

corresponding growth dynamics of graphene becomes 

feasible [24]. There are two characteristic Raman modes 

of 12C-composed graphene: the G peak at ~1,580 cm–1 

(G12) and the 2D peak at ~2,690 cm–1 (2D12). The 

corresponding area grown with 13CH4 pulses, which 

contains 12C–12C, 12C–13C, and 13C–13C bonds, decreases 

the G peak to 1580 × [12/(12 + α)]1/2 cm–1 (G12+13) and the 

2D peak to 2690 × [12/(12 + α)]1/2 cm–1 (2D12+13), where 

α is the percentage of 13C (Fig. S4 in the ESM) [29, 30]. 

The as-grown centimeter-sized graphene domains 

labeled with the sequential introduction of 13CH4-pulses 

all exhibit a rectangular shape (Fig. 1(b)) owing to  

the identical orientations of the underlying Cu(100) 

substrate, as confirmed in a recent work [31]. A 

detailed discussion regarding the structure of square 

graphene domains is presented in Fig. S5 in the ESM. 

To investigate the corresponding time evolution and 

growth rate precisely, Raman mapping was conducted 

for graphene transferred onto a Si/SiO2 substrate  
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Figure 1 Visualization of the growth process of large single- 
crystal graphene on a Cu surface by the isotopic pulse-labelling 
technique in conjunction with micro-Raman spectroscopy.     
(a) Schematic of the pulsed carbon isotope labeling process and the 
separated Raman mode of 12C and 13C in the graphene basal plane. 
The red and blue balls represent 13C and 12C atoms, respectively. 
The Cu surface is exposed to a constant flux of 12CH4 along with 
the sequential introduction of 13CH4 pulses. The distribution of 
the pulsed carbon isotope is reflected by utilizing the separated 
Raman modes of 12C and 13C in the graphene basal plane. ti (i =  
1, 2, …) represents the temporal sequence of introducing 13CH4 
pulses, while xi (i = 1, 2, …) indicates the responding distribution 
position of pulsed 13C in the as-grown graphene basal plane. (b) 
Photograph of centimeter-sized graphene domains grown on the 
Cu foil. (c) Series of Raman spectra recorded along the diagonal 
of the graphene domain marked in (b), corresponding to the 13C 
pulses from t16 to t20 during the graphene growth (see Fig. S3 in the 
ESM). (d) and (e) OM image of large single-crystalline graphene 
in (b) transferred onto a SiO2/Si substrate (d) and the corresponding 
Raman 2D-band position map (e). 

(Figs. 1(c) and 1(d)). The line scan of Raman spectra 

along the diagonal of the graphene domain displays 

a clear shift in the G peaks and 2D peaks toward a 

lower wavenumber, indicating the presence of an 

isotope-engineered region (Fig. 1(c) and Fig. S6 in the 

ESM). The Raman 2D-band position map (Fig. 1(e)) 

clearly shows the spatial distribution of isotopic carbon 

atoms, in which the red strips (2D peaks here are 

around 2,645 cm–1) represent the temporal sequence  

of the introduction of 13CH4 pulses (marked as time  

ti, i = 1, 2, 3, …). In conjunction with the spatial 

distribution of the carbon isotopes (marked as position 

xi, i = 1, 2, 3, …), the time-dependent growth behavior 

can thus be visualized. By investigating the growth 

behavior though the tuning and labeling of the carbon- 

source supplies, the corresponding growth rate and 

growth dynamics are unveiled. 

The CVD growth of graphene on Cu foil can be 

simplified into the following elemental procedures:  

1) the decomposition of the carbon source at the active 

sites of the Cu surface, 2) the subsequent nucleation, 

3) further growth, and 4) the coalescence of graphene 

domains toward continuous films [9, 17, 32]. The 

active carbon species provided by the decomposition 

of the carbon source fuels both the nucleation and the 

epitaxial growth of graphene. In such a case, the 

amount of active carbon species produced on the Cu 

surface, which can be intentionally tuned by changing 

the carbon-source supply, determines the nucleation 

density and growth rate of graphene. In our experiment, 

the hydrogen-to-methane ratio (H2:CH4) is tuned to 

control the relative carbon-source supply for the 

investigation of the influence of these substances on 

the graphene growth [6, 33]. For instance, the flux of 

methane is constantly kept as 1 standard-state cubic 

centimeter per minute (sccm), and that of hydrogen 

is tuned from 20 to 1,700 sccm (Fig. 2(a)). The corres-

ponding plot shows a clear suppression of the 

nucleation density due to a decrease in the supply of 

the carbon source (Fig. 2(a) and Fig. S7 in the ESM), 

which results in the formation of sub centimeter-sized 

graphene domains. For instance, a square graphene 

domain with area of ~2 mm2 (inset of Fig. 2(a)) was 

successfully grown with H2:CH4 = 1,700 (nucleation 

density ~1.2 cm–2, Fig. S7(a) in the ESM). 

