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Silicon nitride (SiNx) �lms are crucial in microelectronic and photonic devices, where their interface
a�ects performance and reliability. In this study the e�ect of deposition temperature on the surface
roughness of amorphous SiNx �lms on silicon (Si) substrates is investigated using our kinetic Monte
Carlo algorithm (Silicon 15, 5209 (2023)). The low-pressure chemical vapor deposition process is mod-
eled on a three-dimensional triangular lattice with disilane (Si2H6) and ammonia (NH3) as precursor
sources. The nanoscopic events included in this work are the nanoparticle adsorption and the Si adatom
migration. A new growth model is adopted to control the obtained surface morphologies, i.e., size and
density of amorphous Si clusters as well as �lm surface roughness. The deposition of Si and N atoms is
carried out alternately to create a SiN compound characterized by small Si clusters and a rough surface.
Both volume migration and surface migration are taken into account during the simulation, leading to
the development of vacancies and pores. The formation of peaks and valleys is described by our kinetic
Monte Carlo algorithm. Our analysis includes deposition simulations at temperature values ranging
from 723 to 753 K, with a gas �ow rate �xed at 0.3 and a deposition duration of 1 h. The surface
roughness values of the deposited nanostructures are deduced from the simulation matrix. Numerical
results indicate that an increase in process temperature leads to an increase in the size of Si clusters
along with an increase in surface roughness. The deposition temperature largely determines whether
the �lm surface is smooth or rough. This means that our growth model is able to accurately predict
the evolution of the �lm nanostructure for a wide range of process conditions. The stoichiometry x
(N/Si ratio) is determined based on all deposition parameters. The average distance between Si clusters
is also calculated here. The acquired insights enable the re�nement of thin �lm deposition simulation
techniques, the improvement of surface morphology properties, and the support of the development of
reliable SiN platforms for microelectronics and photonics.
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1. Introduction

Silicon nitride (SiNx) is an important dielectric
that has attracted considerable research attention
over the past decades in the �eld of fabrication
of optoelectronic and microelectronic semiconduc-
tor devices [1�5]. SiNx exhibits peculiar optical,
electrical, mechanical, and thermal properties, such
as high dielectric constant with a wide trans-
parency window from visible to mid-infrared wave-
lengths, optical band gap, critical electrical insu-
lation, anti-oxidation, high strength, crucial frac-
ture toughness, good heat and corrosion resis-
tance, and high thermal conductivity [6�11]. The

composition and properties of silicon nitride �lms
can be tuned by varying the synthesis parame-
ters [12�18].
SiNx has been widely used in many opti-

cal components and applications, such as anti-
re�ection coatings [19�21], surface passivation
layers in silicon solar cells [22, 23], thin �lm
transistors (TFT) [24, 25], photoluminescence en-
hancement [26, 27], surface-enhanced Raman spec-
troscopy [28, 29], imaging applications [30, 31], in-
tegrated optics [32, 33], and metamaterials [34, 35].
It is of great interest for chemical and biological de-
tection [36�41]. Moreover, the low leakage of SiNx

makes it the best candidate for barrier layers of or-
ganic light-emitting diodes (OLEDs) [42, 43].
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To obtain SiNx thin �lms, several kinds of
technologies can be used: physical vapor de-
position (PVD) [44], DC magnetron sputter-
ing [45], plasma-enhanced chemical vapor depo-
sition (PECVD) [46], catalytic chemical vapor
deposition (Cat-CVD) [47], and low-pressure chem-
ical vapor deposition (LPCVD) [48, 49]. LPCVD
is preferred over other techniques for its ability to
produce high-quality �lms. This synthesis method
depends on high temperatures to promote chem-
ical reactions on the substrate surface, according
to precursor �ow rates and deposition duration.
It uses low deposition kinetic energy, contrary to
plasma-based techniques, which reduces the e�ects
of atomic bombardment and ensures the occurrence
of surface reactions. However, the integration of
SiNx into complex systems still su�ers from many
challenges, such as compatibility issues: residual
stress [50�52], cracking risk [53, 54], and defect gen-
eration during the fabrication process [55]. These
challenges highlight the importance of understand-
ing the growth mechanisms and properties of SiNx

