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Abstract: Silicon nitride is a commonly used material for ceramic applications and in the fabrication
processes of integrated circuits (ICs). It has also increased in interest from the scientific commu-
nity for use as a functional coating due to its physical, mechanical, electrical, and optoelectronic
properties. In particular, silicon-rich silicon nitride (SRSN) has been considered in the photovoltaic
industry as a down-conversion film for solar cells. In this work, SRSN films have been obtained by
the Low-Pressure Chemical Vapor Deposition (LPCVD) technique at low to moderate deposition
temperatures with a variation in the precursor gas pressure ratio. The SRSN films showed a wide
photoluminescence (PL) in the visible region (without a high-deposition temperature or annealing
process) and suitable optical properties (refractive index and absorption in the UV) to be used as
photoluminescent coating on silicon solar cells. The absence of high-deposition temperatures could
preserve the original structure of silicon solar cells, once the SRSN layer was applied. In addition,
control of the reactive gas pressure ratio and deposition temperature showed an influence on the
refractive index, the surface roughness, and the PL emission.

Keywords: silicon nitride; silicon-rich silicon nitride; refractive index; photoluminescent coating;
down-conversion effect; optical properties

1. Introduction

Solar cells have become more prominent in the semiconductor market during the
last decade; they have been continuously increasing in their relevance and impact on
materials engineering and technology development. In the same way, the initial silicon
solar cells with functional coatings have been investigated to improve efficiency and
to reach higher competitive levels. In particular, the coatings used to create red-shift
effects, which have shown important results, are among the recurrent add-ons [1,2]. Even
different materials have been recently investigated to overcome optical loss by using them
as antireflective coatings (ARCs), like silicon dioxide sol compositions, nanostructured
TiO2 or SiO2/ITO, and ITO/TNO combinations [3–6]. However, silicon nitride (Si3N4) is
a well-known material which has increased in interest from the industrial sector and the
scientific community to be used as a functional coating due to its physical, mechanical,
electrical, and optoelectronic properties [7–10]. Si3N4 was originally developed as a high-
strength and high-toughness material, but recent reports have demonstrated that Si3N4
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thin films are efficient and low-cost options to be used as an ARC [11–13]. Antireflective
coatings should produce diffuse reflection and total internal reflection, but they should also
preserve the properties of the materials on which they are deposited [14,15]. Si3N4 can be
deposited using different techniques, such as Sputtering, Plasma-Enhanced Chemical Vapor
Deposition (PECVD), Catalytic Chemical Vapor Deposition (Cat-CVD), Hot-Wire Chemical
Vapor Deposition (HWCVD), etc. [16–19]. In particular, the physical properties of Si3N4
films can be varied by deposition temperature, growth time, and the ratio of the precursor
gasses. When these Si3N4 films have been deposited at temperatures above 950 ◦C, they
have shown interesting optical properties, but they have also faced some challenges when
they are deposited on PN junctions. The deposition temperature of Si3N4 films is a very
important parameter influencing their morphological, structural, and optical properties but
the high-temperature deposition of these coatings on PN junctions can produce changes
in the junction depth and consequently in the performance of solar cells [20–24]. On the
other hand, these films have been deposited at unusually low temperatures, and their
morphological, optical, and chemical characteristics have been clearly compromised [25,26].
In this way, the refractive index, root mean square roughness, and silicon excess of Si3N4
have shown an important dependence on deposition temperature, growth time, and the
precursor gas ratio [10,16,27]. One possible alternative to preserve ARC characteristics in
silicon nitride material and improve them with an effect of absorption on the UV range
and emission in the visible region (down conversion) could be obtained with silicon-rich
silicon nitride (SRSN or SiNx) [28–30]. SRSN films can be obtained by LPCVD using a
combination of NH3 and SiH4 as precursor gasses at temperatures usually above 725 ◦C.
As-deposited SRSN films obtained by LPCVD have shown UV absorption and a wide
photoluminescence (PL) spectrum in the visible range, where the maximum peak shifted
from ∼490 to ∼590 nm as the silicon excess increased [31,32]. However, the behavior of
these SRSN films not only depends on stoichiometry, but on all deposition conditions
and thickness [21,33,34]. Information and interesting results of the SRSN films obtained
by the PECVD technique have been reported by different authors [21,35,36], but SRSN
films with interesting optical properties also can be obtained by a cheaper technique like
LPCVD. In this way, an optimization on the deposition conditions of SRSN films obtained
by LPCVD is required to obtain a suitable refractive index, roughness on the surface, and
strong photoluminescence (PL) in the visible region even when SRSN films are deposited
at moderate temperature ranges.

