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Abstract—This study investigates the optical and geometrical
properties of silicon oxynitride (SiOxNy) thin films, which were
prepared using a low-pressure chemical vapor deposition
(LPCVD) process at 850 °C from SiH2Clz, N2O, and NHs as
precursors. The opto-geometrical parameters of these were
determined through spectroscopic ellipsometry measurements,
employing the Maxwell-Garnett model for data analysis. This
model posits silicon oxynitride as a heterogeneous medium
composed of silicon oxide (SiO2) and silicon nitride (SisN4). The
refractive index of SiOxNy was computed as a function of both
wavelength and gas flow ratio NHs/N2O, and was further
evaluated based on the volume fraction of its constituents and
film thickness. Subsequently, the effect of deposition time on
film thickness and refractive index was examined. It was
observed that the refractive index decreases with increasing
wavelength, yet increases with both the gas flow ratio and film
thickness, ranging from 1.457 to 1.618. The results also indicate
that the SiO2 volume fraction decreases as the NH3/N20O ratio
increases, while the SisNs volume fraction concurrently
increases. They equally indicate that prolonged deposition time
leads to a significant increase in film thickness and a higher
refractive index. This study provides a fundamental basis for
selecting deposition parameters that are tailored to specific
applications.

Index Terms—Ellipsometry; Silicon oxynitride; Refractive
index; Maxwell-Garnett.

I. INTRODUCTION

Silicon dioxide (SiO,), with a refractive index of 1.46,
exhibits a good transparency in the visible range, excellent
dielectric properties (Eg~10eV), and low mechanical stress.
However, it functions as a poor barrier against the diffusion
of ions and dopants [1]-[5]. In contrast, silicon nitride SizNa,
which has a refractive index of 2.02, is denser and therefore
provides a more effective diffusion barrier. Nevertheless, it
is a mediocre dielectric (Eg~5.5eV) and has low crack
resistance due to significant mechanical stress [6]-[10]. To
mitigate these limitations, it has become appealing to find a
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compromise between the properties of these two silicon-
based compounds by fabricating intermediate materials [2],
[3].

Silicon oxynitride (SiO«Ny) combines the dielectric and
mechanical qualities of silica, along with the advantage of
serving as a diffusion barrier to impurities, distinguished by
the nitrides. It is a promising candidate for the production of
antireflective coatings and is also used in waveguides,
integrated optics, and microelectronics, as intermetallic
insulators and passivation insulators [11]-[15].

The comprehensive study of the characteristics of these
materials is crucial to defining their optical, physical, and
chemical properties. Accordingly, numerous studies have
been conducted in this field. For instance, research by
Makasheva [16] focuses on analyzing the structural,
physico-chemical, and electrical characteristics of the silicon
nitride-oxide layers deposited as either single or multilayer
structures. Her approach is based on the ability to assemble
structures with graded properties and control the conductive
properties of the multilayer system during deposition.
Subsequently, Mahamdi et al. [17] presented the properties
of thin SiO.Ny films fabricated using the plasma-enhanced
chemical vapor deposition (PECVD) technique from a
mixture of silane SiH4, nitrous oxide (N20O), ammonia
(NHs), and nitrogen (N2). The same authors have indicated
the effect of the gas mixture SiH4#/N,O/NHs/N, on the
properties of SiO«Ny thin layers realized by PECVD [18].
Then, the study of the charging effect of a-SiONy:H thin
films using Kelvin force microscopy to determine the local
electrical parameters of the films is the subject of the
research work of Villeneuve-Faure [19]. Recently,
Bouleshaa [20] have analyzed the vibrational properties of
amorphous SiOxNy:H thin layers deposited on a silicon
substrate using the PECVD processes. More recently, Yang
et al. [21] have investigated the growth mechanism of
SiOxNy films realized via plasma enhanced atomic layer
deposition at low temperatures (100 °C-300 °C) using a
tetraisocyanate silane (Si(NCO)4) precursor and N plasma.
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This paper aims to study the opto-geometric properties of
silicon oxynitride. For this purpose, different samples were
elaborated using the low-pressure chemical vapor deposition
(LPCVD) technique using SiH2Cl,, N2O, and NH3; gaseous
precursors. The spectroscopic ellipsometry spectra were
fitted using the Maxwell-Garnett (MG) model. This
effective medium theory estimates the effective dielectric
properties of a composite material considering the volume
fractions and properties of its constituents [22]-[26]. In this
case, the model was applied by assuming the silicon
oxynitride material as a heterogeneous medium, composed
of silicon oxide (SiO,) and silicon nitride (SisNa) [2], [22].

