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Abstract 
The results of systematic numerical studies of graphene flakes growth in low-temperature arc 
discharge plasmas are presented. Diffusion-based growth model was developed, verified using the 
previously published experiments, and used to investigate the principal effects of the process pa-
rameters such as plasma density, electron temperature, surface temperature and time of growth 
on the size and structure of the plasma-grown graphene flakes. It was demonstrated that the 
higher growth temperatures result in larger graphene flakes reaching 5 μm, and simultaneously, 
lead to much lower density of the carbon atoms adsorbed on the flake surface. The low density of 
the carbon adatoms reduces the probability of the additional graphene layer nucleation on surface 
of growing flake, thus eventually resulting in the synthesis of the most valuable single-layered 
graphenes. 
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1. Introduction 
Single- and few-layered graphene flakes demonstrate exceptional mechanical [1] [2], electrical [3], electronic [4] 
and magnetic properties [5] [6], and thus could be used as a platform for various advanced nanoscaled [7], mi-
croscaled [8] [9], and nano-electromechanical [10] systems and devices. Industrial wide-scale application of 
graphene in nanoelectronics requires development of methods capable of producing high-quality defect-free 
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flakes consisting of single or few graphene layers. Despite many recently developed production method such as 
mechanical exfoliation (cleavage) [11] [12], metal precipitation [13] and chemical vapour deposition [14], the 
large-scaled fabrication of the single- and few-layered graphene is still a challenge [15] [16]. 

Plasma-based techniques are the recently developed methods capable of producing the nanoscaled materials 
with quite different properties [17] [18]. Among others, the arc-discharge method is promising for producing 
graphene-containing materials in near-industrial scale [19] [20]. The arc-produced graphene flakes usually fea-
ture several (up to 5 - 10) layers and size up to ten micrometers, which is suitable for nanoelectronic applications 
[21]. In the recently developed process, few-layer graphene flakes are synthesized using a high-current arc dis-
charge at a relatively high gas pressure of 0.5 to 1 atm. (see scheme and photo in Figure 1). Both cathode and 
anode are made of carbon rods of 5 - 10 mm dia. Depending on the process, anode can be made with a hole in 
the center where the mixture of graphitic carbon catalyst (i.e., Y-Ni powder) is placed. The anode and cathode 
materials are the source of carbon. Optionally, a magnetic system can be used to generate a non-uniform mag-
netic field (≈0.1 T) in the process zone [22]. As the main plasma-generating gas the helium at a pressure 0.5 atm. 
can be used [23] [24]. More details on the process and characterization of the produced graphene flakes can be 
found in our recent publications [25]. Carbonous deposit is then removed from the collecting surface, sonicated 
to separate amorphous carbon and graphene flakes (Figure 1(b)), and the ready graphene-containing solution is 
prepared (Figure 1(c)) which can be used for e.g. the fabrication of conductive inks (Figure 1(d)).   

The growth process and hence the properties of the prepared graphene flakes significantly depend on the 
plasma and growth parameters (plasma density, electron energy, surface temperature etc.). Numerous experi-
mental works were conducted and the results are published, but a comprehensive picture of the graphene growth 
still remains unclear, despite of the many applied efforts. Here we present the results of numerical studies of the  

 

 
Figure 1. Schematics of the process of graphene flake fabrication in arc discharge setup. (A) Graphene growth apparatus 
consisting of anode, cathode, graphene collecting surface and (optionally) focusing magnet. DC discharge (30 - 120 V, 25 - 
100 A) is sustained in He gas at pressure of 0.5 - 1.0 atm. Inset is the discharge photo. Carbon material is supplied due to 
anode evaporation; (B) The carbonous deposit is removed from the surface and ultrasonicated, and eventually (C) the ready 
graphene flake suspension is produced which can be used, e.g., for printing (D); Schematic of the processes taken into ac-
count during the numerical simulation (E): carbon atoms influx from plasma to the growing graphene flake, evaporation of 
carbon atoms from the graphene surface, surface diffusion of carbon atoms around the graphene surface, and incorporation 
of carbon adatoms to the edges of flakes.                                                                      
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graphene flake growth in arc plasmas, conducted to mainly determine the general effect of the plasma parame-
ters on the graphene growth behavior and specifically, to find the process parameters which directly affect the 
growth rates and nucleation conditions, with an ultimate view to better understand the processes leading to the 
transition from the formation of single-layer graphenes to few-layered flakes. We use here a relatively simple 
diffusion-based model which is not time-consuming, as compared with the molecular dynamics or Monte-Carlo 
techniques, but still is capable to reveal the main characteristics and parameters. 

