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Abstract: In the present paper, the formation of columnar and layered structure during co-deposition
of binary thin films is analyzed by kinetic modeling. The kinetic model is based on phase field theory
and involves the main processes taking place during binary film growth: adsorption, phase separation,
Gibbsian surface segregation, surface and bulk diffusion. The process of phase separation is defined
by the Cahn–Hilliard equation, which describes well the kinetics of formation of nanoparticles in
binary system with a limited solubility of components. The formation of columns and layers can occur
only if other processes such as diffusion and segregation take place. In this paper, the most attention
is paid to the formation of multilayered structures during binary components co-deposition, which is
experimentally observed, but whose mechanism of formation is not well understood. In the work
presented, the mechanism of formation of layers is shown, and the conditions at which this mechanism
starts to work are formulated. It is shown that very important aspects are surface segregation of one
of the components and depth dependent diffusion.
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1. Introduction

Nanocomposite materials, due to their new unique and promising physical and chemical
properties, have attracted much attention from the point of view of application as well as fundamental
research because the processes which initiate self-organized modulation are not fully understood.
A nanocomposite material is a multiphase solid material where one of the phases has either one,
two or three dimensions of less than 100 nm, or the material includes structures with nanoscale repeat
distances between the different phases [1]. Nanocomposite is not simply a structural variation at the
nano- or mesoscales. The unique properties of nanocomposites come from the synergic interaction
between the individual constituents, which plays an important role in enhancing or improving the
functionalities [2]. The application of nanocomposites in surface engineering provides effective solution
of many problems related to wear protection, hardness and/or toughness, biocompatibility, etc. [1].
Nanocomposites can be in the form of randomly or uniformly distributed nanoparticles, columns
or layers [3]. Nanoparticles, columns or layers can be formed in various host materials such as
different types of oxides, polymers or different allotropes of carbon [4]. Many experimental studies of
this phenomenon can be found in literature. However, deep theoretical studies of mechanisms and
dynamics of nanostructures formation are still insufficient, and mechanisms as well as dynamics of
formations of nanocomposites are still not well understood. Several theoretical studies were devoted
to the understanding of the growth mechanisms resulting in the formation of nanostructures in binary
systems [5–14]. By the analysis of mechanisms leading to the formation of cylindrical columns made of
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one component and surrounded by a phase made of another component during a binary films growth,
it was shown [6,7] that the diameter of elongated domains depends on the ratio of adatom mobility
over growth rate. A similar tendency was reported for the Al:Si thin films [8] grown by magnetron
sputtering, where the diameters of the Al columns, embedded in a Si phase, were proportional to
the surface diffusion length. The effects of stress and strain on the composition modulations seen
during the growth of thin solid films by molecular-beam epitaxy are explored in [9]. It was shown
that the elastic effects due to a difference between the elastic modulus of two components and crystal
anisotropy modify the dynamical evolution and the steady state reached by the system. The results
in Reference [10], where the influences of the surface diffusion, bulk diffusion and contents of film
constituents on the phase structure of binary thin films were explored, indicate that the thin film
phase structure depends on both, the ratio of the diffusion coefficient over the growth rate Ds/v and
the concentrations of film constituents. Reference [11] shows that, depending on the metal content
in the Ni:C thin films, the surface segregation of Ni can result in the formation of the columnar or
layered patterns.

From the point of view of dynamic modelling and physical mechanisms of nanocomposite
formation, the most incomprehensible is the layered structure (sandwiched) formation during
simultaneous deposition of both components during binary films growth. Despite several models
based on segregation proposed, catalytic action of metal, radiation enhanced diffusion, etc. [15,16],
the origin of layering and its mechanism and dynamics are not fully understood. It was found
experimentally that there is some minimum metal content required to form a layered structure [17,18].
In Reference [14], the phase diagram of morphological patterns proposed from the theoretical analysis
reveals the dependence of various modulated microstructures (from layers to columns) on phase
fraction and normalized deposition rate. It was shown in [5,12,14] that very important process for
layered structure formation is spinodal decomposition, which induces the segregation and phase
separation of components. In Reference [12], the growth of a spinodally unstable system evolving
by the bulk diffusion was examined. It was shown that the spontaneous formation of a superlattice
with layers parallel to the surface occurs when material is deposited at a composition unstable against
spinodal decomposition at intermediate deposition rates. Reference [5] investigates the formation of
alternating metal-rich and metal deficient layers in the Ti:C thin films. The effects of the growth rate
and concentrations of Ti on the phase structure are investigated by a model based on the Cahn–Hilliard
equation. It was shown that the formation of a structure containing alternating multilayers can be
promoted using a relatively low growth rate. In Reference [13], it is shown that with increasing
interdiffusion length as a result of increasing substrate temperature, the transition from layered to
columnar and, finally, to random structures occurs.