�lms.
To �ll this gap, our research focuses on investigat-

ing the e�ect of substrate temperature on the mor-
phological properties of SiNx thin �lms obtained
by the LPCVD technique on silicon (Si) substrates
with a mixture of disilane (Si2H6) and ammonia
(NH3) as precursor sources. The deposition process
is modeled via our kinetic Monte Carlo (KMC) al-
gorithm [56] on a three-dimensional triangular lat-
tice. Two nanoscopic events are considered in this
work, namely the adsorption of nanoparticles (NPs)
and the subsequent migration, which in�uence the
surfaces of the deposited �lms. A new method is
adopted to de�ne the �lm surface roughness from
the simulation matrix. By specifying all input pa-
rameters, the structures of the deposited �lms in
terms of Si cluster size and surface roughness can
be studied by varying the process temperature val-
ues. This comprehensive approach aims to prove if
this critical parameter enables determining the sur-
face of the �lm, whether it is smooth or rough. The
average distance between Si clusters is de�ned. The
proportion of Si and N atoms in the �nal thin �lm is
established. This study provides a novel perspective
in SiNx �lm research, contributing to the optimiza-
tion of microelectronic and photonic devices.

2. Surface roughness model for kinetic

Monte Carlo simulations of the SiNx thin

�lm LPCVD process

2.1. SiNx LPCVD process mechanisms

Silicon nitride (SiNx) thin �lms deposited on
silicon substrates are simulated using the KMC
method. A three-dimensional triangular rigid lattice
M̃ (200× 200× 200 sites), where the deposition

process takes place, is used. All deposits are located
at discrete positions within the simulation lattice.
The �rst two dimensions � x and y � correspond
to the surface plane; the third � z � is the di-
rection of growth. All elements of the matrix are
de�ned with di�erent values as follows:

� M̃ (i, j, k) = 0 � empty site;

� M̃ (i, j, k) = 1 � silicon adatom;

� M̃ (i, j, k) = 3 � nitrogen adatom.

Two di�erent types of nano-mechanisms are con-
sidered, namely the adsorption mechanism and the
migration mechanism. In the adsorption mecha-
nism, incident NPs are incorporated into the thin
�lm with a rate given by the following expres-
sion [57]

Vd = Vd0
exp

(
− Ea

kBT

)
, (1)

where Vd0
is a pre-exponential factor, T is the pro-

cess temperature, kB is the Boltzmann constant,
and Ea is the deposition activation energy esti-
mated to be 217 kJ/mol [58].
The NP migration modeling approach indicates

that Si adatoms are able to di�use vertically from
upper to lower regions, unlike our previous two-
dimensional simulation model [59], where adatom
di�usion is limited to the surface. A randomly se-
lected unstable Si adatom (x, y, z), designated as 1,
jumps against the appropriate energy barrier and
moves to its most stable vacant neighbor site, 2, to
lose its energy, with a migration probability

P1−2 = min

[
1, exp

(
− (F2+Fs2)− (F1+Fs1)

kBT

)]
,

(2)
where F = −γn; γ denotes the bond energies of
an Si adatom and n the number of its bonds. The
bond strengths γ of Si�Si and Si�N bonds at 298 K
are 325± 7 and 470± 15 kJ/mol, respectively [60].
The energy function F is estimated to be equal to
0 when the number of bonds n becomes less than
the critical number nc (n ≤ nc, nc = 3). For the 1st
layer, the Si adatom�substrate binding energy Fs is
taken as −6γs (γs = γSi−Si, the deposition is car-
ried out on a silicon substrate), while for the upper
layers, γs = γSi−Si or γSi−N. Si adatoms moving on
the upper terraces fall very easily to the bottom of
the step and eventually integrate into a cluster; Si
adatoms are unable to jump upwards.
The chemical reactions by which SiNx �lms are

deposited from Si2H6 and NH3 [59] are:
Si2H6 → SiH2 + SiH4, (3)