In this work, we provide a full description of the optimization of the deposition
conditions like the deposition temperature and pressure gas ratio to obtain thin SRSN
films by the LPCVD technique at temperatures ≤ 720 ◦C. No post-deposition thermal
annealing was applied to the SRSN films. We provide an analysis of the optical, structural,
and morphological characteristics from these SRSN films in order to control the thickness,
refractive index, surface morphology, and PL emission. The optimization of the deposition
conditions of the SRSN films allowed us to obtain suitable optical properties in this material
to be applied as a photoluminescent coating.

2. Materials and Methods

SRSN films were deposited on p-type (100-oriented) silicon substrates with resistivity
of 2–5 Ω cm by LPCVD. Before deposition, silicon wafers were cleaned using acetone,
ethanol, and deionized water for 10 min followed by ultrasonic baths each, they were then
cleaned with HF 10% (hydrofluoric acid) to remove native oxides, and finally, we used
standard RCA solutions. The pressure ratio (RoN) of the reactive gasses (NH3, SiH4) was
changed to increase the amount of silicon excess in the SRSN films in order to obtain optical
characteristics like ARCs [12–15]. RoN is defined by Equation (1):

RoN =
P(NH 3)

P(SiH4)
(1)



Coatings 2024, 14, 1383 3 of 13

Two sets of samples were obtained: The first set was obtained by fixing the deposition
temperature at 720 ◦C, and RoN was changed in the range of 4 to 80. In the second set, we
used a fixed RoN = 4, and different deposition temperatures were used in the range of 600
to 720 ◦C.

The thickness and refractive index of the SRSN films were calculated from measure-
ments with a Gaertner L117 null ellipsometer (632.8 nm). Surface morphology was studied
by atomic force microscopy measurements (AFM) using a Nanosurf EasyScan AFM sys-
tem Version 2.3, operated in contact mode. A 450 µm long single-crystal Si cantilever
operated at 12 kHz was used. AFM images were analyzed using the Scanning Probe
Image Processor (SPIP) software 6.7.9. The SRSN vibrational modes were examined by
Fourier Transform Infrared spectroscopy (FTIR) using a Bruker model Vector 22 (Coventry,
UK) in the range of 400–4000 cm−1 and a 1 cm−1/s resolution speed. Measurements of
the chemical composition were obtained using Hitachi SU3500 SEM equipment (Tokyo,
Japan) with an Electron Diffraction Spectroscopy (EDS) Bruker system operated at high
vacuum. PL emission spectra were obtained with a Spectrofluorometer Fluoromax 3 Jobin
Yvon (Horiba, NJ, USA) controlled with a computer. A set of filters were used to obtain
only the UV excitation and visible emission. All SRSN films were excited using 270 nm
radiation, and the PL emission signal was collected from 380 to 900 nm with a 1 nm/s
resolution speed.

3. Results and Discussion
3.1. First Experiment
3.1.1. Refractive Index, Deposition Rate, and Pressure Ratio

In this section, we describe the obtained results of the SRSN films in order to control
refractive index using a stable deposition ratio. The ratio of precursor gasses (RoN) was
changed in the range of 4 to 80 to obtain SRSN films with a different refractive index.
Figure 1a shows the relationship between the refractive index and the RoN at 720 ◦C.
According to the refractive index value behavior, there is a limit on the atomic percentage
of silicon excess introduced in SRSN films. In general, the thickness of the as-deposited
SRSN films was calculated from ellipsometry measurements, and they showed a mean
thickness of about 160 nm. The highest and lowest refractive indices were 2.21 and 1.98
when RON was 20 and 80, respectively.
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Figure 1. (a) Refractive index and (b) growth rate vs. pressure ratio RoN of SRSN LPCVD at 720 ◦C.