From Refs. [5,12–14], two mechanisms of alternating layers formation can be distinguished.
Refs. [5,12] consider the mechanism for spontaneous layering that is triggered by the interaction
between the substrate and the deposited species. In Refs. [5,12] the substrate is assumed to favor
the formation of a layer of one phase on the substrate, and those works clearly show that spinodal
decomposition (under favorable growth conditions) can lead to the formation of a layered structure
during continuous and simultaneous deposition of both components. From Refs. [5,12], one can
deduce that the use of a relatively high value of the ratio of diffusion coefficient over growth rate
promotes the formation of alternating layers. In Refs. [13,14], another mechanism for the formation
of self-organized layers is proposed. The mechanism considered in [13,14] consists of two main
stages. The first one is the formation of the chessboard like structure that initially develops in the top
layers of a growing film. Later, the clusters made of same component connect to each other to form
alternating layers. As shown in [13,14], the formation of multilayers can be obtained by using either a
relatively low temperature [13] or a relatively high deposition rate [14] so that mechanism resulting in
multilayers appears to be promoted by using a relatively low value of the ratio of diffusion coefficient
over growth rate. The formation of alternating layers has been experimentally observed at various
substrate temperatures, for example, at temperatures of 450 or 510 ◦C as shown in [15] and at room



Coatings 2020, 10, 21 3 of 18

temperature as shown by Refs. [18,19]. The models mentioned earlier fail to explain the formation
of alternating layers at low substrate temperatures when no chessboard like structure formation is
observed in initial growth stages. The chessboard like structure formation is not reported in [18,19].

This work is focused on the exploration of conditions which can result in the formation of
structures containing self-assembled alternating layers. The basis of the previously published kinetic
model [10,11], which includes such processes as adsorption, phase separation, surface segregation,
surface and bulk diffusion, is used to model the growth and the formation of thin films. New function
describing the free energy of a homogenous system is introduced. The influences of the surface
and bulk diffusions, concentrations of thin film components, growth rate and surface segregation
are investigated by using the modified model. The results of the modified and previous models
are compared. The modeling results reveal that, depending on the parameters of the model such
as diffusion coefficient, growth rate and contents of thin films components, the different growth
modes resulting in the phase structures containing metal nanoparticles, nanocolumns or alternating
metal-rich and metal-deficient layers can be obtained. The simulation results are compared with the
experimental data.

2. Model

The model which considers the processes of phase separation, surface segregation and depth
dependent bulk diffusion taking place during growth of binary carbon–metal films with a limited
solubility of components was recently proposed in our previous works [10,11]. It was assumed that the
limited solubility can lead to the phase separation and/or phenomena of Gibbsian surface segregation
at elevated temperatures. For Gibbsian segregation, the two factors are responsible: (1) surface free
energy (of surface tension) and (2) enthalpy (heat) of sublimation. The processes of phase separation
and surface segregation are described by using the Cahn–Hilliard equation [20] with an additional
term dg(ϕ)/dϕ added [11], which describes the process of surface segregation

∂ϕ

∂t
= ∇D∇

(
d f (ϕ)

dϕ
− γ∇2ϕ+

dg(ϕ)
dϕ

)
, (1)

where D is a diffusion coefficient, γ is a power coefficient of phase gradient. The function f (ϕ) is a
potential of phase separation whose analytical form is very important for the mathematical description
of process kinetics. It is known from the Landau formalism that for a symmetrical phase diagram
(ϕ ∈ [−1,+1]) it has a form containing only even powers of ϕ. The order of the function f (ϕ) determines
the solubility of a binary system. The thermodynamically stable system is stable if the condition
∂2 f (ϕ)/∂ϕ2 > 0 is fulfilled and becomes unstable when this second derivative becomes negative. That
is because in the composition with spinodal, a homogeneous solution is unstable against microscopic
fluctuations [21,22]. Therefore, the inflection points ϕinf at ∂2 f

(
ϕin f

)
/∂ϕ2 = 0, define the solubilities of

a system. For quite low solubilities the order of function must be quite high. From the conditions that
function f (ϕ) must have minimums at points ϕ = ±1 (these points denote phases of pure components,
pure metal phase and pure host material phase): (1) ∂ f (±1)/∂ϕ = 0, (2) ∂2 f (±1)/∂ϕ2 > 0), function
f (ϕ) takes the following form:

f (ϕ) = 2
(
2ϕ10

−ϕ8
−ϕ6

−ϕ4
−ϕ2 + 2

)
. (2)

The term dg(ϕ)/dϕ in Equation (1) is newly [11] included into the Cahn–Hilliard equation and
denotes the surface free energy and describes the process of Gibbsian surface segregation.

dg(ϕ)/dϕ = (WA −WB)/2, (3)

where WA, WB are the surface energies of the pure components A and B. The surface energies define
the atomic flux directions of segregating components. If WA < WB the segregating (to the surface
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of a growing film) component is A, and a flux of component A atoms from the second layer to the
surface layer takes place. The surface becomes enriched with component A. If WA > WB, everything is
opposite, the segregating component is B, and a flux of component B atoms from the second layer to the
surface layer takes place. The rate of this flux is directly proportional to the difference between surface
free energies WA −WB. For deeper bulk layers it is assumed g = 0, this means that segregation takes
place only at the surface, not in bulk layers. Normally, the Gibbsian surface segregation takes place at
elevated temperatures (at high enough atom mobility), but it also can take place at lower temperatures
under an external particle radiation (ions, electrons, photons), which enhances the mobility of surface
atoms or during a deposition of energetic particles (during film growth).

In the systems where radiation enhanced diffusion initiated by an external irradiation of the
surface by atomic particles can take place, the diffusion coefficient depends on the distance from the
surface. For the dependence of the diffusion coefficient on depth, the hyperbolic tangent function is
used [5]:

Di,j = D0

(
1− tanh2

(
h(i− 1)

l

))
, i = 1, N1, j = 1, N2 (4)

where D0 is a value of the diffusion coefficient at the surface layer, h is the thickness of one monolayer,
the parameter l is the dispersion parameter and defines the depth at which the value of the diffusion
coefficient is 2.5 times lower compared to that at the surface; i is the layer number (i = 1 denotes the
surface layer).

