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In this work analysis considering Ni:C thin films growth on thermaly oxidized Si substrate by proposed kinetic model is 
presented. Model is built considering experimental results where microstructure evolution as a function of the substrate 
temperature and metal content of Ni:C nanocomposite films grown by hyperthermal ion deposition is investigated. The 
proposed kinetic model is based on the rate equations and includes  processes of adsorption, surface segregation, 
diffusion, chemical reactions of constituents. The experimental depth profile curves were fitted by using proposed 
model. The obtained results show a good agreement with experiment taking into account concentration dependent 
diffusion. It is shown by modeling that with the increase of substrate temperature the process of nickel surface 
segregation becomes most important. 
Keywords: modeling, kinetics, diffusion, segregation, thin films. 

 
1. INTRODUCTION∗ 

Multiphase nanostructured thin films have attracted a 
significant attention in the last two decades due to their 
multifunctionality [1]. These structures are two or 
multicomponent systems containing additives of varying 
concentration beside the film material. Carbon-based 
composite thin films have large application potential 
because of their unique mechanical properties, high 
hardness, high elasticity, and a low widely adjustable 
friction coefficient [2]. Carbon films are alternatively 
modified by the addition of metals, e. g. Ni, Cu, Ag, and 
Cr, etc [2]. Nanoscaled thin metallic films are of great 
importance in scientific and technological fields, including 
microelectronics, optical devices, catalysis, and chemical 
and biological sensors, nanocomposite thin films consisting 
of hard constituents can exhibit mechanical properties that 
are critical to magnetic storage devices, cutting tools, etc. 
[3]. Numerous metallic elements have been reported to be 
encapsulated in carbon cages [4 – 8]. In this case the grains 
of nanocomposite thin film are surrounded and separated 
by carbon phase. In general the grain size of the film 
material decreases with increasing concentration of 
encapsulating media and can be as low as 1 nm – 10 nm [9]. 
These encapsulated structures can be obtained by various 
methods such as arc evaporation [7, 10], plasma enhanced 
chemical vapor deposition [11] or sputtering [5, 12]. 
Similar structures obtained after thin film growth using 
different transitions metals [13] as well as different 
encapsulating media (carbon, CNx [8]) suggest that there 
are common mechanisms which govern the formation of 
these structures [4]. 

Mechanical, electrical properties of Ni:C correlate with 
their nanostructure, this could be of some importance for 
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development of technology, so it is important to control 
growth morphologies [2, 14]. The nanostructure can be 
controlled by process parameters such as substrate 
temperature, incident ion energy and flux, etc. The 
following growth processes controlling nanostructural 
evolution: nucleation, island growth, impingement and 
coalescence of islands, grain coarsening, formation of 
polycrystalline islands and channels, development of a 
continuous structure, and film growth [1].  

In this work analysis of Ni:C thin films growth on 
oxidized Si substrate by proposed kinetic model is 
presented. The proposed kinetic model is based on the rate 
equations and includes such processes as adsorption, 
surface segregation, diffusion, chemical reactions of 
constituents. The experimental depth profile curves from 
ref. [6] were fitted by using proposed model. The obtained 
modelling results are in good agreement with the 
experimental depth profiles, from which the conclusions 
about film growth mechanisms and kinetics are done. 

2. KINETIC MODEL 
Considering experimental results [6] presented in  

Figs. 1 – 5 (dotted curves) where composition depth 
profiles of Ni:C films grown at different substrate 
temperatures (Figs. 1 – 3) and different contents of Ni 
(Figs. 2, 4, 5) are presented, it can be seen that at low 
substrate temperatures (300 °C or 20 °C) the Ni distribution 
is homogeneous over the whole film. Further increase in 
the substrate temperature up to 500 °C results to the 
increase of Ni atomic ratio near the surface. G. Abrasonis 
and co-workers [6] proposed that increase in the substrate 
temperature activates process of nickel surface segregation. 
Also, according to ref. [6] the presence of nickel carbide is 
observed at substrate temperatures of 300 °C or 20 °C. So 
the following components are considered in the model 
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SiO2, C, Ni, Ni3C concentrations in the i-th monolayer are 
denoted as Nicccc iiii ,1,,,, )(

CN
)(

Ni
)(

C
)(

SiO 32
= , respectively.  