In Figure 1b, we can observe the deposition ratio vs. the pressure ratio of the SRSN
films. The pressure ratio was changed by adjusting the precursor gas ratio as indicated.
The refractive index showed an increase from 2.01 to 2.20 in the range of RoN between 4
and 20 and a lineal decrease from 2.20 to 1.98 in the range of RoN from 20 to 80. According
to Cheng et al. [37] and our results in Figure 1a, there is a clear tendency for the refractive
index to decrease as the pressure ratio is increased. The deposition ratio showed an almost
lineal decay from 37.5 to 5 nm/min in the range of 4 ≤ RoN ≤ 80. Table 1 shows the main
deposition characteristics of each SRSN film and its corresponding refractive index.
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Table 1. Main deposition characteristics and refractive index for the first experiment.

Sample NH3 (Torr) SIH4 (Torr) RoN RATE (nm/min) REFRACTIVE
INDEX

LPC01 0.35 1.40 4 37.5 2.00
LPC02 0.70 1.40 10 32.5 2.19
LPC03 1.05 1.40 15 31.9 2.16
LPC04 1.40 1.40 20 24 2.21
LPC05 1.75 1.40 25 30 2.15
LPC06 2.00 0.50 80 5 1.98

According to these parameters, we obtained the lowest refractive index (≤2.0) when
the minimum and maxima RoN were used during deposition; a very similar growth rate
was reached at both limits, around 5 nm/min. The refractive index was changed in all
the ranges of 4 < RoN < 80, because the change in silane pressure produced a change in
composition and film stoichiometry. This will be discussed in EDS Results and Analysis of
Vibrational Modes sections.

3.1.2. Refractive Index Selection

In order to select the optimal refractive index of the SRSN films to work as an antire-
flective coating, we performed some calculations, considering the blue- to red-shift effect.
By considering the lowest refraction to use these films as ARCs, the refractive index can be
calculated as follows [33]:

narc =
√

n0ns =
√

1.0002926·4.01= 2.002791 (2)

where n0 is the silicon reflective index and ns is the antireflective coating reflective index.
According to this calculation, we obtained only a refractive index (nSRSN) of about 2.0 when
RoN = 4 but nSRSN was lower than 2 when RoN = 80 was used for deposition. In this case, a
value of RoN = 4 produced an SRSN film with a refractive index closest to the calculated
optimal value. This would be in agreement with a characteristic value for the reported
refractive index of 2.01–2.05 for silicon nitride films obtained by CVD techniques [35–37].

The comparison between the refractive index of the SRSN films reported in Table 1
with the optimal refractive index calculation allowed us to select RoN = 4 for the second
experiment. The second experiment was designedto obtain silicon-rich silicon nitride
with a refractive index of 2 and down conversion effect (photoluminescence) at the lowest
temperature as possible.

3.2. Second Experiment
3.2.1. Thickness and Refractive Index Dependence on Temperature

We fixed the NH3 and SiH4 pressure at 0.35 and 1.4 Torr, respectively, to fix the pressure
ratio at RoN = 4 to reproduce the refractive index closest to the optimal narc, but we varied
the deposition temperature from 600 to 720 ◦C to obtain another group of SRSN films with
photoluminescence at the lowest deposition temperature as possible. Table 2 shows the
main deposition characteristics of each SRSN film for the second experiment.

Table 2. Main deposition characteristics for the second experiment.

Sample Substrate RoN
Thickness

(nm)
Deposition

Temperature (◦C)
Growth

Time (min)

LP21 2′ ′ N + (2.0 Ω·cm) 4.00 75 600 5
LP22 2′ ′ N + (2.0 Ω·cm) 4.00 95 650 5
LP23 2′ ′ N + (2.0 Ω·cm) 4.00 112 700 5
LP24 2′ ′ N + (2.0 Ω·cm) 4.00 250 720 5



