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In this work, we study the geometrical and optical properties of thin layers’ silicon oxynitride (SiOxN,) prepared
by low pressure chemical vapor deposition technique from the SiH2Clz, N2O and NHs at 850 °C, using spectroscopic
ellipsometry measurements. For this purpose, Maxwell-Garnett (MG) model was used. It is applied to silicon
oxynitride, considering the material as a heterogeneous medium formed by silicon oxide (SiOsz) and the silicon nitride
(SisNy). The thickness of SiO.N, films was computed based on the gas flow rate of NHs and with the ratio R = NH3/
N:0. Moreover, its refractive index was calculated at wavelength 830 nm as a function of both gas flow rate of NH3
and N20. In addition, the volume fraction of SiOz and SisNs was evaluated versus this flow rates. It was observed that
the thickness increases with increasing gas flow rate of NHs and with the ratio R. The results also show that the
refractive index decreases with gas flow rate of N2O. However, it increases with the rate of NHs, ranging from 1.458 to
1.597. Furthermore, the results proved that knowing the volume fraction of SiO2 and SisN4 allows us to quantify the
evolution of the refractive index of SiO:N,. Finally, this paper makes it possible to choose the experimental
parameters of precursors deposition based on the application to which it is dedicated.
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1. INTRODUCTION

The silicon oxide SiO2 and silicon nitride SisN4 have
complementary properties. Indeed, on the one hand SiO2
with a refractive index of 1.46, present an excellent
dielectric property, a good transparency in the visible
range, and low mechanical stress. But, it constitutes a
weak barrier to the diffusion of ions and dopants [1-3].
On the other hand, SisN4 which has a refractive index of
2.02, is denser and thus offers a better barrier to
diffusion. However, it is a mediocre dielectric and has low
resistance to cracking due to significant mechanical
stress [4-8]. Thereby, it has become appealing to find a
compromise between the properties of SiO2 and SisN4 by
manufacturing intermediate materials [9, 10].

The silicon oxynitride SiO:N, 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 good candidate for
the production of antireflective coatings and is also used
in waveguides, integrated optics, and microelectronics, as
intermetallic insulators and passivation insulators
[11-13]. Investigating the characteristics of these
materials is essential for defining their optical, physical,
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and chemical properties. Consequently, numerous studies
have been conducted in this area. The X-ray
photoelectron spectroscopy characterizations of SiOxNy
stoichiometries was presented by Temple [14]. The same
authors have indicated the effect of the gas mixture
SiH4/N20O/NHs/N2 on the properties of SiO:Ny thin films
deposited by plasma enhanced chemical vapor deposition
(PECVD) [15]. Afterwards, Soman [16] studied several
samples of SixNy and SiO:N, layers elaborated by PECVD
with different compositional and optical properties by
changing the gas mixing ratio during deposition,
resulting in materials with variable refractive index.
Recently, Mortreuil [17] have studied the dielectric layers
of SiO:N, where deposited by plasma. They analyzed the
influence of the dielectric films thickness on charging
phenomena in such films using Kelvin probe force
microscopy and conductive atomic force microscopy. More
recently, Evtukh [18] have investigated the peculiarities
of the structure and electrical conductivity of
nanocomposite SiOxN,(Si) and SiAl.O:N,(Si) films in the
temperature range of 95 — 340 K. In his work Radoi [11]
focuses on the analysis of laser-ablated silicon oxynitride
layers, found with laser reactive ablation technique.
Their approach is based to use the Bruggeman model
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(BEMA) in wave-length range (320-700 nm) to
characterize the SiO:N, layers elaborated by LRA and
LPCVD. However, in our previous work [19] we obtained
that the Maxwell-Garnett model is more accurate than
that of Bruggeman, and that the latter is not suitable for
nanocomposites and optical materials [20]. Furthermore,
the wavelength (1=830nm) which the extinction
coefficient being zero is not included in the wavelength
range used in Radoi's research paper.

For this purpose, this work seeks to study the geo-
metrical and optical properties of silicon oxynitride. So,
several samples were elaborated using the low pressure
chemical vapor deposition (LPCVD) technique from
SiH2Cle, N20, and NHs gaseous precursors. The
spectroscopic ellipsometry spectra were fitted in the
wave-length range (450-900 nm) using the Maxwell-
Garnett (MG) model. This model was carried out by
assuming the silicon oxynitride material as a
heterogeneous medium formed of silicon oxide SiO2 and
silicon nitride SisN4 [17].