Thin layers of silicon oxynitride were deposited on a
single-crystal silicon substrate using the LPCVD technique,
with a mixture of dichlorosilane (SiH,Cl,), nitrous oxide
(N;0), and ammonia (NH3) as precursors. The flow rates of
SiH,CIl, and the combination [N,O + NH3] were kept
constant, respectively, at 200 and 160 sccm throughout the
deposition process, while the gas flow ratio [NH3/N,O]
varied from 0.03 to 0.23. The sample series was deposited at
a temperature of 850 °C and a pressure of 450 mTorr for 50
minutes.

Spectroscopic  ellipsometry  measurements of the
fabricated films were carried out using a rotating analyzer
ellipsometer, model SpecEL2000-VIA. These measurements
correspond to the ellipsometric angles ¥ and A, which were
independently extracted as a function of wavelength over a
measurement range from 450nm to 900 nm, with an
incidence angle of 70 °, as shown in Fig. 1.
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Fig. 1. User space of spectroscopic ellipsometry (sample, where R = 0.14).

To determine the refractive index and thickness of the
layers studied, these measured angles will be superimposed
and compared with those calculated by the proposed model
through a fitting procedure.

I1l. MODELING AND GOVERNING EQUATION

In this study, we use the ellipsometric method, which is
defined by the ratio of complex Fresnel reflection
coefficients and is based on the fundamental equation
presented in [23]-[25]
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In this equation, ¥ and A represent the ellipsometric
angles in degrees.

The refractive index of the mixture, obtained by using the
Maxwell-Garnett model, is expressed in (2). This model is
better suited for nanocomposites and optical materials than
the Bruggeman effective medium approximation [26], [27]
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where n is the refractive index of the studied films,

SiO N,
while fg, and fg  represent the volume fractions of the
SiO and SisNa, respectively. The refractive indices ng,,
and ng,, ~were taken from the work in [28].

A simplex method was employed to minimize the error
function (5) [2], allowing us to overlay the theoretical

curves of the angles w,, and A, calculated by our model

with the experimental data ((,/;Xp and ALXp). This was

achieved by adjusting the values of the thickness and
volume fraction of one of the two constituents

1 < i i i i
/1/2 = WZ(Wexp Y )2 + (Aexp _Ath)z' (5)
i=1

In this context, N represents the number of measurements.
Since ¥ and A are in degrees, the error metric y2 is
expressed in degrees squared.

IV. RESULTS AND DISCUSSION

A. The Maxwell-Garnett Model Validation

To validate the Maxwell-Garnett model, we compared the
results obtained from the model with those established
experimentally. In the LPCVD process, gas flow rates are
regulated using calibrated mass flow controllers (MFCs),
which report flow rates in standard cubic centimeters per
minute (sccm). For this study, we focused on the sample
deposited with an ammonia flow rate of 20 sccm and a
nitrous oxide flow rate of 140 sccm.