Coatings 2024, 14, 1383 5 of 13

We studied the temperature influence on thickness and refractive index by fixing the
deposition time at 5 min. In Figure 2, we observed a clear dependence of thickness in
temperature, where thickness was increased from 75 up to 250 nm according to the increase
in deposition temperature from 600 up to 720 ◦C. According to Liu et al. [38], the growth
rate of silicon nitride films obtained by LPCVD shows an Arrhenius behavior between
730 and 830 ◦C. In this case, the thickness of the silicon nitride samples should be clearly
increased as the deposition temperature reaches 730 ◦C as with our SRSN sample obtained
at 720 ◦C. We used the mean thickness values and the minimal squares theory in OriginPro
8.0 software to obtain a fitted curve that is directly proportional to the following equation:

Th(K) = K3 − 0.91K2 + 587.71K − 125955 (3)

where Th = thickness and K = temperature.
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Figure 2. SRSN films thickness (nm) vs. deposition temperature (◦C).

In the same way, we can observe in Figure 3 an inversely proportional dependence of
the refractive index on deposition temperature, where the highest refractive index of 2.4 was
obtained at a deposition temperature of 600 ◦C and decreased as temperature was increased.
This would suggest that low-deposition temperature promotes non-stoichiometric silicon
nitride content and high-deposition temperature enables an ordering of crystalline structure
according to stoichiometric silicon nitride. Even when the same LPCVD equipment has
been used to deposit the two series of samples, it is common that some optical, physical,
or electrical properties are not exactly reproduced. However, according to Figure 3, the
refractive index shows a decrease as deposition temperature is increased; this behavior is
also related to an increase in crystallinity as a result of deposition temperature increments.
In general, refractive index values are in a similar to that of silicon-rich nitride films
deposited by different techniques and different deposition temperatures [30]. If we assumed
n = refractive index and K = temperature, we could use the minimal squares approximation
in the Origin Software again, and the obtained relationship is as follows:

n(K) = K3 + 0.01K2 − 3.72K + 805.15 (4)

3.2.2. Refractive Index and Deposition Rate Dependence on Deposition Temperature

Figure 4 shows the deposition rate and refractive index dependence on temperature.
In this case, we can observe that the growth rate was lower when 600 to 700 ◦C deposition
temperatures were used, and it only increased when 720 ◦C was applied during deposition.
The main values for the refractive index and growth rate can be seen at the intersection of
both graphs; according to this, the best option to achieve the maximum growth rate with
the best refractive index narc would be using a deposition temperature of 703 ◦C.
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3.3. EDS Results

We conducted a qualitative analysis of the elemental composition in our SRNS sam-
ples through EDS measurements from three different regions on the films’ surfaces. An
accelerating voltage of 0.5 kV was used to minimize damage to the SRSN films. Silicon,
nitrogen, and oxygen elements in the SRSN films were confirmed from their characteristic
X-ray peaks. The presence of a hydrogen peak in SRSN films cannot be determined because
EDS can only provide information on the chemical composition for elements with atomic
number (Z) > 3. A quantitative analysis could not be conducted for all SRSN films due to
the thin thickness of the samples. The electrons from the primary beam of the Bruker system
can penetrate 0.5 µm and interact with the atoms in SRSN films but also in silicon substrate.
In this case, only EDS values for the SRNS film deposited at 720 ◦C (250 nm thickness) are
shown in Table 3. The silicon value was around 60; meanwhile, nitrogen was approximately
25 at.%. The silicon composition value is close to stoichiometric silicon nitride (60.1 at.%
for Si and 39.9 at.% for Ni), but the lowest value of nitride in the SRSN film would suggest
a probable replacement by hydrogen atoms and would confirm the non-stoichiometric
nature of this film. A previously reported analysis on the SRSN composition by means of
XPS has also shown the presence of oxygen at the outmost part of the layer through the
film depth, being present mainly at the film surface [21,35,36]. This behavior is similar in
every SRSN film deposited at different deposition temperatures where a small value of
oxygen was registered.
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Table 3. EDS results from SRSN film with RoN = 4 deposited at 720 ◦C.

