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ABSTRACT

Published: 30.06.2026

Silicon nitride (SizN4) is a ceramic material which is thermodynamically stable with high temperature environment.
Silicon nitride thin films find widespread scientific use in solar cells, micro and nano fabrication, antireflection coating
(ARC), etc. In this work, SizsN4 thin film was deposited on the glass substrate using sol-gel synthesis and spin-coater
deposition techniques for anti-reflection coating. The as-deposited thin film was annealed at S00°Cfor its stable structural
and optical properties. UV-visible reflectance spectrum revealed the maximum reflectance of 9.26% at a central wavelength
of 805 nm, and XRD confirmed the a-Si3N4 phase with a crystallite size of 33 nm. The FTIR transmittance spectrum indicated
the functional groups of the Si3Na4 thin film such as low intensity of Si—N characteristic peaks, suggesting minimal nitride
content, while the EDS spectrum confirmed the presence of the primary elements Si and N. The topography and roughness
of the Si3N thin film were investigated using AFM, and the average grain size was calculated as 1.8 nm.
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1. INTRODUCTION

Dielectric thin films are in high demand due to
their potential applications in various fields such as LED,
solar cells, sensors, micro- and opto-electronic devices.
The significant dielectric films are titanium dioxide
(TiOy), silicon dioxide (SiOz), zinc oxide (ZnO),
zirconium oxide (ZrO), and silicon nitride (SizN4) (Nam
et al. 2024; Nosidlak et al. 2023; Dubey and Saravanan,
2022). Among these, Si3Ny is one of the most remarkable
dielectric materials for their promising applications in
integrated circuits and opto-electronic devices. SizNy thin
filmsare fabricated by plasma-enhanced chemical vapor
deposition (PECVD), micro-pressure CVD, radio
frequency magnetron sputtering, low-pressure CVD,
atmospheric pressure CVD, and hot wire CVD (Geetha
et al. 2025; Merabet ef al. 2021; Kaloyeros et al. 2017,
De Luca et al. 2021; Alpuim et al. 2009). During the
experimental process, the properties of the materials can
be optimized by adjusting parameters such as deposition
time, deposition temperature, calcination temperature,
pressure, reactant flow rate, substrates, etc. (Bakardjieva
et al. 2005) studied the effect of rapid thermally annealed
(800, 1000, 1200, and 1400°C) silicon nitride thin films,
which were prepared by micro-pressure CVD and
plasma-enhanced CVD techniques. The FTIR spectra

showed that the Si—N characteristic peak shifted towards
higher frequencies with increasing annealing
temperature. The effects of rapid thermal annealing
treatment on IR peaks, etch rate, dielectric strength, fixed
charge density, and hysteresis were examined. (Dubey et
al. 2017) investigated SiO»/Si3N4 multilayer thin films
for solar cell applications using chemical vapor
deposition and rigorous coupled wave analysis (RCWA).
The fabricated thin films (SisN4/Si and SiO»/Si) have
been studied for thickness and refractive index by
ellipsometry. (Thallapalli et al. 2016) fabricated Si3N4
and boron nitride (BN) composites using the gel casting
method. They studied the effect of concentrations of
polyethyleneimine and pH on the SizN4-BN particles.
The XRD confirmed the o-SizNs, B-SisNs, and BN
phases, and SEM images revealed the homogeneous or
uniform microstructure. Further, the fracture toughness
(2.5 x 5 x 30 mm) and notch length (2.5 mm) were
investigated by a single-edge notched beam method.
(Meziani et al. 2016) investigated the compositional
analysis of silicon nitride (SiNx:H/mc-Si) and silicon
oxide (SiO2/mc-Si) thin films fabricated by PECVD
method and thermally oxidized with dry oxygen at
ambient atmospheric temperature at 950°C. They
demonstrated the existence of silicon and nitrogen
elements by EDX spectroscopy. They concluded that the
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ratio between N and Si decreased with annealing
temperature. (Gan et al. 2018) studied the material,
structural and mechanical properties of SisN4 and SiOxNy
thin films prepared by PECVD method. The results
revealed mixed composition of amorphous and
crystalline Si3N4 phases. (Saravanan and Dubey, 2020)
analyzed ultrathin film crystalline silicon solar cells
using the RCWA method. They proposed a solar cell with
the integration of a 70 nm-thick Si3N4 antireflection
coating, ITO/Al dual nano gratings, distributed Bragg
reflectors (SiO2/Si), and an aluminum substrate. The
highest current density of 25.54 mA/cm? was achieved by
ultrathin-film crystalline silicon solar cells.