SiH2 +NH3 → SiH3NH2, (4)

SiH3NH2 → SiH2NH+H2, (5)

SiH2 → Si + H2, (6)

SiH2NH → Si + N + 3
2H2. (7)
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2.2. Model description

Based on our previously proposed growth
model [56], we performed kinetic Monte Carlo
(KMC) simulations to determine the morphologies
of the obtained �lms in terms of size and density of
amorphous Si clusters as well as �lm surface rough-
ness. Random numbers are used to choose landing
sites for molecules (or radicals). The random selec-
tion of the �rst two numbers leads to determining
the coordinates (x, y) of one of the two atoms of the
deposited molecule. Then, according to the z col-
umn, the new atom is deposited at the �rst lowest
site it encounters. To clarify further, there are no re-
strictions or conditions for depositing when the site
is empty. Conversely, when the site is occupied, the
deposition occurs alternately (see Fig. 1) to form a
SiN compound with small Si clusters; therefore, an
N atom must be deposited only on a Si atom, and
so on. This results in seven possibilities for the sec-
ond atom deposition, as shown in Fig. 2 � six sites
are located around the �rst atom, while the seventh
places the SiN compound in a vertical position. In
fact, the second atom can be deposited on the �rst
atom if these six sites are occupied, i.e., by verti-
cal deposition. In the remaining cases, one of these
six sites is chosen randomly. Deposition can be car-
ried out if the selected site is empty; otherwise, a
new site is chosen according to the clockwise rule
(Fig. 3). The development of vacancies and pores
can be ensured when the site under the second atom
is empty, which allows for the creation of peaks and
valleys in the structure depending on the �lm thick-
ness and surface roughness, as illustrated in Fig. 4.
The original in this model is taking into account the
migration of vacancies and pores in volume during
�lm growth.
In the proposed model, the formation of vacancies

within the system is spontaneous. During the sim-
ulation, this process is considered as a parallel and
complementary event to the Si adatom migration
event (Fig. 4a). In fact, when a single Si adatom

Fig. 1. Alternating deposition of NPs on a trian-
gular matrix; Si (gray), N (black).

Fig. 2. The seven possibilities for the second atom
deposition.

Fig. 3. A new site chosen according to the clock-
wise rule.

migrates to the �rst adjacent vacant site it encoun-
ters, automatically leaving behind a new empty site,
it appears that sites are exchanged between it and
that neighbor, thus promoting the movement of va-
cancies within the lattice. The new empty site is
indicated in the simulation matrix M̃ by the num-
ber 0 and is considered as a vacancy during the
simulations. During the calculation, the probabil-
ity value of the formation of this vacancy is con-
sidered to be equal to the probability value of the
migration of this Si adatom, which can be obtained
using (2).
The N�N interaction is here prevented in favor

of the formation of the required Si�N bonds in
the presence of abundant Si�Si bonds (due to the
dominance of the silicon population in the lattice),
i.e., the N�N bond density is negligible (∼ 0) com-
pared to the Si�Si and Si�N bond densities in the
simulations.

2.3. Surface roughness

Surface roughness Rm is generally used to de-
scribe the morphologies of deposited �lms and cal-
culate the vertical deviation of the surface from a
continuous �at surface [61, 62]. In our case, Rm is
calculated from the simulation matrix; we take the
�rst continuous �lm as a reference during simula-
tions, as depicted in Fig. 5. We then count the num-
ber of sites occupied by atoms in each column. The
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Fig. 4. (a) Migration of pores and vacancies in the
SiNx lattice and thus (b) creation of peaks and val-
leys.

Fig. 5. Surface roughness calculation.

height of each column is obtained according to the
diameters d of Si and N (dSi = 0.25 nm [63] and
dN = 0.184 nm [64])
h (x, y) = Nhd, (8)

where Nh is the number of layers at a given location
(x, y). Finally, we average the heights of the existing
columns in the simulation matrix

Rm =

∑
h′ (x, y)

N
, (9)

h′ (x, y) = h (x, y)− hmin, (10)

where hmin is the lowest point on the surface (mini-
mum �lm thickness) and the total number of surface
sites is N = 40 000 sites.
According to the proposed model, the deposited

atoms are considered to be very close to each other,
to the point that the distance between these atoms
in front of their diameters can be neglected during
the surface roughness calculation process.