2. Model and Results 
2.1. Model Formulation 
The main processes taken into account are illustrated in Figure 1(e). Specifically, we consider the three main 
processes: 1) carbon atom influx from plasma to surface of growing graphene flake; 2) evaporation of adsorbed 
atoms (adatoms) from the graphene surface to plasma; and 3) surface diffusion of adatoms about the graphene 
surface, followed by incorporation into the graphene flake structure at the edges; the last process ensures the 
growth of the flake. Thus, the balance equation for the adatom density nc on graphene surface in plasma is: 

d
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Equation (4) is required for the two aims, namely 1) to find the diffusion flux from the flake side to the exter-
nal edges out→Ψ  which determines the flake growth rate due to adatoms attachment to edges, and 2) to esti-
mate the nucleation of new flake on the surface of growing graphene, i.e. transition from single-layer to the 
two-layer (and further to few-layer) graphene flake. With the adatom density nc calculated from (1), the gra-
phene growth rate can be estimated as:   

2 11 2d , m s
d 2 out
r r
t

λ −
→= Ψ ⋅                                (4) 

where λ is the mean (effective) graphene lattice period which was calculated from the mean surface density of 
graphene being 3.82 × 1015 cm−2 [26]. We will also assume that the graphene flake is in the thermodynamic 
equilibrium with the plasma, and hence the graphene flake temperature Ts is equal to the gas temperature Tg. 

The task becomes more complicated after the nucleation of a second flake on the surface of a single-layered 
graphene. In this case the growth rate of the second layer is described by 

( )2 12 2d , m s
d 2 out in
r r
t

λ −
→ →′= Ψ + Ψ ⋅                            (5) 

where r2 is the second flake radius, out→′Ψ  is the diffusion flux from the second flake to the external edges, and 

in→Ψ  is the diffusion flux from the surface of first flake (substrate) to the edges of the second flake.  
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2.2. Numerical Results I: Growth of Single-Layer Graphene Flake 
Figure 2 illustrates the calculated dependencies of the carbon adatom density on the surface of growing gra-
phene flake, as well as single-layer flake size on growth time with electron temperature, plasma density, surface 
temperature and temperature profile as parameters. 

The plasma parameters and growth conditions used for the simulations are typical for the arc-based process 
effective for graphene and carbon nanotube growth [27] [28]. Importantly, the gas temperature in arc discharge 
is close to the optimum values of 1000 - 1300 K [29]. The two main process activation energies namely the sur-
face diffusion activation energy ɛd and carbon evaporation energy ɛa strongly influence the growth process. Di-
rect measurement of these values is a hard task, thus we used the results of ab initio calculations [30] for ɛa 
energy and have verified the most important diffusion activation energy ɛd by our previous experimental works 
[19] [23]. The typical growth time was 1 ms, determined from the characteristic velocities (10 - 100 m⋅s−1) in arc 
plasma and inter-electrode gap of several mm.   

 

 
Figure 2. Dependencies of carbon adatom density on the surface of growing graphene flake (left subpanel—(a), (c), (e), (g)) 
and monolayer flake size (right subpanel—(b), (d), (f), (h)) on the growth time with electron temperature, plasma density, 
temperature and temperature profile as parameters. The growth under the constant temperature condition results in larger 
graphene flakes and lower density of adatoms on the graphene surface, which ensures the formation of single-layered gra-
phenes. Electron energy could also be used as a control factor to influence the graphene structure.                          
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Figures 2(a)-(d) represent the calculated dependencies of the carbon adatom density on the surface of grow-
ing graphene flake and single-layered flake size on the growth time with electron temperature (0.5 to 1.1 eV), 
surface temperature and temperature profile as parameters, for the lowest considered plasma density of 1020 m−3. 
Figure 2(a) and Figure 2(b) show these dependencies for the constant surface temperature of 1300 K, whereas 
the graphs shown on Figure 2(c) and Figure 2(d) are the results for the surface temperature changing from 1300 
K at the initial time moment (nucleation) down to 1000 K. These two cases conditionally represent the two 
possible particle (growing flake) trajectories in plasma: the first one corresponds to the flake growing in the hot 
plasma jet, and the second one corresponds to the flakes which quickly abandon the plasma; as a rule, these par-
ticles are deposited onto different areas of the collecting surfaces as demonstrated by our experiments [19]. Ap-
parently, these two cases illustrated the limiting conditions useful to mark the outermost growth conditions and 
structures; the most quantity of the graphene is growing in the mean conditions. 

Comparing the graphs in Figure 2(a) and Figure 2(c) (time dependence of the adatom density on growing 
flake) one can see that the density is very low (≈10−3 of monolayer density) for the case of a constant tempera-
ture 1300 K (Figure 2(a)), thus making the probability of new layer nucleation very low. In contrast, the density 
sharply increases for the second case (temperature changing from 1300 to 1000 K during the growth, Figure 
2(c)) and reaches the relative density 0.3 (i.e., one adatom per three surface atoms) which could be considered as 
quite favorable for nucleation of new layer and hence, transition from the single-layered to the two-layered flake 
structure. The adatom density also strongly depends on the plasma electron density (due to the effect on the 
Bohm velocity), this reveals one more handle to control the process by plasma parameters.  