In the proposed work, sol-gel synthesized Si3N4
thin film was spin coated on glass substrate. These thin
film can be integrated in thin film solar cells as anti-
reflection coating (ARC) layers.

2. EXPERIMENTAL APPROACH

Table 1. The list of materials used for the synthesis of SisN4

solution
. Mol.
Chemicals Formula Weight(g/mol)
Hexamethyldisiloxane
(HMDSO, >98% CsH150S12 162.38
purity)
Ethanol (99.9%) C2HsOH 46.07
Acetic acid (99.9%) CH3COOH 60.052
Liquid ammonia (99%) NH3 17.031
(HCOOH GO iy, HvDso

©® ap

SiaN; on Glass

Optical Characterizations

Fig. 1: Schematic diagram of sol-gel synthesis process of
SisNy thin film
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The starting source materials for the preparation
of silicon nitride thin film are shown in Table 1.
Hexamethyldisiloxane(HMDSO) and liquid ammonia
are precursor solutions. Ethanol acts as a solvent and aids
in controlling the hydrolysis and condensation reactions
of the precursor solutions. Acetic acid serves as a catalyst
for the hydrolysis of metal alkoxide. In addition, it helps
control the pH of the solution and prevents premature
gelation.

2.1 The Sol-gel Synthesis and Spin-coating

The schematic diagram is showing the
preparation of SizNjy thin film as depicted in Fig. 1.A sol-
gel process was employed for the preparation of silicon
nitride thin film. Initially, 10 mL of acetic acid was added
to 10 mL of ethanol and the solution was stirred
continuously for 5 minutes at room temperature using a
magnetic stirrer. Then, 5 mL of HMDSO precursor was
introduced and mixed thoroughly, followed by the
addition of 10 mL of liquid ammonia. In this process,
HMDSO and liquid ammonia served as the silicon and
nitrogen sources, respectively. The resulting solution was
further stirred continuously for 2 hours at room
temperature to ensure homogeneity. A transparent, low-
viscosity solution was obtained and used for thin film
deposition on ultrasonically cleaned glass substrates via
the spin coating technique. Each coating was performed
at 3000 rpm for 30 seconds. The deposited films were
then calcined at 500°C for 1 hour. A total of four coating
cycles were carried out to obtain multilayer thin films on
the glass substrates.

2.2 Characterization Techniques

The calcined Si3Ny thin film was characterized
to evaluate its structural, morphological, functional, and
elemental properties. X-ray diffraction (XRD; X’Pert
Pro, Paralytical, Netherlands) was used to analyze the
crystal structure. Fourier transform infrared spectroscopy
(FTIR; Spectrum 2, PerkinElmer, USA) and Raman
spectroscopy (785 nm excitation, micro-Raman system)
were employed to study the bonding and vibrational
characteristics. The optical properties were examined
using a UV-visible spectrophotometer (UV-1800,
Shimadzu, Japan). Surface morphology and roughness
were analyzed using atomic force microscopy (AFM;
Bruker and Agilent Technologies 5500, USA). Elemental
composition was determined using energy-dispersive X-
ray spectroscopy (EDS; APEX, Germany).

3. RESULTS AND DISCUSSION

3.1 UV-Visible Spectroscopy (UV-Vis)

The reflectance spectrum of SizNs thin film
measured in the range 300 to 1100 nmis shown in Fig. 2.
The maximum reflectance of 9.26% was observed at 805
nm, indicating potential suitability for optoelectronic
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applications such as anti-reflection coatings in thin-film Table 2. Crystalline quality of synthesized SizN4 thin films
solar cells. In addition, the reflectance of the thin film

decreased in the longer wavelength region (900-1100 S sk Crystalline Quality Reference

nm). This behavior can be attributed to the decrease in A

the refractive index of Si3N4with increasing wavelength, 1 SisN, Hexagonal (uniformly — (Acosta-Enriquez

which leads to reduced reflection and enhanced oriented) et al. 2016)

transmission. These optical properties endorse the better 2 SisN, Hexagonal (uniformly (Kadhim et al.

anti-reflection coating (ARC) properties, which play a oriented) 2017)

major role in photovoltaic (PV) technology to trap the 3 SisN, Grain size (21.8-22.9 (Beliaey ez al.

light particles (photons) within the absorber (or active) nm) 2022)

region. The ARC properties are influenced by the surface 4 Si;N, Lies gl wriii e

roughness of the prepared thin film. Cry.Stalhte stz 2.6_30 m 2015)