To better visualize the time-dependent growth rate 

of the domains in the early stage (nucleation stage), 

intermediate stage (further growth), and final stage 

(coalescence stage) of the growth process, the isotopic 
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pulses are intensively introduced, and the corres-

ponding Raman characterization and analysis are 

performed. For instance, the 2D12-band intensity map 

of a quarter of the square graphene domain enclosed in 

the dashed-line box in the inset of Fig. 2(a) is presented 

in Fig. 2(b), from which the domain sizes as functions 

of growth time can be extracted (the dark cyan data 

points in Fig. 2(c)). 

The domain sizes increase linearly with the growth 

time at the early stage of graphene growth (Fig. 2(d)), 

probably owing to the sufficiently uncovered catalytic 

Cu surface. As previously discussed, in such a case, 

the growth rate is mainly determined by the carbon- 

source supply, where a high carbon-source supply 

(i.e., low H2:CH4) yields faster growth. The growth 

rate becomes saturated when the coverage of graphene 

domains on the Cu foil reaches a certain level [34]. 

The corresponding coverage profiles exhibit a similar 

saturation tendency, which is presumably caused  

by the gradual reduction in the active catalytic area 

of the Cu foil (Fig. S8 in the ESM) [22, 34]. Clearly, a 

sufficient carbon-source supply promotes a faster 

growth stage, thereby realizing less time consumed 

in the formation of a continuous film. 

The carbon-source supply determines the quality 

and energy consumption of CVD-grown graphene 

[6, 33]. In this regard, a stepwise increase in the 

carbon-source supply before the saturation point was 

conducted to achieve a high growth rate without 

significantly degrading the domain sizes. Clearly, by 

the intentional control of the carbon-source supply 

(Figs. S9 and S10 in the ESM), the growth rate can 

reach ~320 μm/min, which is among the best results 

for the growth of millimeter-sized single-crystalline 

graphene domains. It is well established that the active 

carbon species prefers to stick to the already existing 

 

Figure 2 Influence of the carbon source on the nucleation density and growth rate of large single-crystalline graphene. (a) Nucleation 
density of graphene as a function of the carbon source. Inset: an OM image of typical graphene on a SiO2/Si substrate with a low 
nucleation density. The scale bar represents 1 mm. (b) Raman 2D12-band intensity map of the area marked in the inset of (a). (c) Domain 
size (diagonal of graphene domains) of as-grown large single-crystalline graphene as a function of the growth time. The H2:CH4 ratio 
ranges from 40 to 1,700. (d) Magnification of the early stage of graphene growth shadowed in (c). A growth rate of 320 μm/min was 
realized by the gradual increase of the carbon-source supply (for detailed growth parameters, please see the ESM). 
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graphene nuclei rather than form new nuclei [18, 19, 33]. 

Thus, if the carbon-source supply increases slightly, 

the enhanced as-produced carbon species is more 

likely to contribute to the epitaxial growth of the 

original nuclei, with only a few new nucleation 

appearing. Of course, if the carbon-source supply is 

increased significantly, spontaneous nucleation cannot 

be avoided [35]. Thus, based on the investigation of 

the correlation between the carbon source and the 

growth rate, a tradeoff between the domain size  

and the growth rate in the mass production of large 

single-crystalline graphene can be achieved by inten-

tionally designing the carbon-source supply in an 

energy-saving manner. 