Both diffusion and segregation are functions of temperature. Different diffusion coefficients
for different temperatures are used in our calculations. For the dependence of diffusion coefficient
on temperature the Arrhenius law is used. The surface segregation term g given by Equation (3) is
independent on temperature, but the segregation process itself becomes dependent on temperature,
because in Equation (1) there is a multiplication by temperature dependent diffusion coefficient as
D·∇(dg/dϕ).

The film growth is described through the adsorption process which is included into the model
through the following equations [10,11] for surface i = 1 and deeper layers i > 1:(

∂ϕ1, j

∂t

)
ad

= −k12
(
1−ϕ1, j

)
iA + k21

(
1−ϕ1, j

)
iB(

∂ϕi, j

∂t

)
ad

= V∗A
(
ϕi−1, j −ϕ1, j

)
,

(5)

where, knm are the sticking coefficients of n-th type atoms (arriving at the surface) to the m-th type
surface atom, and V∗A is the film growth rate.

3. Results and Discussion

Figure 1 shows the calculated cross-sectional views of binary phase-separated thin films deposited
at the different diffusion coefficients D0 and different film compositions. Areas of cross-sectional
views made of pure phase A are colored in yellow, pure phase B is colored in blue. Component A is
the component which segregates to the surface of a film. Depending on system, both metal [23,24]
or carbon [15,16,23] may segregate to the surface. Component A is the host material, and in
nanocomposites, the host material mostly is carbon. Therefore, in Figure 1, component A can be
associated with carbon and component B with metal. Both components are co-deposited simultaneously
with parallel fluxes during the whole growth process. In the calculations, the growth rate was kept
at 4 nm/s, and the value of diffusion dispersion parameter l = 17 nm was used. These calculations
were performed at different diffusion coefficients Do by changing the concentration of component
B from 15 to 50 at%. The increase in the diffusion coefficient can be associated with an increase in
temperature according to the Arrhenius law. At the low diffusion coefficient and the relatively low
concentration of component B (at 15%), the tendency to form clustered structures is observed, which
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transforms into the columnar structure with the increase in the content of component B (see top row of
pictures from right to left in Figure 1). The carbon near the metal surface crystallizes in 2-d regime
and forms graphene layers because metal surfaces may reconstruct providing epitaxial fits with the
(0001) graphite face [25,26]. This leads to the growth of different kinds of carbon structures such
as nanotubes [27] or diamond like carbon matrix [28,29] (through sp2 to sp3 C-C bond transition)
detectable by Raman [30], X-ray photoelectron or Auger electron spectroscopy [29]. Considering carbon
film growth structure, several aspects are important such as the existence of different kinds of internal
stress, growth temperature, growth rates, energy transfer of arriving particles, the role of the chemical
affinity of the substrate material, etc. [31]. The increase in the diffusion coefficient enhances the layering
process (see pictures in the second and the third rows of Figure 1). The increase in concentration makes
layers thicker (compare pictures at both edges in third row). However, the picture in the middle row
of Figure 1 shows that with the continuous increase in the content of component B, the formation of
layered and clustered structures alternates from layers to clusters and back. With the increase in the
diffusion coefficient, this tendency of alternation decreases, and the growth of alternating layers is
promoted (see third row pictures in Figure 1). The additional calculations show that the thickness
of layers is highly influenced by the value of l. For example, when using 50% content of metal and
D0 = 2.2 × 10−17 m2/s, the multilayered structures were formed for l ≥ 15 nm. The thickness of layers
of about 25 nm was obtained at l = 15 nm, whereas the increases in value of l up to 50 and 90 nm result
in the increases in the thicknesses up to 38 and 40 nm, respectively. Therefore, the parameter l can be
very important for the control of the thicknesses of alternating layers.
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Figure 1. The calculated cross-sectional views of binary thin films at different diffusion coefficients and
binary film compositions.

The dynamics of formation of the layered structure are analyzed by calculations presented in
Figure 2, where the evolution of the thin film phase structure in the early growth stages and the
formation of the second layer are shown. The calculations are performed at the film composition 40 at
% of A and 60 at % of B, because the layered structure is more likely to be formed only at high enough
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concentrations of both components [18]. From Figure 2a, pictures taken at film growth times t = 0.4 s
and 0.8 s (units are relative), it is seen that in the early growth stages, the individual nanoparticles of
segregating component A are formed. Due to the lower surface tension, component A tends to diffuse
from bulk layers to the surface layer and accumulate at the surface of the growing film. Due to the
accumulation of component A at the surface of the growing film, the dimensions of nanoparticles made
of pure phase A steadily increase. Nanoparticles start to coalesce at t = 1.2 s. As a result, the formation
of the layer made of pure phase A lying on the top takes place (see Figure 2a at t = 2 s). In later growth
stages, both initial layers of phase A and phase B grow thicker (Figure 2a t = 6–14 s), because particles
of component B, adsorbed on the surface of the growing film, diffuse through the layer of phase A
and stick to the layer of phase B. Therefore, there was the explanation for the first layer formation on
the top of the surface. The main reason for the surface layer formation is the surface segregation of
component A. However, there are still open question about the mechanism and dynamics of formation
of the second layer of phase A.
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views and (b) depth profiles of component A (yellow) at different moments of time showing the splitting
of first layer into two new layers.