2.4. Proposed KMC algorithm

Motivated by these considerations and assump-
tions, we can propose a KMC algorithm to predict
and control the surface roughness as a function of
temperature during LPCVD of SiNx thin �lms on
silicon substrates, as displayed in Fig. 6. First, we
choose the initial parameters used during the sim-
ulations: matrix dimensions, pressure P , and depo-
sition duration tKMC. Afterward, the calculation of
the probabilities of possible events is mandatory. At
each KMC step, there is only one event to be exe-
cuted, whether it is the deposition of a molecule or a
radical or the migration of a Si adatom (the desorp-
tion mechanism is considered negligible, Pdes ∼ 0).
The code then moves on to the next iteration until
the deposit time is reached. Note that the selec-
tion of deposition sites is subject to the concepts
and conditions included in the model proposed in
Sect. 2.2. Two types of Si adatom migration are
considered, namely in the volume and on the sur-
face, which leads to a complementary event con-
cerned with the evolution of pores and vacancies
in the simulation matrix. At a given KMC step, a
list of possible events is formed and updated. Each
event l has a probability Pl calculated by dividing
its frequency by the sum of all frequencies. The
accumulation function is determined according to
Rac = Vd +

∑
rm; rm = r1 + r2 + r3 + . . . is the ele-

mentary migration rates. Probability Pl is con�ned
between 0 and Rac, as presented in Fig. 7. It seems
that there is only one deposit event among dozens
of di�erent migration events. To identify the associ-
ated event type, i.e., whether it is an adsorption or
migration event, a random number µ is generated
as µ ∈ [0, Rac]. After the execution of the selected
event, a second number σ is chosen arbitrarily as
σ ∈ [0, 1] to update time with t = t + ∆t, where
∆t = − ln(σ)/Rac. Once the prede�ned deposition
time is reached, we exit the loop by depositing a
SiNx �lm on a silicon substrate.
It is the process temperature T that determines

whether the �lm surface is smooth or rough. For low
T values, the formation of small Si clusters com-
bined with the creation of Si�N bonds is favored,
promoting rough surfaces. High T values result in a
greater amount of energy to break the Si�N bonds
and thus form large Si clusters due to the coales-
cence property, which encourages smooth surfaces.

3. Simulation results and discussion

We apply our growth model described above to
study the LPCVD process of SiNx thin �lms on
silicon substrates using a mixture of Si2H6 and
NH3. Simulations of regulating �lm surface rough-
ness are performed according to the deposition tem-
perature T . The deposition process is carried out
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Fig. 6. Schematic diagram of the proposed KMC
algorithm de�ning the substrate temperature con-
trol of the surface roughness of a LPCVD SiNx thin
�lm.

Fig. 7. List of possible events.

under a pressure P of 26.66 Pa [65, 66]. Three val-
ues of T are selected: 723, 738, and 753 K [58, 59],
and we use the following input parameters [56]: ma-
trix dimensions (200 × 200 × 200 sites), deposition
time tKMC = 1 h, gas �ow rate R = 0.3, and Si�
N bond energy ESi−N = 470 kJ/mol. Note that the
gas �ow rate R is de�ned as R = f(NH3)/f(Si2H6),
where f(NH3) is NH3 �ow and f(Si2H6) is Si2H6

�ow.

Fig. 8. Surface morphologies of SiNx �lms for dif-
ferent T values.

Figure 8 explains well the correlation between
the simulated surface morphologies of the deposited
SiNx �lms and the process temperature; the gray
color refers to the amorphous Si clusters, unlike the
black color, which corresponds to the regions oc-
cupied by nitrogen. To clarify, an increase in T al-
lows for the development of amorphous Si cluster
sizes combined with a decrease in their densities,
as shown in Fig. 9. From an experimental point
of view, larger Si clusters can be created at the
threshold temperature value at which the energy
required for NP coalescence overcomes the energy
of the bonds formed between Si and impurities [67].