Taking into account proposals from G. Abrasonis and co-
workers [6], the following processes are included in the 
model: adsorption of carbon and nickel, diffusion, surface 
segregation of nickel, formation of nickel carbide 
compounds and its decomposition. 

Adsorption rate is defined following: 

Ni
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ickickick +++ , where lpk  are the 

sticking coefficients of l-th atoms to the p-th component, 
where )( NiC ii  is the carbon(nickel) ions flux density, 

where )1(
Ac  is the relative concentration of the component 

A on the surface. Natural numbers are related with the 
constituent components as follows: 1 – SiO2; 2 – C; 3 – Ni; 
4 – Ni3C. Therefore, l = 2, 3 and p = 1, 2, 3, 4. The changes 
of relative concentration of constituent component due to 
adsorption can be expressed 
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ii ccV −−   

means that after adsorption on the surface component A of 
i – 1-th monolayer moves to a deeper monolayer, where 

10103.2/ −⋅= hm , h is the thickness of one layer in meters, 
10103.2 −⋅  is the thickness of one monolayer in meters. 

The process of diffusion is defined using Fick’s second 
law expressed in finite increments 
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where dA = DA/h2, DA is the diffusion coefficient of 
component A and h is the thickness of one layer. 

It is assumed that the flux of nickel to i-th layer due to 
surface segregation is directly proportional to relative 
nickel concentration in deeper  i + 1-th  layer: 
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where S is the surface segregation coefficient. 
The formation rate of Ni3C compound is defined using 

the equation of chemical kinetics (mass action law): 
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where Tk
E

BeAk
1

11

−

=  is the reaction rate constant, where E1 
is the activation energy of the process. 

The decomposition rate of nickel carbide compound is 
expressed 
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where Tk
E

BeAk
2

22

−

=  is the reaction rate constant. 
Including all the processes described above the system 

of equations takes following form: 
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3. RESULTS AND DISCUSSION 
The experimental depth profile curves from refs. [6] 

were fitted by using the proposed model. In these 
experiments Ni:C nanocomposite thin films were deposited 
by pulsed filtered cathodic vacuum arc on thermally 
oxidized Si substrates. Films were deposited with the 
substrate temperature varied in the range from room 
temperature (RT) to 500 °C and with the Ni content ranging 
from 7 at.% to 30 at.%. The elemental depth profiles and 
composition were determined by elastic recoil detection 
analysis. 

To calculate elemental profiles equations (6) were 
solved numerically. The model involves diffusion of all 
components except Ni3C due to concentration gradient. For 
segregation it is assumed that the changes of nickel relative 
concentration due to surface segregation are accompanied 
by opposite changes of relative carbon concentration. The 
following coefficients are undefined parameter and in this 
work was extracted by fitting the experimental curves of 
depth profiles: three diffusion coefficients (DNi), (DC), 
(DSi:O), the nickel surface segregation coefficient (S) and all 
the sticking coefficients. All other parameters were defined 
from experiment. The calculations are started from the 
following initial composition: 

.,1,0,0,0,1 )(
CNi

)(
Ni

)(
C

)(
SiO 32

Nicccc iiii =====  The values of 

parameters obtained from the fits are presented in Table 1 
and Table 3. 

Table 1. Values of parameters obtained by fitting of experimental 
results at T = 500 °C 

 

T = 500 °C 

Ni content of 
7 at.% 

Ni content of 
15 at.% 

Ni content of  
30 at.% 

k22 0.95 

k23 1 

k32 0.8 
k33 0.9 

S, s–1 308 

DNi, m2/s 3.48∙10–15 2.08∙10–15 1.25∙10–15 

DC, m2/s 3.78∙10–18 6.1∙10–17 1.89∙10–16 
DSi:O, m2/s 3.78∙10–18 6.1∙10–17 1.89∙10–16 

N 940 1080 1184 

iNi, s–1 28.2 56.4 112.8 

All the other parameters are kept constant. Values of 
the others parameters are presented in Table 2. 