— S SiN. amdGrmsieGrs  (nbereral

3.2 X-Ray Diffraction M 36.9 nm) 2018)
The XRD pattern (Fig. 3(a)) of the SizNy thin

film calcined at 500°Cwas recorded from 10 to 80° with 400 *

a step size of 0.001 (Q=26) and a relative intensity of

100% The XRD peaks show three major peaks at 20 =

26, 38, and 48.66°. These XRD diffraction peaks are well 300

matched with the JCPDS card 73—1210 confirming the a- -

Si3Ny structure (Gong-Yi et al. 2008). A prominent X-ray 2

diffraction (XRD) peak was observed at approximately >

26° corresponding to the (201) plane. This peak exhibited % 5004

a full width at half maximum (FWHM) of 0.2448° (20) £

and a peak intensity of 184.68 counts. According to the * *

phase diagrams, this major peak was assigned to a-

Si3N4(Yang ef al. 2013). The XRD pattern corresponds 100 -

to the o-Si3N4 phase with a hexagonal structure

confirmed the plane (211) at 38°, as reported by T T T T y T

10 20 30 40 50 60 70 80
2 theta (degree)

(Hirohata et al. 1994) and (Bugaev ef al. 2012). Using
Debye Scherrer’s formula,

092 o)
" Bcos
where ‘B’ is the full width at half maximum T
(FWHM), 0.89 is the constant number (K), A is the X-ray s
wavelength (Cu K, radiation, 1.5406) and 6 is the Bragg E
angle. The crystallite size was calculated as 33 nm. 5
=
[
g
=
9.0 4
9\? T T T T T T
@ 751 600 1200 1800 2400 3000 3600
2
8 Wavenumber (cm”) —— 3w
[*]
% 6.0 4
e Fig. 3: XRD pattern of sol-gel synthesized SisN4 thin film (a)
and FTIR Spectrum (b)
4.5 The literature survey of the crystalline quality
T T T T T (defects, orientation, phase, grain size, etc.) of the Si3N4
300 450 600 750 900 1050 thin films is shown in Table 2. These reported XRD
Wavelength (nm) patterns revealed the high quality of the crystals
produced, confirming their sharp and intense diffraction
Fig. 2: UV-Visible reflectance of SisN4 thin film peaks. Also, the lower-quality SisNi crystals may
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contribute to the broader or weaker diffraction peaks.
Further, to confirm the presence of Si3Ny, the prepared
samples were analyzed by FTIR, Raman, AFM, and EDS
spectra.

3.3 FTIR Spectrum

Fig.3(b) depicts the FTIR transmittance
(resolution of 16 cm™) spectrum of Si3N4 film recorded
in the wavenumber region of 4000 to 400 cm™.The
vibrational modes at 3300 and 2100 cm™! are assigned as
N-H and Si-H (Gan et al. 2018; Bugaev et al. 2012).The
IR spectrum of SisNs shows peaks related to Si-N
vibration centered at around 800 and 500 cm’,
respectively. The strong peaks appeared at ~830 and 950
cm™!, which are attributed to the valence oscillation of Si-
N bonds. (Hirohata et al. 1994) reported broader peaks
from 600 to 1200 cm, with a peak at 840 cm’,
corresponding to the presence of Si-N symmetric
stretching vibration. A weak absorption peak was noticed
from 451 to 500 cm™! due to the deformation oscillations
of Si-N-Si and N-Si-N as reported by various literature
studies (Nam et al. 2024; Merabet et al. 2021; Yang et al.
2013; Hirohata et al. 1994). Further, the formation of
nitrogen (-NH) vibration modes confirming at 1150 cm"
!(Hirohata et al. 1994; Bugaev et al. 2012). Similarly,
(Meziani et al. 2016) confirmed the decreased Si/N ratio
concentration due to the increase in calcinations
temperature. When comparing the formation of Si3Ny
thin films, preventing oxygen molecules by forming Si-
H and N-H bonding is reported by (Gan et al. 2018).
However, the oxygen element is present due to the
calcinations atmosphere (or) during the sample testing as
depicted in Fig. 6.