The time dependencies of the single-layer flake sizes are presented in Figure 2(b) and Figure 2(d). The 
maximum flake diameters reach 2 and 1.25 μm for the first and second cases, respectively. In spite of this ap-
parent similarity, the difference in the processes is quite significant due to the very different adatom densities on 
the flake surfaces which can result in the formation of a multi-layered flake in the case of decreasing growth 
temperature (Figure 2(b)), but the graphene flake grown at the constant temperature of 1300 K (Figure 2(d)) 
will definitely remain single-layered. The plasma electron density also influences the flake size but not so 
strongly: the sizes of flakes grown in the plasma with the electron energies at 0.5 and 1.1 eV differ by the factor 
of 2, whereas the adatom densities on flakes growing under the same conditions differ by the factor of 3; this 
could be explained by more intense evaporation of adatoms from the graphene surface at higher temperatures. 
The larger size of the flakes grown at the constant temperature could be attributed to higher diffusion fluxes to 
the flake edges, which are responsible for the graphene growth according to (5). It also could be noted that the 
graphene growth rates steady increase with the time when the process is conducted at the constant temperature, 
whereas the second case (graphene surface temperature decreases to 1000 K) demonstrates an evident saturation.  

Hence, one can derive that the process at the high constant temperature features at least two significant ad-
vantages, namely 1) larger graphene flake size and even more important, 2) very low density of adatom on the 
surface of growing graphene which results in the formation of single-layered flakes.  

Similar dependencies are shown in Figures 2(e)-(h) for the higher plasma density of 3 × 1020 m−3. In this case 
the graphene flakes reach 6 μm for the constant temperature case and 3.5 μm for the growth temperatures des-
cending to 1000 K. The influence of the plasma electron energy is not so strong at this higher plasma density. 
The adatom density on graphenes grown at the constant temperatures still remains low (8 × 10−3 mL), thus de-
monstrating the possibility to grow large (6 μm) single-layered flakes. It could be also mentioned that the ada-
tom density demonstrate saturation with time, i.e. the flake could grow further in the single-layer mode. 

Importantly, the conclusion about better growth under the constant temperature conditions was confirmed 
with numerous experiments with the magnetic-enhanced arc setups, where the permanent magnet was used to 
focus plasma and elevate the electron temperature. Indeed, higher yield and better quality of the deposit was ob-
tained in the magnetic-enhanced arc discharges.   

In Figure 3 we present the dependencies of the carbon adatom density on graphene surface and flake size on 
the growth time with electron temperature, plasma density and temperature as parameters. These dependencies 
are similar to those in Figure 2, but calculated for lower surface temperature Ts = 1000 K. In this case the in-
crease of the plasma density is not efficient. It can indeed ensure larger flake size (1.6 μm for the plasma density 
of 2 × 1020 m−3 versus 1.0 μm for 1 × 1020 m−3) but at the expense of very high adatom density on the gra-
phene surface (reaching 1, i.e. complete coverage of the graphene surface with adatom), which unavoidable re-
sulted in the nucleation of new layer. Hence, it is impossible to grow relatively large (up to several μm) graphene 
flakes at low temperatures. Indeed, low plasma densities could sustain the growth in the single-player mode 
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Figure 3. Dependencies of the carbon adatom density on the surface of growing graphene flake (left subpa-
nel—(a), (c)) and single-layer flake size (right subpanel—(b), (d)) on the growth time with electron temperature, 
plasma density and temperature as parameters. Under the same conditions and relatively low graphene surface 
temperature (1000 K), the increase of the plasma density is not efficient and could ensure larger flake size at the 
expense of very high adatom density on the graphene surface, which unavoidable resulted in the nucleation of 
new layer.                                                                                       

 
(i.e., at low adatom density), but the size of the graphene flake in this case does not exceed 1 μm; when higher 
plasma density is used, the adatom density significantly increases and unavoidably leads to the transition to mul-
ti-layer graphene which is not favorable. The reasons for this are low diffusion fluxes to the graphene edges 
which promote the flake growth; on the other hand, low evaporation leads to the fast accumulation of the ada-
toms and hence, nucleation of new layers. The increase of the electron energy in plasma cannot help in this case, 
since it does not influence the diffusion and the graphene growth rates. Based on these results one can conclude 
that the low-temperature growth is not favorable and the low growth rates cannot be compensated by higher 
plasma density without compromising the graphene quality due to the transition to the multi-layered growth 
mode. 