In Figure 2b, the depth profiles of component A at three different moments of time are presented.
Those profiles show the dynamics how the top layer of phase A starts to split into two separate layers
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with the layer made of phase B in the middle. Profiles in Figure 2b show the mechanism and dynamics
of sandwiched structure formation. As it was noted before, segregating component A dominates at the
surface of the growing film in all profiles. The local minimums (the concentrations are normalized as
cB = 1 − cA) near the surface in the depth profile curves show the position of the local maximums of
concentrations of component B just below the surface because those atoms (of type B) already cannot
reach the layer of phase B, which becomes too deeply located, and it is more favorable for the system
to form a new cluster or layer. With the further film growth, the concentration of component B below
the surface increases. That is seen from the heights of minimums in the depth profiles which increase
with time (see Figure 2b at t = 10 and 14 s). With a continuous increase in the amount of component
B below the surface, finally, the layer of phase A splits into two separate layers (see Figure 2a,b) at
t = 16 s). One part of the layer of phase A remains on the surface, the second one appears deeper in the
bulk of the film and moves away from the surface during the film growth as the thickness of the layer
B between them increases. This process repeats periodically, and the formation of the third, fourth and
higher layers takes place, like it is shown in Figure 3 and will be discussed below. Therefore, the new
layer forms on the surface after splitting and separating the surface layer of the segregating component.
As it follows from this discussion, for layered or sandwiched structure formation, several conditions
must be fulfilled: (1) components must have low solubility, i.e., the system with well-expressed
phase separation; (2) relative concentrations of both components must be quite high, tens of percent;
(3) system must have significant surface segregation (Gibbsian or induced by external radiation or
chemically [32]).

Talking quantitatively, it must be noted that at t = 14s (see Figure 2), the concentration of component
B reaches the value of 8.5% at the depth of 2 nm. That value is greater than the solubility of component
B in matrix of A. The solubility determined by Equation (2) is about 7.9 at %. Therefore, the formation
of separate phase B below the surface of the growing film becomes energetically favorable. In our
previous work [11] the function in form Equation (2) was adapted for the Ni:C system. Therefore,
the calculations presented in Figure 2 also can be assumed as modelling of the Ni:C system and
compared with experimental results presented in Reference [18] (see picture Figure 3 of Reference [18]).
In these experimental results, the layered structure in the Ni:C film was obtained at room temperature
and at the Ni content of 40%. Low temperatures (meaning low diffusivity) and high concentrations of
both components as a necessary condition for layering were also reported in References [13,14].

In Figure 3, the dynamics of the formation of the third layer are analyzed (the formation of
subsequent layers is analogous). At t = 26 s (see corresponding picture in Figure 3), the two layers of
phase A are still observed (B as well), but the depth profile shown on the right side of that picture
shows a small minimum in the concentration curve of component A. This means that component B
starts to accumulate below the surface because the layer of phase B (existing in the bulk) now is too
deep to diffuse there. At t = 28 s, this minimum becomes better expressed; the concentration of B at the
depth of 2 nm is about 18%, which is higher than solubility 7.9 at %, so at that moment of time, the
formation of the layer made of component B was in progress. Finally, at t = 30 s layer of component
A splits into two layers with the layer of component B in the middle. Therefore, this process repeats
forming layered of sandwiched binary film structures.

The above considered model with the potential of phase separation function given by Equation (2)
explains very well the mechanism and dynamics of layered structure formation during simultaneous
co-deposition and growth of binary films. However, there is still too early to compare the model results
with experimental observations. In Ref. [18], it is reported that the Ni3C compound nanoparticles are
formed at the temperatures lower than 300 ◦C. The formation of carbides is also reported in some other
nanocomposites with self-organized layers [15,24]. This behavior needs to be incorporated into the
model by including the possibility to form the carbide phase. We will consider the nickel carbide Ni3C
in order to compare our modeling results with experimental ones for the Ni:C films from Ref. [18].
In order to include the carbide phase, the new form of the potential of phase separation function f (ϕ)
instead of Equation (2) must be found. Such a function must fulfill the following conditions: (1) in
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interval [−1, 1], the function f (ϕ) must have three minimum points at ϕ = −1 (corresponding to the
pure Ni phase), at ϕ = −0.5 (corresponding to the Ni3C phase), and at ϕ = 1 (corresponding to the pure
C phase) and also a local maximum point at ϕ = 0.25, which is assumed to be located in the middle
between minimums at ϕ = −0.5 and ϕ = 1. Such conditions cannot be fulfilled by any symmetric
function (with respect to ϕ = 0) given by Equation (2). The function must contain odd powers of ϕ.
We found a function that fulfils the listed conditions. This function takes the following form:

f (ϕ) = c(a1ϕ8 + a2ϕ6 + a3ϕ5 + a4ϕ4 + a5ϕ3 + a6ϕ2 + a7ϕ),
with

a1 = 0.04234; a2 = −0.101; a3 = 0.0197; a4 = 0.082;
a5 = −0.03868; a6 = −0.03016; a7 = 0.0174;

