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ARTICLE INFO ABSTRACT

Keywords: A Kinetic Monte Carlo (KMC) model with a cluster-multiple labeling technique was proposed to study the effect
KMC of growth parameters such as temperature, deposition flux and Si/C ratio on Si-C clusters in the initial stage of
E_afly stage f’f nucleation SiC (0001) surface nucleation. In this model, Si and C atoms were treated individually and a crystal lattice was
Silicon carbide . established to fix the physical location of atoms and interatomic bonding. The adsorption and diffusion of
Clusters properties o1 .
adatoms on the planar surface, attachment to and detachment from clusters of adatoms, and their diffusion along
the edge of clusters were considered in the KMC model. Cluster-multiple labeling technique was used to identify
Si—C clusters and the properties of clusters were analyzed. The results showed that larger and less clusters were
constructed on growing surface with the increase of temperature and decrease of deposition rate. The saturated
clusters density was exponentially related to the ratio of effective diffusion capacity to deposition rate, and the
relationship between saturated density of clusters and average growth rate of clusters was obtained. Finally, Si/C
ratio affected the characteristics of nucleation, and at C-rich condition, the binding energy of nucleus was larger

than that at Si-rich condition, leading to the formation of fewer but larger clusters.

1. Introduction

Silicon carbide, a IV-IV compound material, is regarded as a prom-
ising semiconductor for power devices because of its wide band gap,
high break-down voltage, high thermal conductivity, high saturation
drift velocity and chemical inertness. Its exceptional physical and
chemical properties make it possible to apply in high-power, high-fre-
quency and high-temperature electronic devices [1,2]. Although
development and progress have been achieved in crystal growth tech-
nology for SiC over the past several years, the relatively high densities of
structure defects such as stacking fault, threading and misfit dislocations
still severely hamper the widespread commercial application of SiC
semiconductor device.

Epitaxial growth of SiC crystals can be obtained from the chemical
vapor deposition (CVD) technique or molecular beam epitaxial (MBE)
method. The growth of SiC epitaxial layers on low off-angle substrate
was usually implemented in the CVD reactor under rough vacuum
condition [3-9], and the operating pressure in MBE chamber was a
typical ultra-high vacuum (UHV) [10-13]. In order to reduce the
stacking faults and obtain single crystal epitaxial layers, step-controlled
epitaxy was demonstrated by using a substrate with preprocessed steps
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[3,14], which led to the inheritance of specific polytype. Moreover, the
formation mechanism of stepped morphologies have been revealed
theoretically [15-17] and numerically [18-22]. It was found that it was
difficult to achieve stable step-flow growth when the off-angle of sub-
strate was less than 2° [16]. On the other hand, because of the observed
reduction of defect density and the lower production cost [6,23-25],
more attention has been paid on the epitaxial growth of SiC crystal on
nearly on-axis substrate, which was also considered as one of the fron-
tiers of SiC epitaxy [26].

Neudeck and Trunek obtained 3C-SiC growth with free of defects on
planar 4H-SiC (0001) surface, while many screw dislocations were
observed in 3C-SiC epitaxial layer on defective 4H-SiC substrate [5],
which suggested that surface defects were the preferential nucleation
sites. Kimoto and Matsunami experimentally investigated the effect of
temperature and substrate polarity on nucleus density, and found that
the nucleus density increased significantly with the decrease of tem-
perature and it was higher on C face than on Si face [27]. Recently,
considering the instability of different dimers, Ai proposed a set of
coupled rate equations to study the nucleation process in the early stage
of SiC epitaxial growth [28]. However, the microscopic behavior of
silicon and carbon atoms can hardly be captured experimentally during
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SiC epitaxial growth, and the analytical model such as rate equations do
not contain spatial correlations of clusters.

Kinetic Monte Carlo (KMC) simulation could provide a “real” solu-
tion to the thermally activated stochastic process. As an on-lattice
model, KMC has been widely used in vacancy diffusion, grain growth
and thin film growth [29-32]. For SiC epitaxial growth, Stout proposed
an elaborate Monte Carlo surface kinetics model in which the transport
of precursor to surface, diffusion, deposition, reaction and desorption of
adatom were considered [18]. However, most of the KMC studies
focused on step-flow growth mode [17-20,22] and the effect of nucle-
ation on the stability of steps [21,33], and few researchers focused on
the nucleation characteristics of silicon and carbon atoms on planar
substrate during SiC epitaxial growth. Since clusters in the first layer
form all the further growing [34], it is necessary to investigate the effect
of the atomic-scale processes on the properties of Si-C clusters during
the early stage of nucleation.