2. EXPERIMENTAL PROCESS

The silicon oxynitride thin films were deposited on a
silicon substrate using the LPCVD technique, employing a
mixture of dichlorosilane, nitrous oxide, and ammonia as
precursors. The SiH2Cle and [N20 + NHs] flow rates were
kept constant, respectively at 200 sccm and 160 sccm
throughout the elaboration process, while the gas flow ratio
R =NH3/N20 was varied from 0.3 to 0.23. The series of
samples was deposited at a temperature of 850 °C and a
pressure of 450 mtorr for a duration of 50 min.
Measurements of the fabricated films using spectroscopic
ellipsometry were performed with 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 across
a measurement range of 450 to 900 nm, with an incidence
angle of 70°, as shown in Fig. 1.
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Fig. 1 — Characterization of the sample where R=0.1 by
spectroscopic ellipsometry
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3. THEORY AND MODELING

The This study utilized the ellipsometric technique,
which 1is described by the following fundamental
equation [1, 13]:

R )
p=—L=tanye” (€
RS

Where ¥ and A represent the ellipsometric angles.
The refractive index of the mixture, calculated using the
Maxwell-Garnett model, is expressed as follows [20].

2 Y 2 2

nSiOXNy nS.Oz _ (1_ f ) ns3N4 - nsio2 (2)
2 2 S0, 2 2

nS,OXNy + 2ns,o2 ’ nsar\lA + Znsio2

This equation simplifies to the following form:

2 2 2 2 2
(nS3N4 "'zns,o2 + fs,oz (ns,o2 _nsgNA))nSIOXNy - (3)

-(2 fsio2 +1)n§‘02 ngﬁNa -(2-2 fs,o2 )ngioz =0
With:

fSio2 + f53N4 =1 (4)

Where nsiowy is the refractive index of the layer under
study, fsioz and fsisns are the volume fractions of the SiOs
and SisNy respectively. The nso: and nsisve represent their
refractive index, its values of were taken from the literature
[1]. A Simplex technique was used to minimize the error
function (5) [11]. This approach allowed us to align the
theoretical curves of the angles ¥ and Awi calculated by
our model, with the experimental data (e’ and dey?). This
was accomplished by adjusting the thickness and the
volume fraction of one of the two constituents.

1 S i i i i
ZZ = WZ(stp _l//th)2 + (Aexp _Ath)z (5)
i=1

Where N is the number of measurements.

4. RESULTS AND ANALYSIS
4.1 Validation of the Used Model

To validate the Maxwell-Garnett model, we com-pared
its results with experimental data. To do this, we focused
on the sample deposited with an ammonia flow rate of
20 scem and a nitrous oxide flow rate of 140 sccm. By
applying the minimization procedure, the theoretical
curves were successfully fitted to the experimental data,
yielding an error of 2.38 x 10-%. This indicates a high
level of accuracy in matching the theoretical curves to the
experimental spectra, as shown in Fig. 2 (a and b). These
results validate that the minimization technique used in
the proposed model aligns with the experimental
findings, highlighting the model's effectiveness.
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Fig. 2 — Experimental and theoretical curves of the ellipsometric
angles for Si0:N, layer: (a) ¥ and (b) A

4.2 Effect of Precursors on Thickness

To highlight the evolution of the geometrical proper-
ties of the elaborated films, their thickness is analyzed
with a varied ammonia gas flow rate and the ratio R.
Fig. 3 shown the variation of thickness as a function of
the NH;3 flow. Based on the results given in Fig. 3, we can
notice that the thickness is an increasing function with
the ammonia flow rate. Furthermore, Fig. 4 illustrates
the variation of the thickness of the deposited SiOxN,
films for different values of R. As illustrated, as the gas
flow ratio R increases, the thickness of the deposited
silicon oxynitride layers increases. So, the introduction of
more reactive gases, therefore the quantity of nitrous
oxide and ammonia multiply, we will then have
increasingly thick silicon oxynitride films, varying
between 287 and 398 nm.
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Fig. 3 — Thickness variation with gas flow rate of NH3
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Fig. 4 — Variation of the thickness vs. gas flow ratio NH3s/N20O