Figure 10 represents the variation of the average
distance between Si clusters as a function of temper-
ature. In fact, the increase in the temperature of the
substrate leads to the deposition of nanostructures
characterized by very close clusters. The distance
between two clusters is de�ned as the distance be-
tween the two closest members or neighbors, accord-
ing to the nearest neighbor method (single linkage
method) [68]. As displayed in Fig. 11, one element
(x1, y1,max) from cluster 1 is selected along with its
nearest element (x2, y2,min) from cluster 2 to calcu-
late the distance between them. When calculating,
the centers of the two concerned Si adatoms rep-
resent the boundaries of this distance, taking into
account the number of vacant sites (Ns) between
clusters 1 and 2 in a straight line
distance = dSi +Nsds. (11)

Regarding ds, the diameter of an empty site is esti-
mated here to be equal to dSi. Thus, (11) becomes
distance = dSi(Ns + 1). (12)
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Fig. 9. Evolution of amorphous Si cluster size and
density as a function of T .

Fig. 10. Variation of the average distance between
clusters with T .

Figure 12 exhibits deposited SiNx �lms obtained
with di�erent T values. To clarify, enhancing T pro-
motes coalescence phenomena within the structure,
and consequently, the Si clusters come closer to each
other by increasing their sizes and reducing the dis-
tance between them (with a decrease in Ns), as
demonstrated in Fig. 12c.
The data con�rm that this crucial input pa-

rameter signi�cantly controls the determination of
the morphologies of simulated nanostructures, i.e.,

Fig. 11. Calculation of the average distance be-
tween Si clusters using the single linkage method.

Fig. 12. SiNx �lm nanostructures for di�erent val-
ues of T .

�lm surface roughness. Whereas, with increasing T
from 723 to 753 K, the surface roughness values of
�lms increase, reaching its maximum at 753 K with
1.126 nm, as illustrated in Fig. 13. Obviously, this
is attributed to the deposition of small amorphous
Si clusters with high densities in the early stages of
deposition [69].
Several authors have reported the e�ect of de-

position temperature on the control of surface
roughness during the deposition phase of SiNx

�lms [70�72]. The authors in [70] studied the
characteristics of silicon nitride (SiNx:H) �lms,
grown by plasma-enhanced chemical vapor deposi-
tion (PECVD) on various metals such as Ta, IrMn,
NiFe, Cu, and CoFe at di�erent temperatures, using
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Fig. 13. Surface roughness for di�erent values
of T .

measurements of bu�ered hydro�uoric acid (BHF)
etch rate, surface roughness and Auger electron
spectroscopy (AES). The researchers found that
the surface of silicon nitride �lms deposited at
lower temperatures (below 150◦C) became rougher.
However, at higher deposition temperatures (above
200◦C), the SiNx:H �lms exhibited low surface
roughness values. Meanwhile, in [71], the authors
presented studies on the surface morphologies and
X-ray photoelectron spectroscopy (XPS) of met-
alorganic chemical vapor deposition (MOCVD)-
grown SiNx prepared under di�erent conditions
by variations of deposition temperature, the �ow
rate of SiH4 source, and pre-nitridation condi-
tions. Researchers con�rmed that by employing an
NH3/SiH4 �ow rate of 2500/40 sccm, the surface
roughness of SiNx layers decreased from 0.91 nm
to 0.17 nm with the increase in deposition tempera-
ture from 545 to 1035◦C. Ahammou et al. in [72] ex-
plored the structural and mechanical properties of
SiNx thin �lms on SiO2 substrates via molecular dy-
namics simulations. They revealed that both depo-
sition temperature and energy signi�cantly a�ected
the surface roughness of SiNx �lms. At 1100 K, the
roughness values were consistently lower compared
to 300 K, except in the case where the energy was
1 eV/atom and the Si/N ratio equaled 1, suggesting
that higher temperatures facilitated smoother �lm
growth due to enhanced atomic mobility.
To better explain the deposition of SiNx �lms,

a relationship between the di�erent deposition pa-
rameters and the stoichiometry x is considered [58]

x =
N

Si
≈ 0.32

R

Vd0
(T, P, . . . )

. (13)

The N/Si ratio is directly related to the gas �ow rate
R (NH3/Si2H6). Since ammonia NH3 is responsible
for the precipitation of N atoms by dissociative ad-
sorption of SiH2NH (see (7)), this ratio increases
with R. According to this equation, the stoichiome-
try x also depends on the substrate temperature T ,
the total pressure P and the wafer-to-wafer dis-
tance, through Vd0

.