Using the minimization procedure, the theoretical curves
were successfully fitted to the experimental data, resulting in
an error of 3.16 x 10°. The calculated error metric,
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corresponding to the mean squared deviation between
experimental and theoretical ellipsometric angles, aligns
with results reported in previous ellipsometric modeling
studies [17], [20]. This demonstrates a high degree of
accuracy in fitting the theoretical curves to the experimental
spectra, as shown in Figs. 2(a) and 2(b). These results
confirm that the minimization technique in the proposed
model aligns with the experimental findings, demonstrating
the model’s effectiveness.
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Fig. 2. Experimental and calculated spectra of the ellipsometric angles for
an oxynitride layer obtained with R = 0.14 and t = 50 min: (a) ¥; (b) A.
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B. Optical and Geometrical Parameters

In this section, the variation of the refractive index of
SiOxNy has been performed for numerous parameters, such
as wavelength, volume fraction, gas flux ratio, and
thickness, using Figs. 3 to 7. Based on the results shown in
Fig. 3, we can see that the profile of refractive index of
SiOWNy is a decreasing function with wavelength.
Nevertheless, at wavelength A =830nm, where the
extinction coefficient was zero, the refractive index
increases from that of SiO, to that of SizNs as the gas flux
ratio R = NH3/N,O increases (Fig. 4), ranging from 1.457 to
1.618. This can be attributed to the gradual increase in the
incorporation of the NH;3 flow rate into the SiOxNy films.

At a wavelength of 830 nm, the silicon oxynitride films
exhibit high transparency and behave as a non-absorbing
medium; this improves the accuracy of refractive index
determination by minimizing absorption effects. To further
examine the effect of the constituent volume fractions, such
as the percentages of SiO, and SisN4, on the refractive index
of SiO«Ny at this wavelength, we plot their variations in
Figs. 5 and 6. Figure 5 shows that the refractive index is
inversely proportional to the volume fraction of SiO,, which
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can be explained by the decrease in the gas flow that
controls oxygen (N,O). Conversely, the refractive index is
proportional to the percentage of SizN,, as indicated in
Fig. 6. This proportionality is justified by the elevation in
the flow rate of ammonia gas, which governs the nitrogen
content, which is logical.
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The silicon oxynitride (SiOxNy) film with a volume
fraction 1 % of silicon nitride SisN4 (Fig. 6), behaves almost
like silicon dioxide SiO,, making it a suboptimal choice in
terms of optical properties. Therefore, to achieve good
optical characteristics for this material, its refractive index
must remain between those of its constituents.

To highlight the evolution of the optical properties of the
elaborated films at the same wavelength (A = 830 nm), the
refractive index is analyzed by varying several thickness
values. From Fig. 7, we observe that the refractive index is
an increasing function as the thickness changes between
287 nm and 398 nm. The increase in film thickness is
attributed to the higher ammonia flow rate. The introduction
of larger quantities of reactive gases, specifically ammonia
and nitrous oxide, leads to a progressive thickening of the
silicon oxynitride films. These films are suitable for
application in nanoscale devices [3], [20].
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Fig. 7. Refractive index variation vs. thickness films at A = 830.

280

As previously mentioned, the main part of this study is
devoted to the optical properties of the SiOyNy films. The
percentage of SiO; and that of SisN4 define the values of its
refractive index. Knowledge of their variations with gas
flow ratio is used to quantify the evolution in the refractive
index of SiO,Ny. According to Fig. 8, it can be noticed that
the volume fraction of SiO, continues to decrease as the
ratio R is increases. In this case, the highest value of the
silica percentage (99 %) is obtained for an oxynitride film
with a thickness of 287 nm and a refractive index equal to
1.458. Moreover, the volume fraction of SisN4 increases
with the gas flow ratio. As a result, the refractive index of
SiO«Ny is increasingly approaching that of SisNa.

Ellipsometric angles (degree)

i i i i i
650 700 750 800 850
Wavelength (nm)

@

i I
550 600 900

Volume fraction (%)

Gas flow ratio
Fig. 8. Volume fraction of SiO, and of SizN, variation with gas flow ratio.