Sample Deposition Temperature (◦C) Silicon (At.%) Nitrogen (At.%) Oxygen (At.%)

LP24 720 60 25 2.56

3.4. Surface Morphology Dependence on Temperature

Surface morphology was studied through different roughness measurements obtained
by AFM from each SRSN film. The root mean square (RMS) height (Sq) was calculated using
SPIP software to analyze Tapping Mode AFM images [30,39]. Figure 5 shows Sq calculated
results for the SRSN films deposited between 650 and 720 ◦C. The RMS values were around
2.5 and 6.8 nm on the SRSN films deposited in the range of 650 to 720 ◦C, respectively.
A clear increase in RMS was observed as the deposition temperature was increased. In
this case, an almost linear increasing dependance of Sq on the deposition temperature was
obtained. The increase in the obtained RMS values could be related to the incorporation of
nitrogen and hydrogen atomic content, as observed in the reported EDS values in Table 3.
The replacement of silicon by nitrogen or hydrogen atoms produces different defects in
the film, one of which is random roughness of the upper boundaries, with a consequent
increase in RMS values. The standard deviation for SRSN films deposited at 650, 700, and
720 ◦C was less than 1 nm, as observed on the box plots, which indicates the homogeneity
of our films deposited by LPCVD. According to the deposition parameters, the highest
surface roughness and RMS height (Sq) were obtained when a high deposition temperature
was used; this would have an influence (increase) on the reflectivity of the surface that
could be achieved [39,40].
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3.5. Photoluminescence

PL from the samples was measured to confirm and determine the peak of emission
in the visible range. In Figure 6, we show a comparison of normalized PL from the SRSN
film of RoN = 80 deposited at 720 ◦C (SRSN80-720) with SRSN films of RoN = 4 deposited
at 700 (SRSN4-700) and 720 ◦C (SRSN4-720); all samples showed a clear PL with a main
emission band centered around the green region. These samples were compared due
to the similar refractive index observed in Table 1. The main difference between the
PL spectra of SRSN80-720 in the first experiment and SRSN4 films for the second, was
the beginning of the PL emission band, where the PL of the SRSN80-720 started at the
visible region but emission from SRSN4 films begins at the UV region. Moreover, the
SRSN4-700 and SRSN4-720 films showed the same emission peaks (identified in Figure 7),
and some shifts from the usual pattern of silicon nitride films were identified. The main
difference in PL between these films was the PL intensity on the emission centered around
478.1 nm (2.59 eV). Previous works have reported that oxygen in SRSN films (like SRSN4-
700 and SRSN4-720) will create a gap state of Si–O above the VBM, which will produce an
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electronic transition from the K0 centers to ≡Si–O–Si, giving rise to the 478.1 nm (∼2.59 eV)
emission [27,32].

Coatings 2024, 14, x FOR PEER REVIEW 8 of 14 
 

 

emission band centered around the green region. These samples were compared due to 
the similar refractive index observed in Table 1. The main difference between the PL spec-
tra of SRSN80-720 in the first experiment and SRSN4 films for the second, was the begin-
ning of the PL emission band, where the PL of the SRSN80-720 started at the visible region 
but emission from SRSN4 films begins at the UV region. Moreover, the SRSN4-700 and 
SRSN4-720 films showed the same emission peaks (identified in Figure 7), and some shifts 
from the usual pattern of silicon nitride films were identified. The main difference in PL 
between these films was the PL intensity on the emission centered around 478.1 nm (2.59 
eV). Previous works have reported that oxygen in SRSN films (like SRSN4-700 and 
SRSN4-720) will create a gap state of Si–O above the VBM, which will produce an elec-
tronic transition from the K0 centers to ≡Si–O–Si, giving rise to the 478.1 nm (∼2.59 eV) 
emission [27,32]. 

 
Figure 6. Photoluminescence spectra of SRSN films deposited at 700 and 720 °C. 

 
Figure 7. Deconvolution of photoluminescence of 720 °C sample. 

According to the similar PL behavior for the SRSN4-700 and SRSN4-720 films, a de-
tailed analysis was obtained only through the deconvolution of the PL from the SRSN film 

Figure 6. Photoluminescence spectra of SRSN films deposited at 700 and 720 ◦C.