(6)

where c is a parameter, whose value c = 100 will be used in the calculations presented below. The plot of
the function f (ϕ) in form of Equation (6) is given in Figure 4 (blue curve) together with the fragments
of the second derivative (red lines). The amplitude of the second derivative is very high comparing
with the amplitude of the function, which is why it is difficult to show both functions in one picture.
However, the second derivative is very important because, as it was mentioned earlier, it determines
the solubilities of components. The full curve of the second derivative (in red) together with the
function (in blue) is shown in inclusion of Figure 4. The given values of parameters a1, ..., a7 ensures the
existence of the mentioned extremums at the given particular points: minimums at ϕ = −1, ϕ = −0.5
and ϕ = 1 and local maximum at ϕ = 0.25. The parameters a1, ..., a7 are fixed. Parameter c can be
changed. Changes of parameter c do not affect the positions of the extremums. The difference between
values of f (0.25) and f (1) and f (−0.5) (phases C and Ni3C, respectively) is directly proportional to c so
that difference can be controlled by changing the value of c. The new function f (ϕ) ensures that the
formations of compositions corresponding to Ni3C and C are favorable during the phase separation
because of the deeper minimum points of the function f (ϕ) for those phases (this function directly
related to the free energy) in comparison to the pure Ni phase at ϕ = −1. As it was discussed above,
the points where the second derivative reaches zero value (corresponding to the inflection points of
function f (ϕ)) determine the solubilities of components. In Figure 4, we see that the second derivative
of the function f (ϕ) reaches zero values four times in interval [−1, 1], which means four different
solubilities in the system. This is understandable, because now in the system we have three different
pure phases of C, Ni and Ni3C. These values, which are related to the solubilities, are indicated in
Figure 4 as the positions of the inflection points of the function f (ϕ) in the ϕ axis. Because, the point
ϕ = −1 corresponds to the pure Ni phase and the point ϕ = 1 (in the right side) represents the pure C
phase, the solubilities of Ni are to the left of each minimum and the solubilities of C to the right of the
minimums. The solubilities in terms of relative concentration can recalculated by using the relation
between concentration c and phase ϕ: c =

(
1−

∣∣∣ϕ∣∣∣)/2. Therefore, one can find the values of solubilities
of different components defined by Equation (6): (1) The absolute value of (−1 − (−0.959))/2 ≈ −0.0205
corresponds to the solubility of C in the pure Ni; (2) (−0.5 − (−0.699))/2 ≈ 0.0995 is the solubility of
Ni in the Ni3C phase; (3) the absolute value of (−0.5 − (−0.163))/2 ≈ −0.1685 is the solubility of C in
Ni3C and (4) (1 − 0.844)/2 = 0.078 is the solubility of Ni in the pure C phase. Note that in previous case,
when the function f (ϕ) in form of Equation (2) was used, the solubilities of Ni in C or C in Ni were
equal (function Equation (2) is symmetric), and the value of the solubility was 0.079; now it is 0.078.
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In further modeling, we will consider carbon to be the component that segregates to the surface
during a film growth. We assume that the segregation of C is caused by the difference between the
surface energies of metal phase (or metal carbide) with free incorporated carbon and pure carbon phase.
The surface segregation of carbon has been experimentally observed in the C:Fe [23] and C:Cr [15] thin
films, where the formations of the metal carbide phases were also reported. The experimental analysis
of a layered structure formation in the C:Cr [15] films shows that the metal carbide layer adjacent to
the substrate grows first. The growth of the first layer (adjacent to the substrate) is accompanied by the
segregation of the excess amount of carbon (not incorporated in the metal carbides). This behavior of
carbon was also observed during the growth of the C:Fe thin films [23].
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Figure 4. Plot of function f (ϕ) (blue line) Equation (6) and its second derivative (red line). Included are
full curve of second derivative (red curve) of function f(ϕ) and function itself (blue curve). Three different
phases, which correspond to three minimum points of function f (ϕ), are shown. The solubilities of
different phases, which related to the inflection points of function f (ϕ) or with zero values of second
derivative, are indicated.

Figure 5 shows the calculated cross-sectional views of the binary thin films obtained by the
modified model using the function f(ϕ) given by Equation (6) at different metal contents and different
values of dispersion parameter l from Equation (4). All the other parameters were kept as constants.
The Ni content was changed in the range from 15 to 40 at %. The value of D0 used in the calculations
was 4.35 × 10−18 m2/s [18] and the film growth rate was 4 nm/s. C-rich regions are colored in yellow.
Ni3C-rich regions are colored in blue. The parameter l determines how fast values of the diffusion
coefficient decrease with depth. The parameter l defines the depth at which the local diffusion coefficient
is about 2.5 times lower than the diffusion coefficient at the surface layer D0, so the values of the local
diffusion coefficient decrease slower with depth when the value of l is higher. From Figure 5 it is seen
that the use of the greater value of l promotes the formation of a structure containing alternating layers.
The growth of self-organized alternating layers was observed for each metal content at l = 10 nm.
From Figure 5b, where the cross-sectional view calculated at l = 8 nm is given, it is seen that for the
Ni content of 40 at % the thin film consists of alternating Ni3C and C layers. Figure 5d,f shows that
the formation of Ni3C nanoparticles surrounded by C phase is favorable when the metal content is
reduced to 28 or 25 at %.