In this paper, a KMC simulation was carried out to study the dynamic
behavior of Si-C clusters during the initial stage of epitaxial growth, and
a cluster multiple labeling technique, also known as Hoshen - Kopelman
algorithm [35], was applied to identify Si-C clusters. The effect of
temperature and deposition rate on surface morphology was studied and
the scaling relation of saturated density of clusters N, average growth
rate of clusters Ry, versus the ratio of effective diffusion capacity to
deposition rate, namely Dy /F, were also analyzed. Furthermore, the
quantitative relationship between saturated density of clusters Ny, and
average growth rate of clusters Ry, was obtained. Finally, the effect of
Si/C ratio on the early stage of nucleation was investigated as well.

2. The model

In our KMC model, a single silicon or carbon atom is deposited
randomly onto the empty surface site at a rate, F, and becomes adatom.
Then it diffuses along the surface to their own neighboring sites in a
random way. The adatoms could coalesce to form a cluster of size s (s >
2). Also the atoms on cluster perimeter could move along the edge of the
cluster or detach from it, which means that the attachment of adatom to
the cluster is reversible. Desorption is not permitted because of the much
lower desorption rate than diffusion and deposition rate [20]. Further-
more, silicon or carbon monomers could only diffuse to their own
neighbor sites, and are not allowed to jump up a layer. When clusters
encounter, they will merge to become a larger one. Consequently, all of
the events considered in this model are deposition, adatoms diffusion on
the bare crystal surface, attachment to and detachment from clusters of
adatoms, and their diffusion along the perimeter of clusters.

KMC simulation is carried out on the lattice mesh, in which the po-
sitions of particles and interatomic bonding are retained. Fig. 1 illus-
trates the neighbors of central silicon centered atom and top view of
growth layer. Two kinds of bonds are considered, namely nearest
neighbors (NN) and next nearest neighbors (NNN), respectively. NN

Si atom ——  NNN bond
® C atom - NN bond
Growth layer (< e\/®
Substrate layer se-" O
(a) (b)

Fig. 1. (a) Neighbors of Si centered atom (green), brown and grey spheres
depict Si and C atoms respectively. (b) Viewing in [0001] direction. Black solid
lines and red dashed lines denote the bonds of next nearest and near-
est neighbors.
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bond refers to the bond between silicon and carbon atom and NNN bond
corresponds to Si-Si or C-C bond. The effect of substrate layer on ada-
toms can be reflected by the diffusion barrier Ep, so the bonds between
substrate layer and growth layer should not be counted in. For a given
site on growth surface, the total number of bonds reaches nine, including
three NN bonds and six NNN bonds.

The rate of diffusion event Rp depends on the substrate temperature
T as well as the initial energy E; and final energy E of hopping atom, and
can be calculated as follows:

AE + E,
Rp=v exp<—TD) (€D
where 1y is the attempt frequency which equals to 10'° ms™, k is

Boltzmann’s constant and T is substrate temperature. The activation
barrier of surface diffusion Ep is set to 0.8eV and 1.1eV for Si and C atom,
respectively [20]. AE is determined by the energy of initial and final
site, written as:

AE — E,‘*Ef lf E,->'Ef
0 otherwise

(2

The initial energy E; and final energy E; of hopping atom depend on
the atom types and their local coordination which governed by occupied
NN and NNN sites. Hence,

Eijy=Esi_c(nnw)i + Esi-sic—c) () 3)

where nyy and nyyy are the occupancy of NN and NNN neighbors,
respectively. And Eg; ¢ = 0.75eV, Egi_si = 0.35eV, E¢c_¢ = 0.65eV [17,
19-22].

Although the height of silicon and carbon atoms in growth layer are
not same, we analyze the clusters composed of Si and C atoms rather
than Si-Si or C-C clusters. The process of cluster identification starts
from the original site of growth layer, then goes through each lattice
column by column and layer by layer. For the lattice site occupied by Si
or C atom will be assigned a cluster label « which will also assign to the
unlabeled neighbors of the occupied site. However, if the neighbors have
already been named a cluster label g, the proper cluster label must be
determined. Therefore, Hoshen- Kopelman algorithm is applied to solve
this problem and more details can be found in Ref. [35].