Moreover the calculations for elevated surface temperature of 1200 K and much higher plasma densities (5
20 × 1020 m−3) are presented in Figure 4. The dependencies of the carbon adatom density on the surface and 
single-layer flake size on the growth time with electron temperature and plasma density as parameters are quite 
different of those shown in Figure 3. Indeed, the higher graphene surface temperature of 1200 K and signifi-
cantly higher plasma densities resulted in the formation very large (6 μm for 5 × 1020 m−3 and 14 μm for 20 × 
1020 m−3) graphenes at the relatively low adatom density on the graphene surface (not exceeding 0.06 mL for 5 × 
1020 m−3 and 0.25 mL for 20 × 1020 m−3). Despite a very high plasma density, these relatively low adatom densi-
ties definitely ensure the graphene growth in the single-layer mode, since the formation of new graphene layers 
is impossible at such conditions. The apparent reasons for this are significantly enhanced surface diffusion rate 
at higher temperatures (since the surface diffusion exponentially depends on the temperature) and higher evapo-
ration from the surface which prevents the accumulation of the excessive adatoms which could cause nucleation 
of a new layer. Much higher atom fluxes from the dense (20 × 1020 m−3) plasma lead to the strong diffusion to 
the graphene edges where adatoms incorporate in the graphene structure. We can also note that the influence of 
the electron energy ɛe on the graphene size is low (since the Bohm velocity does not influence the diffusion), but 
the adatom density strongly depends on ɛe and hence could be efficiently controlled by changing, i.e., discharge 
voltage or using magnetic field to enhance ionization and electron energy. Another important fact is the apparent 
saturation of the adatom densities in both (5 × 1020 m−3 and 20 × 1020 m−3) cases, which means that the further 
growth is possible in the single-layer mode by extending the growth zone; in this case the measures should be 
taken to maintain the plasma and graphene flake temperatures at the higher enough level, to avoid the situation 
shown in Figure 3 (very high adatom density at low temperatures leading the transition to multi-layered growth 
mode). An extended magnetic field capable to maintain very dense plasma may help in this case. Near-linear 
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dependence of the graphene flake size on time is also an important effect which was not noticed under condition 
described in Figure 2 and Figure 4. 

To better characterize growth of graphenes in plasma, we have calculated the dependencies of the single-layer 
flake size on electron temperature in plasma, with the plasma density and surface temperature as parameters 
(Figure 5). From this figure one can see that these dependencies are relatively weak and cannot be used for effi-
cient increase of the flake sizes. On the other hand, the nucleation of new layers cold be controlled by the elec-
tron energy (Figure 4), and hence this parameter is important for maintaining the most desirable single-layered  

 

 
Figure 4. Dependencies of the carbon adatom density on the surface of growing graphene flake (left subpanel—(a), (c)) and 
single-layer flake size (right subpanel—(b), (d)) on the growth time with electron temperature, plasma density and tempera-
ture as parameters. Higher graphene surface temperature (1200 K) and significantly higher plasma densities are quite effi-
cient for the fabrication of large flakes at the relatively low adatom density on the graphene surface. Despite a very high 
plasma density, relatively low adatom densities are maintained and the formation of new graphene layers is impossible.        

 

 
Figure 5. Dependencies of the single-layer flake size on electron temperature in plasma, with the plasma density and surface 
temperature as parameters. These dependencies are relatively weak and cannot be recommended for increasing the flake siz-
es, whereas they are important for maintaining the single-layered growth mode. We use here a growth time of 1 ms which is 
typical to small discharge gap. In other conditions the typical residence time might be larger than 1 ms, up to tens of ms; in 
this case the size of graphene will be accordingly larger.                                                         
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growth mode. The surface temperature appears to be an important parameter for the growth control, as seen in 
Figure 5. It can be stressed that the small graphene flakes are usually in a thermodynamic equilibrium with the 
plasma and process gas, and thus the graphene surface control is reduced to maintaining the proper plasma pa-
rameters.  

Importantly, graphene flake growth rates do not demonstrate significant saturation with time, except of the 
situation when the surface temperature drops off abruptly (Figure 2(d) and Figure 2(h)). Thus, the processes 
ensuring longer growth under the high enough temperatures and ion fluxes could result in much larger gra-
phenes which are required for many applications.  

3. Summary 
We have demonstrated that the plasma parameters such as gas temperature, plasma density and electron energy 
could be efficiently used for maintaining the graphene growth to relatively large (up to 10 μm) sizes in the single 
layer mode. High growth rates and large flakes could be synthesized in plasma of 5 × 1020 m−3 to 20 × 1020 m−3 
density, but the graphene surface temperature should be at least 200 to 1300 K to avoid accumulation of the ex-
cessive adatoms on graphene surface and hence, avoid the nucleation of new layers which causes transition to 
the undesired multilayer growth mode. The further works should study in detail the process and kinetics of the 
layers formation, and to find the optimum conditions for the production of the defect-free graphene flakes. 
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