4.3 Effect of Precursors on Refractive Index

In this section, the variation of the refractive index of
S10:N, at the wavelength 1=830nm, where the
extinction coefficient was zero, was carried out as a
function of the gas flow rate of NHs and N20. Based on
the results shown in Fig. 5, we can see that the refractive
index of SiO«Ny is an increasing function with the flow
gas controlling the nitrogen NHs, ranging from 1.458 to
1.597. Nevertheless, the profile illustrated in Fig. 6
shows that the refractive index decreases as the flow rate
of N20 governing oxygen increases.
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Fig. 5 — Refractive index as a function of NH3 flow at 830 nm
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4.4 Effect of Precursors on Volume Fraction of Its
Constituents

As mentioned earlier, part of this study is devoted to
the optical properties of the SiO:N, films. The volume
fraction of SiOz and that of SisN4 define the values of its
refractive index. The knowledge of their variations with
NH3s and N20 gaseous precursors is used to quantify the
evolution in the refractive index of SiO:N,. According to
Fig. 7, the volume fraction of SiO2 decreases as the NHs
rate increases. In this case, the lowest value of the silica
percentage (99 %) is obtained for an oxynitride film with
a refractive index equal to 1.458.
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Fig. 7 — Volume fraction of SiO2 and of SisN4 variation with gas
flow rate of NHs
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Moreover, the volume fraction of SisN4 rises with the
flow of ammonia. We can observe that, the predominant
influence of the ammonia flow on the incorporation of the
silicon nitride phase. As a result, the refractive index of
SiOxN, is increasingly approaching that of SisN4. In the
contrary, we can see in previous figure (Fig.8) the
influence of N20 flow on the incorporation of the silicon
oxide SiOz phase. Consequently, the refractive index of
Si0:N, decreases.

5. CONCLUSIONS

In conclusion, this work contributes to the study of
the geometrical and optical parameters of silicon
oxynitride (SiOxNy) thin films prepared by the LPCVD
process, using spectroscopic ellipsometry spectra and the
Maxwell-Garnett model.

Comparing the curves predicted by this model with
those obtained experimentally allows us to validate its
good accuracy. Thus, the results show that the thick-
nesses of SiO:N, films increases from 287 to 398 nm with
both NHs and N20 flow. Then, at the wavelength
(1 =830 nm) where the extinction coefficient being zero,
the refractive index of the deposited films varies from
1.458 to 1.597 as the gas flow rate of NHs increases. This
can be explained by the incorporation of nitrogen into the
produced films. In contrast, the refractive index
decreases when the N20 flow rises. This is due to the
incorporation of oxygen into the deposited films.

In addition, the results proved that the variation of
the volume fraction of SiOz and of SisN4 with the gas flow
rate of NH3 and N20 allows us to quantify the evolution
of the refractive index of SiOxN,. Thereby, the results
showed also that the refractive index is inversely
proportional to the percentage of SiOz. Nevertheless, it is
proportional to the volume fraction of the SisNa.
Moreover, the obtained results showed that, for a good
optical characteristic of these films, the SiO:N, must be
exibit very high refractive index intermediate be-tween
that of SiO2 and SisNa.

To sum wup, this paper permits to choose the
experimental parameters of the precursor deposition
according to the application to which it is destined.
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Enxincomerpuuni nociigskenusa ta moaenoBaHuga 3a Makcsesutom—-I'apuerrom nomaposux
CTPYKTYP HA OCHOBIi HiTpuay KpemHilo, orpumanux merogom LPCVD

A. Begmiadgl2, M. Memxainpmil, A. Jlamamni!, 1. lxamaiid

L Jlabopamopis SATIT, Yuisepcumem A66aca Jlazpypa, Xenuena, Anscup
3 Jlabopamopis MoDERNa, Vnisepcumem Koncmarmirna 1, Route d’Ain El Bey, 25000 Koncmanmina, Anocup
2 Jlabopamopis ISMA, Ynisepcumem A66aca Jlazpypa, Xenuena, Anscup