The obtained results agree with the experimental results presented in Figure 3b of Ref. [18].
Figure 5h reveals that the multilayered structure can be obtained again by reducing the metal content
to 15 at %, but the multilayered structure shown in Figure 5h is different from that given in Figure 5b.
For the film with the Ni content of 15 at % given in Figure 5h, the thin film consists of alternating Ni-
rich and Ni- deficient layers. The phase separation into the pure Ni3C and C phases is not observed
in that case. From Figure 5g,h, it is seen that the similar structures are observed for both cases of
the metal content of 15 at %. For the film with the Ni content of 15 at % given in Figure 5h, the Ni
concentration varies from 10 to 20 at % in Ni-deficient and Ni-rich layers, respectively. The similar
behavior (similar variation in the metal concentration with depth) is observed experimentally in the
Pt-DLC thin films [19]. Figure 2b in Ref. [19] shows the TEM cross-sectional image, which confirms the
formation of alternating layered structures in the Pt-DLC system. Figure 2d in Ref. [19] shows the
AES depth profile of a Pt-DLC film, which confirms the formation of the structures with alternating
layers having a lower and a higher metal concentration. Since for the snapshot with the Ni content of
15 at % there is no phase separation into pure Ni3C and C phases, the formation of the structure with
Ni-rich and Ni-deficient layers (observed in Figure 5g,h) should not be attributed to the existence of the
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minimum of f(ϕ) at ϕ = −0.5 (corresponds to the Ni3C phase, Figure 4) but to the form of the function
f(ϕ) in the interval [0.25, 1] (or to be more precise, in interval [0.6, 0.8] whose endpoints correspond to
the metal concentrations of 10 and 20 at %), which is different from that of the previously used 10-th
degree polynomial function (given in Equation (2)).
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parameter l.

Since the given modeling experiments are compared to the experimental ones, performed at
the relatively low substrate temperature, the values of diffusion coefficient D0 and growth rate used
in the presented calculations (the initial values) are kept close to those that were used to model the
phase structure at a relatively low substrate temperature in [11]. The difference between surface
energies (used in the presented calculations) is kept the same as in [11]; the parameter l is varied in
the range close to that used in [11] (l = 9 and 12 nm used in [11]). The influences of the diffusion
coefficient D0 and the growth rate on the phase structure will be later investigated by varying those
parameters around the given initial values. It is important to note that the given results (calculated
using D0 = 4.35 × 10−18 m2/s, the growth rate of 4 nm/s and the growth time of 20 s) can easily be linked
to the experimental ones that may use, for example a different growth rate (from 4 nm/s). Since the
units of the diffusion coefficient and the growth rate are m2/s and nm/s, respectively, the snapshots
identical to those shown in Figure 5 can be obtained by using, for example, D0 = 4.35 × 10−19 m2/s
(10 times lower than the original value), the growth rate of 0.4 nm/s (also 10 times lower than the
original value) and the growth time of 200 s (10 times greater than the original value). Any other
multiplier can be used to change the time scale in this way. Changes in the time scale do not affect the
tendencies observed. Therefore, all the presented results can easily be linked to any other results that
may use a different value of the growth rate (or diffusion coefficient).

Figure 6 shows a functional dependence of layer thicknesses versus metal content in film.
The dependence was drawn from the data that are partially given in Figure 5a,c,e,g. From Figure 6,
it is seen that the thickness of the metal-rich layer mostly increases as the metal content increases.
The thickness of the metal-rich layer decreases when the metal content is changed from 15 to 25 at %
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and then continuously increases with the further increase in the metal content. The thickness of the
carbon-rich layer varies in an opposite way. From Figure 5e,g, it is seen that the final distribution
of components in these two films is significantly different. For the film with the total metal content
of 25 at %, the metal concentration varies from 5 to 55 at % in metal-deficient and metal-rich layers,
respectively, whereas for the film with the metal content of 15 at %, the metal concentration varies from
10 to 20 at %. These variations in the metal concentrations in metal-rich and metal-deficient layers
obtained by increasing the metal content from 15 to 25 at % explain the non-monotonous dependence
of layer thicknesses on the metal content shown in Figure 6. Figure 5 reveals that the phase separation
in the metal-carbon film can be intensified by increasing the metal content. Similar tendency was
observed for the Cu:C films grown by pulsed filtered cathodic vacuum arc deposition [17], where the
films with the different metal contents (Cu: 0–28 at %) were analyzed. From Figure 3 in [17], where the
cross-section SEM images of samples with the Cu contents of 0–28 at % are presented, the formation of
alternating multilayer seems to be enhanced by the Cu content.
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Figure 7 shows the cross-sectional views and depth profiles of carbon obtained by using the
different diffusion coefficients D0 but with the constant Ni total content of 45 at % in the films. All the
other parameters were kept as constants. The diffusion coefficient D0 was varied in the range from
2.0 × 10−18 m2/s to 1.3 × 10−17 m2/s. The growth rate was 4 nm/s. The value of diffusion dispersion
parameter l = 10 nm was used. From Figure 7, it is seen that various nanostructures can be produced
by varying diffusion coefficient D0 (e.g., with temperature or external beam radiation). Figure 7e
shows that the use of the highest diffusion coefficient D0 induces the formation of the columnar
structure, which grows after the development of few metal-rich and metal-deficient layers in the early
growth stages.

From Figure 7c,d, it is seen that the decrease in the diffusion coefficient D0 from 1.3 × 10−17 to
8.5 × 10−18 or 4.1 × 10−18 m2/s results in the formation of alternating layers. Besides, the thicknesses of
metal-rich and carbon-rich layers shown in Figure 7d are visually greater that those given in Figure 7c,
which indicates that the use of a higher diffusion coefficient D0 results in the greater thicknesses of
layers. Figure 7b,c demonstrates that the further decrease in the diffusion coefficient D0 from 4.1 × 10−18