We studied the significant role of the carbon-source 

supply during the nucleation stage (Fig. 3). Figure 3(a) 

shows graphene nuclei grown for 5 min that exhibit 

different domain sizes. Interestingly, as shown in the 

corresponding Raman maps and the schematic of the 

isotopic distribution (Figs. 3(b) and 3(c)), the marker 

of the first 13C pulse (at 0.5 min) is missing, and 

graphene is nucleated during the interval between 

the second and third pulses, indicating that additional 

time (the nucleation time) was necessary for graphene 

nucleation. In this regard, the nucleation time for 

each grain can be inferred from the plots of the domain 

size as a function of the growth time (Figs. S11 and 

S12 in the ESM) and is summarized in Fig. 3(d). At 

microscopic scales, the nucleation is not completed 

within a very short period of time, because the active 

carbon species must overcome a certain energy barrier 

to form carbon clusters and subsequently nuclei. Such 

an energy barrier is related to the catalytic ability of 

the underlying substrate, which differs depending on 

location, leading to a variation in the nucleation time, 

even under the same growth conditions [18, 19, 33]. 

The energy barrier is overcome by forming a stable 

cluster with the critical size through the collision 

among the active carbon species. Consequently, the 

probability of overcoming the nucleation barrier is 

related to the collision rate among the carbon species 

produced on the Cu surface, which can be tuned by 

 

Figure 3 Nucleation time of large single-crystalline graphene. (a) OM image of graphene nuclei on a SiO2/Si substrate. (b) Raman
2D-band position map (2,665–2,695 cm–1) corresponding to nucleus II in (a). The blue color denotes the SiO2 substrate. (c) Schematic of
the isotopic distribution and corresponding growth sequences of the graphene nucleus in (b). The white strokes denote the presence of
13C pulses, and the intervals between 13C pulses are colored with different shades of blue to clarify the introduction sequence of the 13C
pulses. The red area indicates the missed 13C pulses and inferred nucleation time. (d) Nucleation time of the graphene nuclei in (a).
(e) Nucleation time as a function of the H2:CH4 ratio. The error bars are from calculations of different domains for each growth
condition. 
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changing the carbon-source supply. A higher carbon- 

source supply increases the collision rate among active 

carbon atoms, which may help to overcome the 

barrier, form nuclei, and thus reduce the nucleation 

time (Fig. 3(e)). In our experiment, the etching effect 

of hydrogen is dominant when the H2:CH4 content is 

high, which makes it difficult for graphene clusters to 

grow to the critical size, leading to a long nucleation 

time. 

For the growth of large single-crystalline graphene, 

a difference in the nucleation time results in a wide 

distribution of the domain size of the as-grown 

graphene and a non-uniformity in the overall quality 

of the as-synthesized films. Thus, tuning the carbon 

source properly and providing a flat surface to reduce 

the differences in the nucleation behavior are promising 

methods for further enhancing the uniformity of the 

graphene film. 

In addition to large single-crystalline graphene 

domains, a continuous graphene film caused by the 

coalescence of individual domains is required for 

industrial-scale applications. However, the coalescence 

region might suffer from a gradual reduction in the 

active Cu area to catalyze the carbon source to fuel 

the growth at the frontier during the merging process 

(between domains I and II in Fig. 4(a)). This may result 

in a reduced growth rate and even the incapability of 

merging each grain [25]. In contrast, another edge of 

domain II was constantly surrounded by a sufficient 

amount of active Cu during growth. This difference 

may lead to different growth rates if the as-formed 

active carbon species are supposed to be catalyzed by 

the active Cu and diffuse toward the growth frontier 

for the growth of graphene. However, the difference in 

the growth of the two frontiers is confirmed to be nearly 

zero (Fig. 4(b)), indicating the existence of another 

channel through which the carbon source participates 

in the growth. In addition, a saturated growth rate 

exists at both growth frontiers, demonstrating that 

the growth rate depends on the coverage of graphene 

over the whole Cu foil rather than in the active Cu 

region nearby (inset of Fig. 4(b)). Consequently, the 

active carbon species are shared among all domains 

owing to the presence of an additional channel; active 

 

Figure 4 Coalescence of large single-crystalline graphene domains. (a) Photograph of the merging region between graphene domains
on Cu foil. (b) Difference of the calculated growth rates along the two directions of the graphene grains marked in (a). Inset: the
corresponding domain size (radius) as a function of the growth time along the two directions. (c) Two possible channels through which
active carbon species can participate in the graphene growth: (1) on-surface diffusion, and (2) transportation through the boundary layer. 
(d) and (e) OM image (d) and corresponding Raman 2D-band position map (e) of the merging region marked in (b). (f) High-magnification
Raman map of the region marked in (d). The scale bar represents 50 μm. 
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carbon species in the boundary layer near the Cu 

surface (Fig. 4(c)), which are produced from the entire 

Cu surface, assist with the growth of graphene and 

the formation of a continuous film [9]. 