3. Result and discussion

Both diffusion rate D and deposition rate F of adatoms are important
parameters that determine the dynamic behavior of epitaxial nucleation
growth at the early stage. In this work, the temperature of substrate is
varied from 1000K to 1500K, and the deposition rate is in the range of F
= 0.01-0.5 ms '. The size of simulation box is 115 x 200 x 4.
Considering the high symmetry of configuration, orientations of [1010]
and [1120] are chosen as the directions for the two sides of simulation
cell, in which the periodic boundary conditions are applied.

3.1. Morphology of growing surface

Fig. 2 presents a top view of the nucleation growth produced by the
KMC simulations, where the brown and black spheres represent Si and C
atoms on growing surface, respectively. The terminated Si particles on
the substrate towards the (0001) surface are represented by blue
spheres. Morphologies for six different temperatures at F=0.1 ms~* and
coverage of § = 0.1 ML are shown in Fig. 2 (a). It can be seen that the
number of Si-C clusters gradually decreases with the increase of sub-
strate temperature, and that the average size of Si-C clusters at high
temperature is much larger than that at low temperature. In addition,
the shape of Si-C clusters becomes more compact at higher tempera-
tures. The movement of Si and C atoms on the substrate is thermally
activated and a higher temperature corresponds to a larger diffusion
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Fig. 2. Morphologies of growing surfaces for (a) various temperatures at F =
0.1 ms~! and (b) various deposition rates at T = 1300K. The coverage is 0.1 ML
and the size of computational box is 115 x 200 x 4. The substrate Si atoms are
shown in blue, and the Si and C atoms on growing surfaces are represented by
brown and black spheres, respectively.

capacity and diffusion length of adatoms. Therefore, adatoms tend to
coalesce to form larger and more stable clusters in the same interval of
deposition. Fig. 2 (b) demonstrates morphologies for various deposition
rates at T = 1300K and coverage of § = 0.1 ML. From Fig. 2 (b), we can
find that fewer Si-C clusters with larger size are obtained by decreasing
the deposition rate at a fixed temperature. But the evolution mechanism
of Si-C clusters in Fig. 2 (b) is totally different from that in Fig. 2 (a). Ata
given temperature, the diffusion rate of adatom is constant and the
decrease of deposition rate indicates the increase of interval between
each deposition. Thus, adatoms have enough time to aggregate to form a
larger cluster or attach to existing clusters before the next deposition.
Although the evolution mechanism in Fig. 2 (a) and 2(b) are different,
their evolution characteristics are similar. Therefore, increasing sub-
strate temperature or decreasing deposition rate, in other words, a large
ratio of diffusion to deposition rate is beneficial to the formation of
larger islands, which is in accord with the experimental observation [27]
and theoretical analysis [36].

3.2. Analysis of Si-C cluster properties

To investigate the formation and evolution of Si-C clusters during
the initial stage of nucleation, some cluster properties are quantitatively
analyzed. Fig. 3 shows the relationship between cluster density and
temperature and deposition rate in the early stage of nucleation, which
is a function of coverage. As shown in the figure, the density of clusters is
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Fig. 3. Number density of clusters versus coverage for (a) various temperatures
at F= 0.1 ms ™! and (b) various deposition rates at T = 1300K

decreased with the increase of temperature and decrease of deposition
rate within the coverage of 0.1 ML. In Fig. 3 (), it can be seen that the
growth rate of clusters density decreases with the increase of substrate
temperature within the coverage of 0.01 ML and the clusters density
becomes saturated after coverage reaches 0.02 ML. Fig. 3 (b) demon-
strates that the increase rate of clusters density decreases with the
descending of deposition rate at low coverage (within 0.01 ML) and the
density of clusters also becomes saturated for all cases at high coverage.
Additionally, the saturated density of Si-C clusters also decreases with
the ascending of temperature and descending of deposition rate, which
corresponds to the morphology results in Fig. 2 (a) and 2(b). Therefore,
the density of clusters is negatively correlated with temperature, while
clusters density is positively correlated with deposition rate.