to 3.0 × 10−18 m2/s disrupts the formation of alternating layers, and the formation of individual clusters
is favorable. Figure 7a shows that the structure containing alternating layers can be obtained again by
reducing the diffusion coefficient D0 to 2.0 × 10−18 m2/s, but the composition of the thin film given
in Figure 7a is different from those given in Figure 7c,d. In Figure 7a the concentration of the metal
varies from 40 to 70 at % in metal-deficient and metal-rich layers (see depth profile), respectively,
so there is 30% difference between the carbon concentrations in metal-rich and metal-deficient layers.
For the films shown in Figure 7c,d, differences are 45 and 55 at % on average, respectively, so the
increase in the diffusion coefficient D0 enhances the pureness of alternating layers. From Figure 7d,e,
it is seen that the change from a structure containing alternating layers to a columnar structure can
be obtained by increasing the value of diffusion coefficient. This tendency agrees with the findings
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from References [18,19,23,33–35]. Works [19,23] indicate that the structures containing metal-rich
and metal-deficient alternating layers had been produced without any additional heating (at room
temperature) in Pt:C [19], Ni:C [19], Cu:C [19], Au:C [23], Fe:C [23] thin films. Ref. [18] also shows that
the multilayer structure can be obtained at room temperature, whereas an increase in the substrate
temperature results in the formation of a columnar structure. A study of the C:Ni thin films grown by
ion beam co-sputtering presented in [33] reveals the formation of Ni nanocolumns surrounded by a
carbon phase at 300 ◦C. Another study of the C:Ni the films deposited by DC magnetron sputtering [34]
shows the formation of a columnar structure made of Ni grains embedded in a matrix consisting
of an amorphous and/or graphite-like carbon below 400 ◦C. The study of the Fe:C thin films grown
by ion-beam sputtering co-deposition [35] reports the formation of Fe nanocolumns surrounded by
a carbon phase at 300 ◦C. If we assume that an increase in the substrate temperature results in an
increase in the diffusion coefficient D0, our modified model can explain the transition from a multilayer
structure to a columnar structure by increasing substrate temperature. In Reference [15], where the
C:Cr thin films were investigated, it is shown that the formation of self-organized alternating layers
can be achieved by using the particular substrate temperatures and the bias voltages (see Figure 3
in Ref. [15]); the use of higher or lower values of those parameters does not lead to the growth of
alternating layers. This behavior can be seen in Figure 7, where only one parameter D0 was varied.
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Figure 7. Cross-sectional views and depth profiles of carbon obtained by the modified model
using different diffusion coefficients: 2.0 × 10−18 m2/s (a), 3.0 × 10−18 m2/s (b), 4.1 × 10−18 m2/s (c),
8.5 × 10−18 m2/s (d), 1.3 × 10−17 m2/s (e).
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Previously, it was observed that the film growth rate significantly influences the structure of
nanocomposites. Figure 8 shows the cross-sectional views and depth profiles of carbon obtained using
different film growth rates (parameters V∗A in Equation (5)). The growth rate varies in the range from 2
to 8 nm/s. The value of D0 used in the calculations was 4.1 × 10−18 m2/s (the same as for Figure 7c, i.e.,
the case with well-expressed layers). All the other parameters were kept the same as previously stated.
From Figure 8, it is seen that the multilayer structures were grown by using the growth rates of 2, 4,
8 nm/s, but at the highest rate of 8 nm/s, the depth distribution of thin film components are different
from the ones obtained using the lower rates. From the depth profile, given in Figure 8, it is seen
that the growth rate of 8 nm/s hinders the separation into pure phases, whereas the phase separation
into the purer phases is observed at the rates of 2 and 4 nm/s. At the growth rates of 5 or 6 nm/s, the
structures containing individual nanoparticles of various shapes are produced. Similar dependences of
the phase structure on the growth rate are reported in the other theoretical works [12,13]. In Ref. [12],
it is shown that the thicknesses of alternating layers can be increased by decreasing the growth rate,
which agrees with our calculations given in Figure 8 (rates of 2 and 4 nm/s). In Ref. [13], it is shown
that the change of the phase structure from a multilayered structure to that containing individual
elongated nanoparticles can be obtained by increasing substrate temperature. This behavior can be
seen in Figure 7. From Figures 7 and 8, it is seen that the decrease in the film growth rate and the
increase in the diffusion coefficient result in the similar effect on the phase structure, which suggests
that the evolution of the phase structure is influenced by the ratio of D0 over growth rate.Coatings 2020, 10, x FOR PEER REVIEW 15 of 19 
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The influence of the surface segregation is shown in Figure 9 where the cross-sectional views
and the depth profiles of carbon calculated at different values of the difference Wa – Wb are presented.
The difference Wa – Wb denotes the difference between the surface energies of metal carbide
phase and pure carbon phase. The surface segregation flux (to the surface layer from the bulk)
is directly proportional to that difference. Results presented in Figure 9a,b were calculated using
Wa – Wb = 4.8 × 108 J/m3. Results in Figure 9c,d were calculated using Wa – Wb = 9.6 × 108 J/m3,
which was used in all the calculations presented earlier. The other model parameters were as follows:
D0 = 3.5 × 10−18 m2/s, l = 10 nm. From Figure 9, it is seen that the formation of alternating layers
is obtained by using the greater value of Wa – Wb, whereas the use of the lower value of Wa – Wb
favors the growth of a columnar structure and, for depths greater than 8 nm, an almost uniform depth
distribution of the segregating component is observed (see Figure 9b). In the given case, the use of
the lower value of Wa – Wb promotes the lateral phase separation, which results in the formation of
a columnar structure (if diffusion coefficient D0 is great enough). These results also show that the
surface segregation can hinder the lateral phase separation, and this process can be important for the
formation of a multilayered structure.
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The surface segregation used in our model is not the only way to induce the development of
alternating layers. Another factor such as a larger affinity of the substrate to one of the components [5]
can promote the development of multilayers, but the formation of alternating layers influenced by that
larger affinity can be interrupted in later growth stages, though the growth of alternating layers was
observed in initial growth stages.