Fig. 14. SiNx stoichiometry as a function of T .

TABLE I

Silicon deposition rate V0 and corresponding stoi-
chiometry of SiNx as a function of deposition tem-
perature T .

Temperature T [K] 723 738 753

V0 [nm/min] 1.5 3.4 7.3

N/Si ratio (x) 0.064 0.028 0.013

Since we use in this work a gas ratio R �xed at
0.3 with a pressure P equal to 26.66 Pa and a wafer-
to-wafer distance of 20 mm, the stoichiometry x re-
mains dependent only on the temperature T . Here
and according to (1), the Vd0

factor is estimated
equal to the pure disilane deposition rate V0. There-
fore, (13) becomes

x ≈ 0.096

V0 (T )
. (14)

The values of V0 for the three adopted deposition
temperatures [57] and those of the corresponding
stoichiometry x are summarized in Table I.
From these results, we can deduce that the depen-

dence of stoichiometry on temperature only occurs
through V0, which does not depend on the nitrogen
content in the material. Moreover, as the adsorption
phenomena of Si atoms are linked to the very reac-
tive silylene molecule SiH2 (see (6)), the increase
in T leads to the decrease in the N/Si ratio for a
given R, as shown in Fig. 14.
Overall, (6), (7), (9), and (13) allow us to deter-

mine and control the SiNx �lm deposition kinetics,
surface roughness, and stoichiometry as a function
of all deposition parameters.
The results obtained here and in our previous

work [56] constitute an important leap in the �eld
of the formation and quality of SiNx thin �lms. In
fact, we found that the SiNx morphological prop-
erties were very sensitive to di�erent growth con-
ditions. Thus, control of SiNx deposition parame-
ters is necessary to achieve the desired application.
In [56], we observed that the gas �ow rate has a
signi�cant e�ect on adjusting the roughness values
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of the resulting �lms to those required. Meanwhile,
in this work, we were able to predict the surface
morphologies in terms of the size and density of Si
clusters, the average distance between them, sur-
face roughness, and stoichiometry as a function of
the substrate temperature.

4. Conclusions

The dependence of surface roughness on sub-
strate temperature during the LPCVD process of
a SiNx thin �lm on a three-dimensional triangular
lattice was studied via our KMC algorithm. Two
nanoscopic mechanisms were considered in the de-
position process, i.e., the adsorption of NPs and
the migration of Si adatoms (the desorption event
was negligible, Pdes ∼ 0). A proposed model was
employed to determine the morphologies of the ob-
tained �lms in terms of the size and density of amor-
phous Si clusters as well as �lm surface roughness.
The deposit was produced by alternating between
Si and N atoms to form a SiN compound with small
Si clusters. The migration of Si adatoms occurred
either at the �lm surface or in the volume, result-
ing in a complementary event concerned with the
evolution of pores and vacancies in the simulated
structure. Indeed, the creation of peaks and valleys
was described. The single linkage method was used
to calculate the average distance between Si clus-
ters. Surface roughness values were derived from the
simulation matrix. The simulation results revealed
that the process temperature intensely controlled
the morphological evolution of the �lms, whether
the �lm surface was smooth or rough. It was found
that the N/Si ratio (SiNx stoichiometry) depended
only on temperature for a given gas ratio. This
study established a direct relationship between de-
position parameters and thin �lm nanostructures.
Such data are crucial to motivate future innova-
tions in the �elds of microelectronics and photonics,
where precise control of the morphological proper-
ties of thin �lms is essential.
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