200
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Fig. 4: Raman spectrum of prepared SisN4 thin film
3.4 Raman Spectrum Study

Fig.4shows the Raman spectrum of the thin
film.The most intense Raman bands were noticed at 140,
506, 1094, and 2426 cm’', attributed to the vibrational
modes of the lattice. These modes are assigned to the
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internal modes of the thin film. The sharp peak position
and the width of the peak strongly depend on the thin film
thickness and structure. Accordingly, the dispersion of
the localized modes is changing (Hirohata et al. 1994).
The peaks at 140, 506, and 1094 cm confirm the
presence of 0-SizNs, as reported by various literature data
(Kang et al. 2014).The broader peak observed around
506 cm'corresponds to the presence of Si-N stretching
mode and the other peaks corresponding to a-Si3Ng4. This
feature is associated with structural disorder, where some
silicon atoms are replaced or coordinated with nitrogen
atoms (Debieu et al. 2013; Ahmed et al. 2013; Volodin et
al. 1998).

3.5 Atomic Force Microscopy Study
The smooth and homogenous surface of the thin

film was confirmed by AFM topography images, as
shown in Fig.5.

41mm

Onm

Fig.5: The AFM image of SisN4 thin films

The AFM analysis was performed at two
different surface regions of the sample of SizNjy thin film
on glass substrates (length and width =2 x 2 cm). From
Fig. 5(a)-(b), the thickness of the thin film was observed
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as 47 and 32 nm in two different regions. These smooth
surfaces of Si3Ny4 thin film have a few small holes (like
porous ones) due to defects in the sample, which will be
optimized.

(a)

Sum Spectrum

(b)

6
Full Scale 5569 cts Cursor: 0.000

0 2 4 8

Fig. 6: The electronic image (a) and corresponding EDS
spectrum and (b) of SizN4

Furthermore, the average grain size of the
sample was calculated as 1.8 nm. Also, the analysis of the
grain boundaries of various locations tested showed
similar results.

3.6 Energy Dispersive X-ray Spectroscopy Study

The elemental analysis of the SizNy4 thin film
was carried out by EDS spectroscopy. The SEM image
confirmed the formation of a smooth, thin film surface on
the glass substrate, as depicted in Fig. 6 (a). The
elemental spectrum depicted the typical SisN4 result of
the primary elements of Si and N (Fig. 6(b)) (Gong-Yi et
al. 2008). Also presented are the various impurities of
oxygen (O) and carbon (C) peaks associated with the
muffle furnace during the calcinations (Dubey et al.
2017). The atomic weight percentages of the elements in
the sample are given in Table 3. Here, the peak of
nitrogen shows a reduced weight percentage due to the
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calcination’s temperature. The formation of SizNy4 thin
films is significantly influenced by the calcination’s
temperature. Higher calcinations temperature generally
leads to enhanced film densification, crystallinity, and
stoichiometry, resulting in improved mechanical,
electrical, and optical properties of the thin films.
Additionally, it can promote the removal of organic
residuals, improve reaction kinetics, and reduce defects
in the film structure.

Table 3. The list of elements presents in SizN4 thin film

S.No.  Element(K) Weight Atomic
(%) (%)
1 Si 14.04 717
2 N 3.87 3.96
: 0 30.71 27.52
4 C 51.39 6135

Table 4. The reported sol-gel synthesis method for the
preparation of SisN4 thin film

e Preparation
S.No. Thin Film Methods Ref.
1 TiOy/Si;sN; sol-gel spin- \(. 1 et al. 2024)
coating
2 Si3Ny sol-gel (Andrew,2016)
. sol-gel dip- (Shereen et al.
3 SisNs coating 2011)

However, excessively high temperatures can
also lead to film degradation, increased surface
roughness, and stress-induced cracking. Therefore,
optimizing the calcinations temperature is crucial for
achieving the desired film properties (Volodin et al.
1998). Some of the reported works on Si3Ny thin film
based on the sol-gel synthesis method are given in Table
4.

4. CONCLUSION

In this work, the silicon nitride (Si3N4) thin films
were prepared using sol-gel spin-coating deposition
technique. Four thin film layers were deposited on the
glass substrate, which was calcinated at 500°C. The thin
film was characterized for its optical, structural,
functional groups, topographical, and elemental
properties by various characterization techniques such as
UV-visible spectroscopy, FTIR, XRD, Raman, AFM, and
EDX spectroscopy. The UV-Vis reflectance spectrum
showed low reflection of 9.26% at 805 nm (). The FTIR
transmittance spectrum exhibited various peaks
corresponding to characteristic functional groups related
to the SisN4. The XRD diffraction pattern revealed the
presence of a-SisNs phases at (201), (211) with
hexagonal structures. Further, the AFM depicted the
topography and smooth thin film surface of SisNswith
porous nature with an average grain size of 1.8 nm. The
EDS spectrum showedSi and N as the primary elements
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confirming the successful preparation of SizNy thin film.
In future, optimization processes will be carried out for
better ARC in solar cells with green synthesis method.
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