Coatings 2024, 14, x FOR PEER REVIEW 8 of 14 
 

 

emission band centered around the green region. These samples were compared due to 
the similar refractive index observed in Table 1. The main difference between the PL spec-
tra of SRSN80-720 in the first experiment and SRSN4 films for the second, was the begin-
ning of the PL emission band, where the PL of the SRSN80-720 started at the visible region 
but emission from SRSN4 films begins at the UV region. Moreover, the SRSN4-700 and 
SRSN4-720 films showed the same emission peaks (identified in Figure 7), and some shifts 
from the usual pattern of silicon nitride films were identified. The main difference in PL 
between these films was the PL intensity on the emission centered around 478.1 nm (2.59 
eV). Previous works have reported that oxygen in SRSN films (like SRSN4-700 and 
SRSN4-720) will create a gap state of Si–O above the VBM, which will produce an elec-
tronic transition from the K0 centers to ≡Si–O–Si, giving rise to the 478.1 nm (∼2.59 eV) 
emission [27,32]. 

 
Figure 6. Photoluminescence spectra of SRSN films deposited at 700 and 720 °C. 

 
Figure 7. Deconvolution of photoluminescence of 720 °C sample. 

According to the similar PL behavior for the SRSN4-700 and SRSN4-720 films, a de-
tailed analysis was obtained only through the deconvolution of the PL from the SRSN film 

Figure 7. Deconvolution of photoluminescence of 720 ◦C sample.

According to the similar PL behavior for the SRSN4-700 and SRSN4-720 films, a
detailed analysis was obtained only through the deconvolution of the PL from the SRSN
film deposited at 720 ◦C, as shown in Figure 7. Three emission bands were identified, the
first one in the near-infrared region (NIR), the second in the green region, and the last one
in the blue region. In the first band, we obtained a low but non-negligible emission centered
at 773.3 nm (1.6 eV); this could be considered in the range of reported photoluminescence
of SiNx films. There are many radiative defects that could be responsible for the emission
in this region, even though this peak in strong emission has been attributed to the effect
of luminescence from Si nanocrystals (nCs) embedded in this kind of matrix by other
authors [41,42].

The emission in the NIR also has been attributed to the presence of Silicon Quantum
Dots (Si-QDs) that can promote the QCE effect (quantum confinement effect). A low excess
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of silicon in this sample (near or below stoichiometric silicon nitride), as shown in the
EDS results, could be related to the main average size of the Si-QDs and, consequently,
will be related to the observed PL emission [43–45]. However, further studies based on
Transmittance Electron Microscopy will be required to confirm the presence of Si-nCs
or Si-QDs.

The highest intensity of photoluminescence was found at 478.1 nm (2.59 eV) without
symmetry in the emission band, which may be due to the size distribution of Si bonds and
different species. This peak would be strongly influenced by the contribution of a radiative
Si dangling bond K0 center around 520 nm (2.39 eV) [46]. Finally, a strong emission peak is
located in the blue region around 420 nm (2.81 eV), which may be due to a higher density
of Si species than Si-N or an effect of surface passivation decreasing dangling bonds and
increasing radiative recombination centers [46–49]. A correlation between the PL peak
energy with the optical bandgap indicates that the luminescence is related to the band tail
carrier recombination in the SRSN films.

Optimal Thickness Calculation

The optical thickness to produce down conversion using SRSN films needs to be
calculated. The optimum optical thickness must be chosen like an antireflective coating
(ARC) for an optimal energy conversion, so the optimum optical thickness was calculated
based on the Fresnel equation for reflection theory [50] as follows:

R = |1 − T| = a1cos2δ1 + a2sen2δ1

a3cos2δ1 + a4sen2δ1
(5)

The following equation was obtained:

δ1λ

2π
= narctarc (6)

δ1 =
2π

λ
narctarc (7)

where δ1 is the phase difference introduced by the antireflective layer, λ is the incident
wavelength, narc is the refractive index of the layer, and tarc is its thickness. Accord-
ing to antireflection coating theory and using δ1 = 0.5 π, in most cases of interest, R
vanishes when

tarc =
λ

4narc
;

3λ

4narc
;

5λ

4narc
. . . (8)

Then, we used the calculated optimal refractive index (narc) and the Fresnel equation
to obtain a suitable thickness with a red-shift effect (down conversion) [3,4,12,15,27,33] in
the visible spectrum. In this way, looking for the film to absorb or transmit radiative energy
with the expected down-conversion effect, we used the obtained wavelength of the highest
PL peak from our SRSN films at λ = 478.1 nm, and then, 478.1 nm/(4 × 2.002) = tarc. The
optimal thickness of the film for emission around 478.1 nm should be tarc ≈ 60 nm.

