
Time evolution of graphene growth on SiC as 
a function of annealing temperature 

F.Zarotti1,2, B.Gupta1, F.Iacopi3, A.Sgarlata2, M.Tomellini4, N.Motta*1 

1 School of Chemistry Physics and Mechanical Engineering and Institute for Future Environments, 

Queensland University of Technology, 2 George Street, Brisbane 4001, QLD, Australia 

2Dipartimento di Fisica, Università di Roma “Tor Vergata”, via della Ricerca Scientifica 1, 00133 

Roma. 

3 Queensland Micro and Nanotechnology Centre, Griffith University, Nathan Campus 4111, QLD 

Australia 

4Dipartimento di Scienze e Tecnologie Chimiche, Università di Roma “Tor Vergata”, via della Ricerca 

Scientifica 1, 00133 Roma. 

Abstract 

We followed by X-ray Photoelectron Spectroscopy (XPS) the time evolution of graphene layers 

obtained by annealing 3C SiC(111)/Si(111) crystals at different temperatures. The intensity of the 

carbon signal provides a quantification of the graphene thickness as a function of the annealing time, 

which follows a power law with exponent 0.5. We show that a kinetic model, based on a bottom-up 

growth mechanism, provides a full explanation to the evolution of the graphene thickness as a function 

of time, allowing to calculate the effective activation energy of the process and the energy barriers, in 

excellent agreement with previous theoretical results. Our study provides a complete and exhaustive 

picture of Si diffusion into the SiC matrix, establishing the conditions for a perfect control of the 

graphene growth by Si sublimation. 

1. Introduction 

After more than one decade from its discovery, Graphene is still attracting the interest of researchers 

because of its unique structural and electronic properties, which are expected to lead to new 



applications in area as diverse as electronics [1], sensing [2], material reinforcement [3] and energy 

storage [4].  

One of the main challenges in electronic applications is the quality of the graphene layers, which is still 

far from the level required to obtain an industrial scale production of reliable nanoscale devices, and it 

is ultimately related to the growth method. Understanding the kinetics of the graphene growth is an 

outstanding problem in physics, whose solution is the key to achieve full control on the graphene 

quality. 

In the last few years several authors demonstrated the possibility of growing perfectly controlled layers 

of graphene on SiC(0001) by using thermal annealing in a furnace under Ar atmosphere [5], in a 

pressurized vessel [6]  or in Ultra High Vacuum (UHV) under Si flux and N2 partial pressure [7]. All 

these studies agree on the fact that Si sublimates too quickly in UHV. Thermal annealing of SiC in 

UHV, at temperatures where Si diffuses out from the surface, occurs in a non-equilibrium condition. To 

bring the system as close as possible to the equilibrium several strategies have been employed to limit 

the Si sublimation, obtaining large, continuous domains of high quality graphene films on SiC [8]. A 

number of studies have been devoted to the graphitization and formation of first layer [9-23], which 

occurs passing through several reconstructions. In particular, on the Si face it goes through the (3×3), 

(√3 √3)R30˚, (6√3 6√3)R30˚ (interface layer between SiC and graphene made of C atoms) and 

finally (1×1) graphene.  

Sun et al [24] analysed with the help of first principles calculations the diffusion of Si atoms through 

heptagon-pentagon defects of the (6√3 6√3)R30˚ (defined 6√3 in the following), demonstrating that 

after the formation of this structure, entirely made by C atoms, Si is no more exposed for an easy 

desorption. So the Si out diffusion becomes the rate-limiting step. They suggest two alternative 

pathways for the diffusion: vertically through the 6√3	defects and laterally via a step edge. Huang et al 

and Hannon et al [25, 26] suggested a bottom up growth mode epitaxial graphene on SiC in UHV 

where upon annealing at high temperature the interface layer 6√3	develops first, then turns into 

graphene, and then another interface layer is created underneath.  

Tanaka et al [27] and Drabińska at al [28] reported a power law dependence of the number of graphene 

layers as a function of time, but they did not provide a full theory of the phenomenon. 

 



As a matter of fact, a detailed theory of the epitaxial graphene formation by SiC thermal decomposition 

beyond the first layer is missing, and therefore it would be essential to develop a physical model to gain 

insight and achieve a perfect control on the phenomenon.  

In the following we fill this gap by presenting a full model for the growth mechanism of multilayer 

epitaxial graphene by high temperature annealing of SiC. By analyzing the intensity of the XPS C 1s 

peak as a function of time and of the annealing temperature, we show that a kinetic model gives 

account of the time evolution of the graphene growth, confirming a layer-by-layer mode due to the out-

diffusion of Si in SiC, and allowing to calculate the effective activation energy of the process. 