The several growth modes resulting in the development of different phase structures can be
distinguished from Figures 5 and 7–9. When D0 is relatively high, the lateral phase separation is
promoted, and the growth of a columnar structure through the surface diffusion is favorable. In this
case, the pure phases of each component (corresponding to the minimums of f(ϕ)) are produced.
A decrease in diffusion coefficient D0 slows the process of phase separation down, and both components
fail to separate in pure phases before being covered by subsequent layers. In this case, the phase
separation into pure components near the surface of the growing film and the formation of a columnar
structure are disrupted. In this situation, the phase separation can occur through the bulk diffusion.
The phase separation through the bulk diffusion can result in the separation into pure phases if the
diffusion coefficients within the bulk are high enough. This occurs not only during nanocomposite
formation through the co-deposition of binary films but also may occur during post deposition
processes, e.g., laser annealing when nanoparticles are formed [36]. Depending on the values of the
diffusion coefficient, the contents of thin films components and surface segregation rate, multilayered
structures and the patterns containing individual nanoparticles can be produced. High metal content
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and/or high segregation rate promote the development of alternating multilayers. Further decrease in
diffusion coefficient D0 hinders the separation into pure phases even within the bulk, and alternating
metal-rich and metal-deficient layers of a relatively low pureness can be obtained. As shown by
Figures 5 and 8, similar changes in the phase structure can be induced by varying the growth rate and
the concentrations of thin films components. An increase in the growth rate results in a similar effect as
the decrease in D0. From Figures 7–9, one can deduce that the formation of alternating layers occurs
through the same mechanism that was revealed earlier by analyzing the formation of multilayers using
the previous model (based on the symmetric function f (ϕ) Equation (2)). In all cases presented in
Figures 7–9, the formation of new layers occurs through dividing the top layer of the segregating (to the
surface) component into two layers. One of those layers always exists on the surface of the growing film;
the second layer appears deeper in the bulk. The layer rich in non-segregating component is formed
between those two layers. The main difference between our previous and modified models is that only
the formation of pure component alternating layers can be reproduced by the previous model (based on
the symmetric function f (ϕ) Equation (2)). Therefore, in the system described by the previous model,
only a relatively high diffusion coefficient (or a relatively high value of the ratio of diffusion coefficient
over growth rate) ensures the formation of alternating layers. The modified model does not necessarily
require a high diffusion coefficient for the formation of multilayers. Therefore, our modified model can
explain the formation of alternating multilayers at relatively low temperatures. The modified model
can also reproduce the growth of alternating layers of various levels of pureness. It is important to
note that the formation of alternating metal-rich and metal-deficient layers of a desired pureness can
be caused by the particular growth conditions (relatively lower content of metal, relatively higher
growth rate and/or relatively lower value of D0 result in a lower pureness of layers) and the favorable
form of function f (function curvature) in intervals whose endpoints correspond to the desired metal
concentrations in metal rich and metal deficient layers. Those growth and thermodynamic conditions
must be met simultaneously to get a desired multilayered structure.

4. Conclusions

The conditions promoting the formation of self-organized alternating layers during a metal-carbon
film growth have been analyzed by using two modifications of the model (symmetric and non-symmetric
functions describing the free energy of a homogenous system were used). The mechanism of the growth
of alternating layers has been revealed. The numerical calculations showed that the diffusion coefficient
at the surface of a growing film and within the bulk (parameter l), the growth rate, the concentrations
of thin film constituents and the surface segregation rate were the important factors determining the
phase structure of the thin films.

The analysis of the model using the symmetric function of the free energy of a homogenous
system showed that the relatively high values of D0 and l (l must be higher than 15 nm in the given
case) were the main factors promoting the growth of self-organized alternating layers. For a suitable
combination of D0 and l, the growth of multilayers was observed at various thin film compositions;
besides, the value of D0 seemed to influence the intervals of the contents of both components in which
the growth of multilayers could be achieved.

The analysis of the model using the non-symmetric function showed that the relatively high value
of diffusion coefficient (at the surface of a growing film) D0 induced the lateral phase separation, which
resulted in the formation of a columnar structure. The change from a columnar structure to the one
containing alternating layers can be obtained by reducing the value of D0. Further decrease in D0 (as
well as decrease in the metal content) may result in the formation of alternating layers of a relatively
low pureness; this behavior cannot be reproduced by using the symmetric function. Th model with
the symmetric function requires a relatively high value of D0 to achieve the growth of self-organized
multilayers and cannot reproduce the formation of alternating layers of a relatively low pureness.
The increase in the growth rate induces a similar effect on the phase structure as the decrease in
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D0. Relatively high values of metal content, segregation rate and characteristic length l promote the
development of alternating layers.

If we assume that an increase in the substrate temperature results in an increase in the diffusion
coefficient D0, the modeling results obtained by using the non-symmetric function are consistent with
experimental data where alternating layers were obtained at the relatively low substrate temperatures
in C:Ni, Pt:C, Cu:C, Fe:C thin films, whereas the formation of the columnar structures were reported in
C:Ni, C:Fe thin films grown at the higher temperatures.
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16. Jurkevičiūtė, A.; Lazauskas, A.; Tamulevičius, T.; Vasiliauskas, A.; Peckus, D.; Meškinis, Š.; Tamulevičius, S.
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