3.6. Analysis of Vibrational Modes

Vibrational modes were identified by means of the obtained FTIR absorbance spectra
of our SRSN films. Figure 8 shows a comparison of absorbance spectra of the SRSN films
deposited at 700 ◦C and 720 ◦C; a deconvolution was carried out to locate the main peaks
related to vibrational modes. In both samples, we could observe the conventional vibrations
of silicon nitride corresponding to 960 and 1300 cm−1 [51,52].

For the SRSN film deposited at 720 ◦C, we can observe a strong peak for the Si-H
“Wagging” mode at 625 cm−1 in (label A). In the same way, we can observe a clear and
characteristic peak of the Si3N4 to Si-N3-H “Asymmetric Stretching” mode at 960 cm−1

peak (label C) for both samples, which has been related to SixNy species; then, a non-
stoichiometric behavior could be confirmed according to the PL emission peaks, atomic
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content in Table 3, and previous reported films obtained at similar conditions but different
deposition temperatures [52–55]. The presence of different SixNy species confirms the
relationship with the observed PL around 2.77 eV.
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For the SRSN film obtained at 700 ◦C, we can observe a vibrational mode from 650
to 790 cm−1 with a centered peak around 690 cm−1 corresponding to Si-H and Si-N-H
(label B) [52]. These species can be related to the deposition process without thermal
annealing (as-deposited) and the off-stoichiometry nature in SRSN films with hydrogen
enrichment [26,32,47] regarding the PL and EDS results. In the same way, there is a peak
centered around 1010 cm−1 (label C), where we observe a lower intensity peak in this film
than that obtained from the 720 ◦C sample. This peak represents the Si-N “Asymmetric
Stretching” mode but has also been related to H-Si-N3 species [52,56]. The observed peak
in both SRSN films around 1260 cm−1 (label D-E) can be related to the H-N3 and N-H
Wagging mode. [48,49]. Also, 1550 cm−1 (label F) can be related to the Wagging N-H
vibration mode [55]. The Si-H Wagging mode [52,56], which has been related to the band
centered at 1850 cm−1 (label G) [57], could be due to the great abundance of hydrogen in
our films produced by the silane precursor during the deposition process, as suggested by
the EDS results.

Regarding the small difference in the intensity between the A and B labels, which
correspond to Si-H, we can relate this variation to the small increase in deposition tem-
perature from 700 to 720 ◦C. The hydrogen species predominating in the 720 ◦C sample
can usually be removed by thermal treatments; however, our SRSN films did not have any
annealing treatment to avoid N-H or Si-H species [51,52,57]. The absence of high-deposition
temperatures or annealing treatments could preserve the original structure of silicon solar
cells where the SRSN layer would be applied on top.

4. Conclusions

Silicon-rich silicon nitride films can be obtained by the LPCVD technique at tem-
peratures under 720 ◦C in order to avoid physical changes in semiconductor junctions
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when they are applied as an antireflective coating on devices. SRSN films deposited at
temperatures below 720 ◦C showed a refractive index in the range of 2.0 to 2.2 to be
used as an antireflective coating. A mean square roughness from 2.5 to 6.5 nm with an
almost linear increasing dependance of Sq on deposition temperature was obtained due
to an increase in nitrogen and hydrogen content. The SRSN films showed a strong PL
in the blue to red region without any kind of post-deposition annealing. The vibrational
modes related to Si3N4, Si-N3-H, and Si-N-H corroborate the off-stoichiometry nature
and nitrogen enrichment in our SRSN films. The radiative defects produced by SixNy
species and QCE were related to the observed PL bands. According to the relationship
of the growth rate and refractive index on the temperature and precursor gas ratio, the
thickness and optical characteristics of the SRSN films can be controlled for application as a
photoluminescent coating.
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