2. Experimental 

As received samples (250 nm thick 3C-SiC(111) layer on Si(111), grown by alternating supply 

epitaxy[29]) were cut to size 1.5 12 	mm2 and prepared as described elsewhere[30]. The samples 

were then introduced into our UHV system (base pressure in 10-11 mbar range), degassed at 600°C for a 

few hours in UHV and annealed at 950 °C for 10 minutes (pmax=3.10-10 mbar) in order to remove the 

native oxide.  Four different samples were used, each undergoing the same pre-treatment but with a 

different final 30 minutes annealing step at T=1175, 1225, 1275 and 1325 ˚C, respectively. The 30 

minutes timing is divided as follows: in the first 10 minutes the substrates were annealed in 1 minutes 

steps, each one followed by the acquisition of C and Si XPS spectra; in the following 10 minutes, the 

same procedure is applied every 2 minutes; and for the final 10 minutes every 5 minutes. 

3. Results 

Original C 1s spectra have been fitted using three different components: one referred to SiC (283 eV), 

one to graphene (G) (≈284.4 eV) and the other one to interface layer (I) (≈285.4 eV). An example of 

the adopted fitting procedure is displayed in Figure 1a for a sample annealed at 1175 ˚C for 30 minutes. 

The relative intensities of such components change during the annealing, showing an evolution in the 

surface composition as a function of the annealing time. In Figure 1b we report the evolution of the C 

1s peaks as a function of time for T= 1225 ˚C, showing an evident change in the relative intensity of 

the SiC and G components. As expected the graphene component (G) is increasing while the SiC is 

decreasing. 



 

Figure 1: a) Fitting of XPS C1s peak with three different components identified as I (interface layer), G 
(graphene) and SiC. The spectrum refers to the growth of graphene for 30 minutes at 1175°C. (b) Time evolution 
of C1s spectra for graphene growth at 1225°C.  

In order to quantify these variations we have defined the SiC peak as “substrate” component , 

and the sum of G and I peaks as “overlayer” component . An uncertainty of %5  has been 

estimated for the XPS data. 

Amongst different growth models (Volmer-Weber, Stranski-Krastanov, Frank Van Der Merwe), and 

considering a bottom-up mechanism for the development of the graphene layers, where Si atoms leave 

the buffer layer and C atoms rearrange in a new 2D network [5, 11, 31, 32], the best approach to 

explain our experimental data is to assume a layer-by-layer (Volmer-Weber) growth. It has been 

suggested that Si atoms can leave the buffer layer through holes of the top graphene layer or through a 

step edge [24], as depicted in a simplified way in Figure 2. In an early stage of formation, especially at 

lower temperatures, due to holes still present during the formation of the top layer, the first mechanism 

is the most probable*.  

                                                 
* We will not consider here the effect due diffusion through the step edge, which should become 
important at a later stage of the growth. 



 

Figure 2:Simplified schematic representation of the epitaxial growth of graphene on SiC, according to two 
possible bottom-up mechanism [24]: I) If the top layer (G=graphene) is incomplete or defective Si atoms detach 
from the interface layer and diffuse through holes in the surface, leaving behind an excess of C atoms in the 
interface layer (IL), which is transformed in graphene when all Si is sublimated. II) When the top layer is 
completed Si atoms need to travel to a step edge in order to diffuse out of the surface. 

In this assumption, XPS intensity signals for overlayer and substrate have been expressed as a function 

of t, such as: 

  
1 	

  (1) 

where we define the adimensional function ⁄  , as the ratio between , the mean 

overlayer thickness that form on substrate at the time t, and the effective escape depth of electrons in 

the material. We note that the escape depth calculated from the TPP-2M[33] formula for graphene is 

=28 Å [34];	  is the (unknown) asymptotic value for the overlayer intensity;  is the (known) 

value for the substrate intensity at 0t . For the sake of simplicity, normalized expressions have been 

used: 

 1   (2) 

  (3) 

where  is a constant value equal to 5102   and , which is temperature dependent, is the 

maximum value of the experimental SiC component, such that  1, as by definition the maximum 

intensity of the SiC component  coincides with the initial value of the substrate intensity . 