For Si-C binary component system, the diffusion rate of each species
is not equal due to the different diffusion activation barrier. Therefore,
combining the diffusion rate of Si and C atoms, an effective diffusion rate
[37] is defined to describe the diffusion capacity of the system:

Dy ' =mgDsi ' + meDe! 4)
where mg; and m¢ are mole fractions of silicon and carbon atoms in the
flux and are set to 0.5, which indicates that the deposition probability for
Si and C atoms is equal. To find out the relationship between Si-C
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clusters density and Dy /F, the saturated number density of clusters Ny
is defined, which is the average value of clusters density from 6= 0.08
ML to #=0.1 ML in Fig. 3. Fig. 4 shows the relationship between N and
Dy /F for temperatures from 1000K to 1500K at F = 0.1 ms ™! (black
squares) and for deposition rates from 0.01 to 0.5 ms ! at T = 1300K
(red circles). And, the red solid line in the figure is the power fit of
saturated density of clusters versus Dg /F, with the exponent of —0.499
+ 0.001. It can be clearly observed that N, decreases with the increase of
D /F. Thus we obtain

Ny ~ (Deg /F) 8y = —0.499 £ 0.001 )

Fig. 5 shows the dependence of temperature and deposition rate on
the average size of clusters (monomers excluded) during the early stage
of nucleation. As circled in Fig. 5, there are some fluctuations of the data,
which is mainly due to the formation of new clusters, and this could
slightly reduce the average size of Si—C clusters. The results show that
the growth rate of Si-C clusters increases with the increase of temper-
ature and decrease of deposition rate, and the average size of clusters
grows linearly with the increase of the coverage at different tempera-
tures and deposition rates.

In order to figure out the quantitative relationship between average
size of clusters and Dy /F, the average growth rate of clusters Ry is
defined, which equals to the derivative of average size of clusters to
coverage.

Ry = (Su) = dS./d6 %)

Fig. 6 illustrates the relationship between R,, and D/ F for tem-
peratures from 1000K to 1500K at F = 0.1 ms~ ! (black squares) and for
deposition rates from 0.01 to 0.5 ms ! at T = 1300K (red circles). The
red solid line in the figure is the power fit of average growth rate of
clusters versus Dy /F, with the exponent of 0.505 =+ 0.002. It can be seen
that R, increases with the increase of Dy /F, and we can obtain that

Ry ~ (Deff/F) V’ (8)

As the value of — y = 0.499 + 0.001 in Eq. (5) and the exponent y =
0.505 + 0.002 in Eq. (8)are very close, the relationship between average
growth rate of clusters and saturated number density of clusters can be
obtained from Egs. (5) and (8):

R ~ (Ny)™' )

The result indicates that R,, and N, are dependent and inversely
proportional, which is consistent with the prediction results by scale
theory under the condition that the density of clusters is much larger
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Fig. 4. Saturated density of clusters N as a function of D,/ F. Black squares
represent T = 1000-1500K at F = 0.1 ms, and red circles represent F =
0.01-0.5 ms~" at T = 1300K. Red solid line is the power fit of Ny, with exponent
of —0.499 + 0.001.
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than that of monomers [34]. Therefore, the higher the value of Do/ F is,
the higher average growth rate of clusters is and the lower density of
clusters is at the same coverage range, which is beneficial to the initial
stage of epitaxial nucleation of SiC.

3.3. Effect of Si/C ratio on nucleation of early stage

The Si/C ratio on the growing surface has a significant effect on
surface morphologies [4,8,9,25]. In experiments, the Si/C ratio was
controlled by varying the flow rate of gas source, and a more regular
surface morphology of 4H-SiC (0001) Si-face epitaxial layer was ob-
tained at C/Si = 0.6 than at C/Si = 1.5 by Kojima [4]. Nakamura re-
ported that a C/Si ratio of 2 in the gas flow was beneficial to the
homoepitaxial growth on nearly on-axis 6H-SiC (0001) substrate [25].
However, the microscopic mechanism is still unclear at present.
Therefore, the effect of deposited Si/C ratio on the early stage of SiC
(0001) surface epitaxial growth is discussed.

In our KMC model, the modification of Si/C ratio is achieved by
changing the mole fraction of Si and C atoms in deposition flux. The
mole fraction of Si atom, mg;, ranges from 0.6 to 0.3 and the mole
fraction of C atom, mc, is accordingly varied from 0.4 to 0.7. Fig. 7 shows
the morphologies of growing surfaces for different Si/C ratios at T =
1300K, F=0.1 ms~* and coverage of = 0.1 ML, where the blue, brown
and black spheres represent Si-termination substrate, Si and C atoms of
growing surface, respectively. It can be seen that Si/C ratio significantly
affects the density of Si-C clusters and the clusters density at Si-rich
condition is larger than that at C-rich condition. Moreover, with the
increase of mc, the shape of clusters becomes more compact and the
average size of clusters becomes larger. Therefore, the higher concen-
tration of C in deposition flux is beneficial to the early stage of
nucleation.