On the other hand, this study also allows for the
investigation of the impact of the deposition time of the
films on the thickness, as well as on the refractive index of
these thin layers. To achieve this, two samples were
prepared under the same experimental deposition
parameters, with a gas flow ratio of R=0.08 for two
different deposition times.

Before proceeding to the analysis of the obtained results,
we first show in Fig. 9 the strong agreement between the
experimental and theoretical profiles of the ellipsometric
angles of the film deposited during a time t = 160 min. This
deposition resulted in significant growth of the SiOxNy film
thickness, reaching 1066 nm. In contrast, the thickness of
the film deposited with the same gas flow ratio but for a
shorter time period (t =50 min) is 346 nm. The prolonged
deposition time allows the introduction of more reactive
gases. So, the amount of nitrous oxide that governs the
oxygen and the ammonia controlling the nitrogen multiply,
resulting in a very thick silicon oxynitride film, which is a
drawback.

Additionally, in Fig. 10, we present the refractive index
profiles of these two samples. We observe that the refractive
index is higher for the layer developed during t = 160 min,
due to the significant influence of the deposition time on the
incorporation of the silicon nitride phase in the film.
Therefore, to increase the refractive index, extending the
deposition time is an effective approach. This option is easy
to implement and does not affect their properties; however,
it leads to an increase in film thickness. Consequently, a
balance between thickness and refractive index should be
considered.
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Fig. 9. Experimental and calculated spectra of the ellipsometric angles for oxynitride layers obtained with R = 0.08 and t = 160 min: (a) ¥; (b) A.
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Fig. 10. Refractive index as a function of wavelength for R = 0.08 by
changing the deposition time: t = 50 min and t = 160 min.

Table | summarizes the results obtained in this part by
optimizing the error function (5) using the MG model.

TABLE I. THE ESTIMATED VALUES OF THICKNESS, VOLUME
FRACTION, AND REFRACTIVE INDEX WERE OBTAINED BASED
ON THE MG MODEL.

0,
fclaozi:/ Times | Thickness Percentage (%) Ngo,n, &t
ratio | (™" (nm) Tsio, | Tsin, | 830nm
Samples 50 346 84.94 15.06 1.531
S2 and
S6: 160 1066 78.52 11.48 1.566
R=0.08

V. CONCLUSIONS

In summary, this research paper contributes to the study
of the opto-geometric parameters of silicon oxynitride
SiO«Ny, thin films prepared by the low-pressure chemical
vapor deposition process (LPCVD), using spectroscopic
ellipsometry data and the Maxwell-Garnett model. The
comparison between the spectra obtained from the model
and those collected experimentally validates the
effectiveness of the model.

The results indicate that the refractive index of SiO.Ny
decreases with increasing wavelength. However, at
wavelength A = 830 nm, where the extinction coefficient is
zero, the refractive index of the realized films varies from
the refractive index of SiO; to that of SisN4 as the gas flow
ratio NHs/N,O increases. This can be justified by the
progressive increase in the NHj incorporation rate in the
films produced.

Furthermore, we attempted to study the influence of both
the thickness and the volume fraction of its constituents on
the refractive index. The results proved that the refractive
index increases as the thickness varies from 287 nm to
398 nm. They also demonstrate that the evolution of the
refractive index is inversely proportional to the percentage
of SiO,, which can be explained by the decrease in the gas
flow rate of nitrous oxide (N2O). In the contrary, it is
directly proportional to the volume fraction of the SizNa,
likely due to the increase in the flow rate of ammonia gas
(NHs) controlled nitrogen. Additionally, the results showed
that the variation of the volume fraction of SiO, and SizN.
with the gas flow ratio allows for quantifying the evolution
of the refractive index of SiOxNy. The findings also suggest
that to achieve the desirable optical properties of these films,
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silicon oxynitride must exhibit a high refractive index that
lies between those of SiO, and SisN,.

In conclusion, this paper provides valuable insight into
the selection of experimental precursor deposition
parameters based on the intended application.
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