Table 2. Values of the constant parameters 

k21 k31 k24 k34 h, m iC, s–1 

0.5 0.25 0.8 0.45 2.3∙10–10 282 

Fitting results of the depth profiles are presented in 
Figs. 1 – 5 (solid lines) together with  the experimental 
points [6]. Fittings are done at different flux of nickel 
(Figs. 1 – 3) and at different temperatures of substrates 

(Figs. 2, 4, 5). Fittings are done for all constituent 
components. All calculated curves for all cases and for all 
the constituent components show good agreement with the 
experimental results indicating validity of the model.  

Table 3. Values of parameters obtained by fitting of experimental 
results at T = 20 °C and at T = 300 °C 

 

T = 20 °C T = 300 °C 

Ni content of  
15 at.% 

Ni content of  
15 at.% 

k22 0.8 

k23 1 
k32 0.63 0.9 

k33 0.9 

S, s-1 <30 

DNi, DC, DSi:O, m2/s 7.62∙10-18 2.28∙10-17 
N 768 1024 

iNi, s–1 56.4 

From Figs. 1 – 3 it can be seen that at temperature of 
500 °C experimental atomic concentration of nickel is 
higher at the surface and exponentially decreases with 
depth while at low temperatures 300 °C and RT the profile 
of Ni concentration is horizontal (Figs. 4, 5). It is important 
to note that such increasing of Ni atomic ratio at the surface 
is obtained during modeling by including process of 
surface segregation of Ni (eq. (3)). When the surface 
segregation of nickel is relatively low only homogeneous 
depth profile curves of Ni (see Figs. 4, 5) can be obtained. 
It should be noted that an extension of eq. (3) is used to 
model surface segregation in various binary systems such 
as Ni:Cu, Ag:Cu [17, 18]. 

According to the experimental results surface 
segregation of Ni is negligible at temperature of 300 °C or 
less. It is shown by modeling that at such temperatures 
surface segregation coefficient of nickel is at least order of 
magnitude lower compared with segregation coefficient at 
temperature of 500 °C (Table 3). 

 
Fig. 1. Experimental [6] (points) and calculated (lines) depth 

profiles of components at 500 °C with Ni content of 7 at.% 

The reaction rate constants k1, k2 are expressed by 
Arrhenius law and depend on temperature. Ni3C compound 
is metastable and decomposes into its components at higher 
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temperatures than 300 °C. So, the rate constants k1, k2 are 
such that at lower temperatures (300 °C or 20 °C) formation 
of Ni3C prevails over decomposition and at higher growth 
temperature decomposition of Ni3C prevails over 
formation. At temperature of 500 °C Ni3C concentration is 
close to zero and elemental nickel can segregate (eq. (3)) to 
the surface. 

 
Fig. 2. Experimental [6] (points) and calculated (lines) depth 

profiles of components at 500 °C with Ni content of 
15 at.% 

 
Fig. 3. Experimental [6] (points) and calculated (lines) depth 

profiles of components at 500 °C with Ni content of 
30 at.% 

 
Fig. 4. Experimental [6] (points) and calculated (lines) depth 

profiles of components at 300 °C with Ni content of 
15 at.% 

It was found by fitting of experimental points at 500 °C 
and at different Ni fluxes that diffusion coefficient depends 
on Ni concentration according to well-known Einstein-
Smoluchowski relation NiNi /1~ cD  [15, 16]. The found 
values of diffusion coefficient versus 1/cNi are plotted in 
Fig. 6 which show linear dependence (R2 value near to 1). 
The same relation between diffusion coefficient and 
concentration was obtained in some other works [19]. Also, 
from Table 1 it can be seen that diffusion coefficients DC, 
DSi:O, increases with increasing flux of nickel ions, so 

NiO:SiC ~, iDD . Dependence of diffusion coefficient on 
incoming particle flux is characteristic for radiation-
enhanced diffusion. Hence, radiation-enhanced diffusion is 
observed in this case. It is important to note that diffusion 
coefficient of nickel decreases with increasing flux of 
nickel ions because NiNi /1~ cD and NiNi ~ ci . 