From equations (2) and (3) the following relation can be obtained: 

 1   (4) 



Plotting the overlayer measured intensity versus the substrate intensity (see inset of Figure 3), it is 

possible to evaluate the slope, m, of Eqn (4), determining the unknown asymptotic value  for each 

temperature. By using the above values as parameters of Eqn. 2, a fitting of the overlayer data was 

obtained, considering a power growth law for the overlayer thickness in the form 	 ⁄

, being  and  constants. The initial analysis has been carried out with two fitting parameters:  

and . We found that  = 1/2 is the common parameter providing the best fit at all temperatures. This 

defines the growth exponent, and confirms the hypothesis of a layer-by-layer growth mode. A new 

fitting, performed by using the formula: 

  √   (5) 

provides the value of the pre-factor  at each temperature.  has dimensions of s-1/2 and 1⁄  can be 

considered as the characteristic time of the growth process. The results of the fits are displayed in 

Figure 3a. Values for  and 1⁄  are given in Table 1, at the four temperatures, along with the 

thickness of graphene layer  calculated for each temperature at t=1800 s by using ∙

.  

T (˚C) 1175 1225 1275 1325 

	 ⁄  3.8 10-3 4.7 10-3 14 10-3 21 10-3 

1⁄ 	  69 103 46 103 5.3 103 2.3 103 

Å  4.5 5.6 16 21 

Table 1. Values of  used in the fitting of  by using Eqn. (2), along with the calculated 1⁄  and the 
thickness of graphene layer obtained at t=1800 s [34]. 

In order to prove the consistency of data analysis, once obtained the  values from the fitting of the 

overlayer, the substrate function √  was calculated. The resulting functions have 

been reported at each T in Figure 3b, together with the XPS data of the substrate component . The 

general good agreement between the present analysis and the experimental data ensures the reliability 

of the self-consistent procedure adopted. The small deviation of the fitting from the data at 1325 ˚C 

suggests that at this temperature some other mechanism becomes predominant in the graphene 

formation. We will analyze this mechanism in the discussion section.   



 

Figure 3: Time dependence of normalized C1s intensities from overlayer (a) and substrate (b). In panel (a) the 
best fit at each temperature with the exponential function in Eqn.2 is reported as dotted line. In panel (b) solid 
lines are the normalized intensities calculated through equation (3) using the fitting parameters as obtained 
from the fits of panel (a). An example of the linear behavior between	  and 	  is displayed in the inset. 
The slope of the straight line provides the normalization factor m. 



Here we notice that the validity of our approximation at all temperatures is confirmed also by the 

Arrhenius plot reported in Figure 4, where the values of ln() vs 1/T are nicely aligned, providing an 

activation energy of 2.5±0.5 eV.  

 

Figure 4: Arrhenius plot of the fitting parameter : ln(vs 1/T   

In order to understand the origin of the proposed power growth law, we need to analyze the 

experimental procedure employed to study the kinetics by means of successive steps of growth. We 

recall that each point on the curve of Figure 3 is linked to the growth of graphene on an already formed 

overlayer. We define t=tn-tn-1 as the elapsed time between two successive XPS measurements, where 

tn is the time at step n. For the general growth law, dh/dt=A/hp [35, 36] (with A constant and p ≠ -1), an 

integration between time tn-1  and tn provides the thickness at running time tn as a function of the 

thickness at time tn-1: 



 1 /  (6) 

Iteration of Eqn.6 provides 1 0 /  and as h(0)=0, we obtain the 

power law 	 	; 	 1 1⁄ . This argument gives support to our experimental 

procedure, based on repeated annealing and cooling of the sample, each followed by XPS 

measurement, matching our result (=1/2) for p=1. 

4. Discussion 

To have an insight into the growth law as obtained from the XPS data analysis, we developed a kinetic 

model, which takes into account the essential steps occurring during the epitaxial growth of graphene. 

To this end we refer to the bottom-up growth mechanism recently proposed in the literature, where 

graphene is continuously formed at the graphene-SiC interface during the Si evaporation [25] (Figure 

2-I ). The chemical processes leading to the growth of the overlayer can be schematized as follows:  

 → ∗ (7) 

 ∗ →  (8) 

Reaction (7) describes the evaporation of Si, which produces "reactive" carbon species at the interface, 

here denoted as C*, and Si in the gas phase (Siv). While Si diffuses through the holes of the layers 

above, leaving the solid, (Figure 2) these reactive carbon units add to an already formed graphene layer 

(Gn) made up of n-C-units (Eqn. 8).  