Fig. 8 demonstrates the relationship between Ny and D.y/ F for
different Si/C ratios, varying T from 1000K to 1500K at F = 0.5 ms™!
(black squares), 0.1 ms~! (red circles) and 0.01 ms~! (blue triangles),
respectively. The red solid lines are the power fit of saturated density of
clusters Ny versus Dy /F, with the exponents of y, /4 = -0.483 + 0.002,
755 = -0.506 £ 0.002, 746 = -0.502 + 0.002 and 73/, = -0.525 + 0.002,
respectively. It can be observed that the exponent changes with the Si/C
ratio, which indicates that Si/C ratio affects the critical nucleation of
Si-C clusters. As mentioned in Section 2, the energy of Si-Si bond
(0.35eV) is smaller than that of Si—C (0.75eV) and C-C bond (0.65eV).
As the Si/Cratio is 6/4 (corresponding to mg; = 0.6 and m¢ = 0.4), which
is a Si-rich condition, there are more Si-Si bonds but less Si—-C and C-C
bonds than that at the condition of mg; = 0.5 and m¢ = 0.5. Moreover,
the exponent of yg 4 is larger than that of 55, which indicates that the
increment of binding energy caused by the increase of Si-Si bonds

Si/C =6/4

(c) Si
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cannot afford the energy decrement caused by the decrease of Si-C and
C-C bonds, leading to the formation of nucleus with a smaller binding
energy. As a result, the capacity of capturing adatoms of the cluster
becomes weak, which leads to the tendency that the atoms locating at
the perimeter detach from the clusters and more clusters are formed
under the condition of Si-rich. And as Si/C ratio is 4/6 (corresponding to
ms; = 0.4 and m¢ = 0.6), which is a C-rich condition, fewer Si-Si and
Si-C bonds but more C-C bonds are formed. Note that the exponent of
746 and ys;s are similar and close to —0.5, which suggests that the in-
crease of binding energy caused by the increase of C-C bonds almost
counteracts the decrease of energy caused by the decrease of Si-Si and
Si-C bonds. With the further increasing of mole fraction of C atom, mg; =
0.3 and m¢ = 0.7, the exponent of 73, decreases to —0.525 + 0.002 and
is smaller than that of y5/5 and 746, which denotes that the increase of
binding energy caused by the further increase of C-C bonds overwhelms
the energy decrease of the system caused by the further decrease of Si-C
and Si-Si bonds, which leads to the formation of nucleus with a larger
binding energy. Therefore, for a C-richer condition, the clusters are more
stable and adatoms tend to attach to rather than detach from the clus-
ters, resulting in the formation of fewer but larger clusters, which cor-
responds to the morphology results in Fig. 7.

4. Conclusion

The dynamic characteristics of clusters in the early stage of SiC
(0001) surface epitaxial growth has been investigated by Kinetic Monte
Carlo method and Hoshen- Kopelman algorithm. The morphology re-
sults indicate that larger and less clusters are formed on the substrate by
increasing the temperature and decreasing the deposition rate at
coverage of § = 0.1 ML. For F = 0.1 ms ™}, the growth rate of Si-C
clusters density decreases with the increase of temperature and the
clusters density has been saturated after coverage reaches 0.02 ML. For
T = 1300K, the growth rate of clusters density increases with the in-
crease of deposition rate at low coverage and the density of clusters also
becomes saturated at high coverage. The saturated density of clusters N
is exponentially related to Dy /F, and the index, y, equals to —0.499 +
0.001. Moreover, the inverse proportional relationship between satu-
rated density of clusters Ny and average growth rate of clusters Rg, is
obtained, which is in good agreement with the prediction of scaling
theory. Finally, Si/C ratio has an effect on morphology of growing sur-
face and density of clusters. For C-rich condition, less and more compact
clusters are obtained. Si/C ratio also affects the critical nucleation of
Si—C clusters, and at Si-rich condition, the binding energy of nucleus is
smaller than that at C-rich condition. With the further increase of mole
fraction of C atom, mg; = 0.3 and m¢ = 0.7, the binding energy of nucleus
becomes larger, which results in the formation of fewer but larger

[1120]

[1010]

Fig. 7. Morphologies of growing surfaces for various Si/C ratios at T = 1300K and F = 0.1 ms™". The coverage is 0.1 ML and the size of computational box is 115 x
200 x 4. The substrate Si atoms are shown in blue, and the Si and C atoms on growing surfaces are represented by brown and black spheres, respectively.
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