 
Fig. 5. Experimental [6] (points) and calculated (lines) depth 

profiles of components at room temperature with Ni 
content of 15 at.% 

From Fig. 1 it can be seen that for the Ni:C film grown 
at low Ni flux, experimental Ni concentration profile 
exhibits a weakly observed plateau of ~5 at.% at a depth of 
~50 nm – 100 nm, but calculated Ni profile slowly varies at 
such depth. Near the surface both experimental and 
calculated Ni atomic ratios increase to a maximum of 
~16 at.%. For the higher Ni fluxes (Figs. 2, 3) such a 
plateau is not observed and calculated depth profiles are in 
good agreement with experimental results. At very high Ni 
flux (Fig. 3) the Ni:C film consists of the Ni layer of 
variable thickness on the top of the carbon layers, both 
experimental and calculated Ni relative concentrations 
increase to a maximum of ~100 at.% at the surface. In all 
profiles at 500 ºC carbon concentration is lower at the 
surface and increases with depth, showing that during 
surface segregation of Ni carbon moves to deeper layers. 

At temperatures of 300 °C and RT the depth 
distribution profiles of nickel and carbon are homogeneous 
within the film. At temperature of 300 °C (Fig. 4) 
experimental and calculated Ni depth profiles exhibit a 
plateau of ~(15 – 16) at.% within the film. At room 
temperature (Fig. 5) experimental and calculated Ni depth 
profiles exhibit a plateau of ~10 at.% within the film. The 
surface segregation of Ni is negligible process at those 
temperatures. The formation of compounds Ni3C prevails 
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and nickel cannot segregate because of its low mobility. 
The formation of Ni3C compounds also results in 
homogeneous distribution of Ni and C over the film. 

 
Fig. 6. Dependence of found by fitting values of diffusion 

coefficients (points) on 1/cNi indicating linear dependence 
DNi ~ 1/cNi 

 
Fig. 7. Plot of relative concentration of Ni versus time at 500 °C 

with Ni content of ~15 at.% 

Considering the growth at different depth from Fig. 8 it 
can be seen that at low temperature the curves are similar 
only some delay in deeper layers take place. 

 
Fig. 8. Plot of relative concentration of Ni versus time at room 

temperature with Ni content of ~15 at.% 

In Figs. 7, 8 the evolution of Ni relative concentration 
in time of film growth at different depth at high and low 
temperatures is presented. In the case of low temperatures 

(Fig. 8) curves very fast approaches the steady state values. 
At high temperature (Fig. 7) the curves increases slowly. 
However comparing curves obtained for high and low 
temperatures it must be taken into account the total amount 
of Ni at considered depth is quite different. In Fig. 8 steady 
state value of Ni concentration is at less than 0.12 while in 
Fig. 7 Ni concentration is much higher and obviously that 
the time to reach steady state is much higher. Nevertheless, 

derivative of 
dt

dc )1(
Ni  for higher temperatures is more and it 

is because of segregation process. 
At high temperatures as it is seen form Fig. 7 the 

shapes of curves at different depth are quite different: curve 

for surface show that the derivative 
dt

dc )1(
Ni  is highest at the 

beginning of process and later decreases. This derivative 
for curve at depth 50 nm behaves contrarily: is less at the 
beginning and later increases.  

4. CONCLUSIONS 
Considering kinetic of Ni:C thin film growth at 

different temperatures and different Ni fluxes the following 
conclusions can be stated: 
1. At temperatures of 300 °C or less the formation of 

compounds Ni3C prevails. 
2. At temperatures higher than 300 °C the decomposition 

of Ni3C prevails. 
3. At temperature of 500 °C the surface segregation of Ni 

is most important process while at lower temperatures 
the surface segregation is negligible. 

4. Diffusion coefficient of Ni depends on concentration 
according the Ni/1 c  law. 
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