The present approach considers the reactions above to be rate determining, as far as the kinetics is 

concerned. Moreover the liberation of Si at the interface, for example through the formation of 

vacancies and interstitials, is assumed to occur under steady state conditions. Reaction (7) can be 

envisaged as a two step process as ↔ →  where (Si)i is an interstitial Si atom and the 

irreversible step implies diffusion of Si through the solid toward the vapor phase [24]. We can assume 

that the reaction for the formation of the interstitials proceeds under conditions not too far from 

equilibrium, leading to a time independent mole fraction of interstitials, as given by the law of mass 

action. At the kinetic level, this implies that for the reaction of interstitial formation the rate constant of 

the reverse reaction (vacancy-interstitial recombination) is larger than the inverse of the characteristic 

time of the diffusion process.  



In the computation that follows we consider vertical diffusion of Si through the overlayer; the kinetics 

of this process is strictly dependent upon overlayer thickness. It is worth stressing that on the basis of 

phenomenological rate equations it is not possible to have an insight into the diffusion mechanism 

without independent information on diffusion barriers. Rate equations for the present modeling read: 

 

∗
∗

∗

 (9) 

where ∗ is the surface density of C*, JSi the flux of Si atoms which leave the interface,  the density 

of graphene, h the mean overlayer thickness and K2 the (first order) rate constant of reaction (8), the 

attachment of C* to the graphene network. The flux of Si atoms is modeled by means of Fick's first law 

as  that is approximated according to , where  and  ≡  are the 

diffusion coefficient of Silicon in graphene through defects and concentration of mobile Si 

respectively. In particular, ci is expected to depend exponentially on temperature, through the 

equilibrium constant of the reaction for interstitial Si formation (Si)i. The reaction is 	 ↔

, where Vi and VSi denote interstitial and silicon vacancies, respectively and (Si)Si denotes a 

Si moving out from its lattice position. The equilibrium constant is equal to  that 

is further exploited to determine the rate constant 1K . Inserting the expression of  in Eqn.9, the 

system of differential equations leads to: 

  	 (10) 

Let us define the dimensionless variables  and ⁄ , being ho the initial thickness of the 

overlayer, and the function	 	  In terms of these variables Eqn.(10) reduces to the following 

first order differential equation,  

 √   (11) 

where	  . The constant B depends on temperature through the Ki rate constants. In fact 

exp
∗

 and exp
∗

, where ∗ is the activation energy for Si diffusion in the 

overlayer and ESi the energy (standard enthalpy change) for the formation of interstitials i.e. for the 



liberation of Si atoms while ∗  is the effective activation energy for the reaction (8), provided the 

reaction for the attachment of C units is energy activated. 

From the knowledge of the solution of Eqn.11 the growth law h=h(t) can be eventually determined 

through inversion of the ≡  function given by  

  . (12) 

 

Figure 5: a) Numerical solutions of differential equation (11) for B≤1. The straight lines imply a power growth 
law with exponent =1/2. (b) The numerical solutions of Eqn.11 for B>1 exhibit a non linear behavior of ln(z) vs 
ln(h/ho). 

Eqn. 11 has been solved, numerically, as a function of the B parameter with initial condition z(1)=0. 

Typical solutions ;  are reported in Figure 5 on double logarithmic scale. The behavior of z is 

found to depend strongly on B, namely on whether B is higher or lower than unity. The value B=1 

defines the transition between two growth regimes. For B<1 the kinetics is in agreement with the 

equation ln 2ln	  (Figure 5a) which implies   and leads to the growth law: 

 

⁄
⁄   (13) 

with exponent equal to 1/2. On the other hand, for B>1 the kinetics exhibits a complex behavior which 

can be characterized, in a phenomenological way, by means of a time dependent growth exponent. The 

kinetic law (Eqn.13) does show that an Arrhenius plot of the multiplicative constant	
⁄

 



(Figure 4) gives an “apparent” activation energy	
∗

 , which depends upon both kinetic and 

thermodynamic quantities. In the growth regime where B<1, the evaporation of Silicon (Eqn. 7) is rate 

determining, whereas for 1B  the transformation of C in graphene (Eqn. 6) is rate determining.  