Figures 4(d)–4(f) show the detailed time evolution 

of the coalescence between the two domains (for the 

temporal sequence, see the ESM). The region marked 

in Fig. 4(f) is formed after the last pulse, indicating 

that this region is uncovered when the surrounding 

Cu is covered by graphene (uncovered Cu islands). 

Consequently, the active carbon species participating 

in the formation of such a region are supplied by 

another channel rather than produced by the limited 

active Cu nearby. Importantly, such a transport channel 

at the boundary layer may result in the fast coales-

cence of the domains. In addition, the 13C-pulse-labeled 

CVD method, along with the Raman maps, provides 

the opportunity to visualize the presence and temporal 

evolution of the boundaries (Fig. 4(e)) [36]. 

3 Conclusions 

We visualized the growth dynamics for the fast 

growth of large single-crystalline graphene, including 

the nucleation, growth, and coalescence stages, using 

a carbon isotopic pulse-labeling technique in con-

junction with Raman spectroscopy. A fast growth rate 

of 320 μm/min, which is among the best results for 

the growth of millimeter-sized graphene crystals, 

was realized by tuning the carbon source. This work 

provides new insights into the mechanism of graphene 

growth and is a significant step toward the growth of 

high-quality graphene crystals in an energy-efficient 

manner for industrial applications. 

4 Method 

4.1 Graphene growth 

Graphene is synthesized in a low-pressure CVD 

system with a system pressure no greater than 2 kPa. 

Commercially available Cu foil (98% purity, 25 μm 

thick, Alfa-Aesar #46365) is vertically stacked and 

placed in the hot center of a furnace (Lindberg/Blue M) 

after being electrochemically polished for 30 min at an 

electrical current density ranging from 75 to 500 A/m2.  

The polishing solution is composed of phosphoric 

acid and ethylene glycol, with a volume ratio of 3:1. 

Subsequently, the system is heated to 1,020 °C under 

an Ar flow of 500 sccm, with a pressure of 480 Pa. 

After a temperature of 1,020 °C is reached, the Cu foil 

is annealed with no reducing gas and 500 sccm H2 

(~480 Pa) for 10 and 5 min, respectively. The no-gas 

annealing introduces a small amount of oxygen, which 

promotes the monocrystallization of the Cu foil [31] 

and passivates the nucleation sites, reducing the 

nucleation density. Subsequently, the growth of 

graphene is initiated by introducing CH4 and H2. The 

H2:CH4 ratio is carefully selected to control the carbon 

source for the enhancement of the growth rate and the 

suppression of spontaneous nucleation. 

4.2 Graphene transfer 

The graphene is transferred onto a SiO2/Si (with 

280-nm-thick SiO2) substrate with the assistance   

of poly methyl methacrylate (PMMA). The graphene 

grown on the Cu foil is spin-coated with PMMA at 

2,000 rpm (revolutions per minute) 2 kr/min and then 

baked at 170 °C for 5 min. The as-formed sandwich 

structure of PMMA/graphene/Cu is placed and floated 

on the surface of an FeCl3 (1 mol/L) etching solution 

after the graphene on the other side of the Cu is 

removed by being exposed to air plasma for 5 min with 

a flux of 15 sccm and a power of 90 W. Subsequently, 

after the etching of the Cu, the freestanding PMMA/ 

graphene film floating on the etching solution is 

washed thoroughly with deionized water 3–5 times. 

Then, the film is salvaged by the SiO2/Si substrate. 

The formed structure of PMMA/graphene/SiO2/Si is 

then dried, followed by immersion in acetone at 

100 °C, which dissolves the PMMA and reveals the 

graphene on the target substrate. 

4.3 Characterization 

The graphene domains on the Cu foil are heated in 

air at 170 °C for 10 min to oxidize the bare Cu and 

make them visible. The visible graphene domains  

on Cu and SiO2/Si are characterized using an optical 

microscope (Olympus BX51) and a Raman spectro-

meter (Horiba, LabRAM HR-800, ×100 objective and 

wavelength of 514 nm). 
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