Y nmaniii poboOTl FOCITIIKEHO TeOMETPUYHI Ta ONTHYHI BJIACTUBOCTI TOHKUX ILIIBOK OKCHHITPHIY KPEMHII0
(Si0O:Ny), orprMaHUX METOZOM HU3BKOTEMIIEPATYPHOIO XIMIYHOTO OCAKEHHS 3 ra3oBol (pasu mpu 3HUKEHOMY
tucky (LPCVD) i3 Burkopucraunusm mpexypcopie SiHzCle, N2O ta NHs npu temmepatypi 850 °C. Jlna anasisy
BUKOPHUCTAHO CIIEKTPOCKOINYHY estincomerpio. Jlass momenmoBanuss 0Oysio 3acrocoBaHo Monesh Maxcsesura—
Tapuerra (MG), sixa posrasmae SiO:N, sik reTeporeHHe CepeIOBUIIE, IO CKIAJAEThCS 3 (a3 OKCHUIY KPEMHII0
(Si02) Ta mirpumy xpemHuio (SisNg). OcuoBHi pedymbraty: TOBIIMHA ILUIIBKU 3aJI€KUTH BIJ[ IIBHIKOCTI mMOIadi
amiaxy (NHs) ta cmiseigmomenus R =NHs/N2O — 3 ii 30inemensam Tommua SiO.N, 3pocrae. IToxasumk
3ajsoMyIeHHsA IIpy OoBxkmHI xBrial 830 HM 3pocrae 3i 30ilmbimenHaM NHs ta sHmkyerbesa 31 spocramasaM N2O,
3MIHIOIOUKCH y miamas3oni Big 1.458 mo 1.597. OG’emna uactka xommoHeHTIB (SiO2 Ta SisN4) Oysa pospaxoBaHa
3aJIesKHO BiJ IIBUIKOCTEH II0a4l rasiB, I0 J03BOJIAE KIJIBKICHO OIMMCATH 3MIHY OITHMYHUX BJIACTUBOCTEH ILTIBKH.
Takum YMHOM, HaBeJleHl Pe3yJIbTATH JI03BOJISIOTH BU3HAUNTH ONTUMAJIBHI apaMeTPU OCAJKEHHS, BUXOIIYN 3
1isboBoro 3acrocyBauHs SiOxN,-IIOKPUTTIB B €JIeKTPOHII Ta (OTOHIIT.

Kmiouori cmnosa: Emincomerpisi, Oxcumitpuy kpemuio, [loxkasuwk 3asomienusi, Momens MarcBesma—

T'apuerra.

03006-5


https://doi.org/10.1016/j.vacuum.2021.110167
https://doi.org/10.1016/j.vacuum.2021.110167
https://doi.org/10.1016/j.jnoncrysol.2022.121984
https://doi.org/10.1088/1361-6528/aaa68b
http://dx.doi.org/10.12693/APhysPolA.140.215
http://dx.doi.org/10.12693/APhysPolA.140.215
https://doi.org/10.1016/j.apsusc.2022.156037
https://doi.org/10.1016/j.apsusc.2022.156037
https://doi.org/10.1016/j.solmat.2023.112356
https://doi.org/10.1016/j.solmat.2023.112356
https://doi.org/10.1016/j.solmat.2021.111292
https://doi.org/10.1016/j.solmat.2021.111292
https://doi.org/10.1016/j.mssp.2023.107607
https://doi.org/10.1016/j.mssp.2023.107607
https://doi.org/10.1016/S0925-8388(98)01026-3
https://doi.org/10.1016/S0925-8388(98)01026-3
https://doi.org/10.1016/j.ceramint.2024.01.185
https://doi.org/10.1016/j.ceramint.2024.01.185
https://doi.org/10.1016/S0924-4247(98)00344-6
https://doi.org/10.1504/IJNBM.2009.027731
https://doi.org/10.1016/j.matchemphys.2017.05.035
http://dx.doi.org/10.1088/1361-6528/abc38a
https://doi.org/10.1016/j.jallcom.2023.170879
https://fac.umc.edu.dz/fstech/bib191.php?debut=96
https://doi.org/10.1116/1.1752898
https://doi.org/10.1116/1.1752898