There is also an intermediate range of growth, around B≈1 where both processes proceed at a 

comparable rate. On the basis of the XPS data analysis, which results in the exponent 2/1 , the 

proposed approach lends support to a growth mechanism where the diffusion of Si through graphene is 

rate determining. In fact when K1<<K2 we have B<1 (Eqn. 11). This condition is well verified for the 

first three temperatures (1175<T<1275 ˚C) (see Figure 3), as witnessed by the good fit of Eqn. (13) to 

the experimental data. At T =1325 ˚C the fit worsen, suggesting that the condition B<1 is not well 

satisfied in this case. At this temperature the growth law is expected to und undergo a transition from 

B<1 to B≈1, while the condition B>1 is expected to hold at higher temperatures [37]. This is in 

agreement with the suggestion that the diffusion of Si through the step edge becomes a facile route for 

Si evaporation, which happens as soon as the top layer is completed. However, the diffusion through 

defects still holds for the layers below. 

By analyzing the results of the Arrhenius plot of the  coefficient, as obtained by fitting the 

experimental kinetics (Figure 4) we observe that the apparent activation energy, Ea = 2.5±0.5 eV, 

matches our previous result [38], and we relate this Figure to the “effective” activation energy for 

graphene growth, entering the rate constant K1, for which we obtain the value ∗  that is equal to 

2 5 1	eV . First principles calculations of the energy barrier for vertical diffusion of Si in the 

6√3 6√3 interface layer gives a value of 4.7 eV, corresponding to ∗ , and a value of 3.2 eV to break 

the bond of a Si atom in SiC (corresponding to ESi) [2], providing a theoretical estimation of the 

effective barrier for graphene formation ∗ 6 1	eV. We notice that this value matches, within 

the experimental error, our results. The small difference could be assigned to variations of the energy 

barrier due to the presence of defects at the interface or to the fact that under growth conditions 

(bottom-up growth) the composition of the substrate surface changes in time affecting the mean value 

of the energy for Si liberation.  

In addition, we remark that with reference to the process of Si evaporation our experiment is performed 

under conditions far from equilibrium: the vapor pressure of Si in the chamber is several order of 

magnitudes lower than the equilibrium value [39, 40]. Under these circumstances it is compulsory to 



focus on the kinetics of the reaction, and the simplest way to accomplish this task is to employ 

phenomenological rate equations as discussed in this work. Regarding the assumptions that validate the 

kinetic approach, we note that Eqn.10 has been obtained on the basis of the steady state approximation, 

which is consistent with quasi-equilibrium conditions for the reaction of interstitial formation at the 

interface. In fact, it is possible to show that quasi-equilibrium implies ⁄ ≫
∗⁄  which is 

shown to hold for the system here investigated. Before concluding, we briefly discuss the present 

results in connection with a model recently developed in the literature for graphene growth by 

evaporation. It was shown in ref [41, 42] that on the C-face of 6H-SiC(0001) graphene formation may 

occur through nucleation and lateral growth of graphene nuclei with constant thickness. It is worth 

stressing that this study refers to temperature deposition well above the temperature range here 

investigated and under high Ar pressure. Also, the SiC surface is different from the one here studied. 

We note that a lateral growth mechanism does not fully explain our XPS data. In fact, as regards the 

behavior of both  and  intensity, such a growth mode would imply: 1

/  and 1 1 /  where  is the surface fraction covered by graphene and 

 the constant value of the thickness of graphene nuclei. By applying this model to our data we find 

that the behavior of the substrate intensity is satisfactorily described by the equation above for 

 (with 0.5); however, this  function does not match our experimental data of the overlayer 

intensity, which can be fitted only by a stretched exponential curve (Eqn. 2). Moreover, /  

would imply a lateral growth law /  which is not consistent with a diffusion mediated growth 

mode. 

The present discussion put in evidence the complexity of the mechanism which rules the graphene 

growth which is found to be strongly dependent on the substrate surface (Si-face or C-face), surface 

temperature, impurity in the gas phase and pressure.  

 

5. Conclusions 

In conclusion, on the basis of XPS data, we derived a model for graphene growth on 3C SiC (111)/Si 

(111) by Si sublimation as a function of time and of annealing temperature, suggesting a bottom-up 

growth governed by a square root law. Our model indicates that Si diffusion across graphene overlayer, 



occurring under conditions far from equilibrium, is the rate limiting step of the growth up to 1275°C. 

The kinetic approach deals with an interface characterized by a high defect density, needed for a high 

Si mobility. At higher temperatures, when the overlayer is completed, the diffusion to the step edges 

becomes the only facile route for Si evaporation, slowing down considerably the growth. An effective 

activation energy for graphene growth (~5eV) has been estimated, in good agreement with the 

theoretical value obtained from first principles calculations. Such an agreement lends support to the 

present kinetic-thermodynamic model, which can be profitably exploited to describe other systems. 
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