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Abstract

In this work we used spectroscopic ellipsometry to study the optical properties of thin films deposited on silicon
substrates. Analysis of the ellipsometric spectra allows determining the thickness of the deposited films and the dispersion
of their optical indices. The proposed method is to develop a theoretical model to calculate the ellipsometric angles as
function of the wavelength of the incident light. The theoretical model is based on the theory of propagation of
electromagnetic waves 1 a stratified medium and eftective medium approximation of Bruggman. The theoretical
ellipsometric spectrum will be adjusted to the measured spectrum to determine the optical characteristics of the deposited
films. In the case of silicon oxynitride thin films this analysis allows among others to determine the chemical composition
of the deposited film and to detect any index gradient in the layer.
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1. Introduction

Spectroscopic ellipsometry is one of the most accurate and
reliable optical techniques to characterize a large variety of
materials and thin films on any substrate.Because today’s
devices such as solar cells[1, 2], light emitting devices|3, 4]
and thin film transistors[5] are formed by complex
multilayers structures, the correct use of ellipsometry
requires appropriate models for data analysis. The Principe
of modeling 1s to adjust the parameters of a theoretical
model to minimize the difference between the measured
and calculated spectra. Most of the problems encountered
i the analysis of ellipsometric spectra are related to
madequate choice of the model rather than the quality of
measurements.

Inthiswork, weproposedamathematicalmodelbased on the
theory of propagation of electromagnetic waves in stratified
media. The optical indices dispersion is described by the
Bruggmanapproximationof effective media. This model
was used to analyze ellipsometric spectra measured on thin
films of silicon oxynitridesdeposited on silicon substrate.

Oxynitrides are particularly interesting compounds,
mtermediate between silica and nitride, they encompass
mechanical and dielectrical qualities of silica, and present
the advantage of serving as a diffusion barrier to impurities,
like nitrides. These qualities give them opportunities in the
field of microelectronics or to achieve antireflection which
improves the performance of solar cells[6-15].

2. Theoretical model

Ellipsometry 1s a method of optical analysis based on the
change of polarization state of light upon reflection on a
flat surface. We send to the sample a polarized light and
the change of polarization introduced by the sample is
analyzed. These changes can be represented by two
Fresnel coefficients rs and r» (Eq.1) [16-18], acting on each
of the field components (Fig. 1).The reportof these
coefficientsis defined inkq.2:



Spectroscopic Ellipsometry characterization of thin films ...

INTM(2014) S. Benzitouni et al.

Layer 1 (ny, ki, d1)
Layer 2 (n3, ks, d2)
Layer i (nj, ki, d3)

Substrat (n, ks, d5)

Fig. 1. Schematic view of an ellipsometric measurement,
using multilayer optical system.
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The measurables of ellipsometry are the phase and the light
amplitude changes upon reflection which are denoted
asyand A.
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Ellipsometry is an indirect method; it does not give direct
access to the physical parameters of the sample (optical
thickness and the optical indices dispersion). It is necessary
to use a model for describing the optical response of a
sample. Le. to calculate the reflection coefficients r, and r.

s (Eq. 3)

and then find the W and Aangles. To calculate the optical
response of a stratified media, we used the matrix
representation of Abeles [19] which represents each stratum
by a matrix:

For S mode:

1 ..
- 1 - isin fj
€os f3; 2
[Eo]_l Nocoseoll__[ B; N-cosﬁj[ 1 J

= J -
EY| 2y ST - N cos &
0 N cosd iN, cosajsmﬂj cosﬁj sUUs
And for P mode:
isin gjcoso:
- 1 ,COSHO cosﬂj — 1
Bl 1 N L N; -
=5 69 I} .~ . Ns
+ cos 11N, sin 8
Ey) 2|1 %% || INgsinf; cos cosb),
No c0sd; J

J

139

Where

27zdej
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i the phase shift due to thejlayer is calculate from Oj the
mcidence angle, N,— the complex opticalindex and dj

thelayer thickness.

To model the optical indices of silicon oxynitrideswe used
the effective media approximation of Bruggman (BEMA)
(Eq.4) [20]. In this approximation, the deposited layers are
considered as combinations of homogeneous mixtures of
silicon nitride S::N. and S10: silica. The optical indices are
then calculated from the volume fractions fof SiO. and
Si:N: and their optical indices published by Palikin his
handbook [21].
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For minimizingthe difference between
measuredandcalculated spectra, quantified by the quadratic
error ', we used the simplex method [22].

21'\"(i i)z(i i)z(Fr)
z =mi§1 tanyey —tanyy, | +c0sAgy —COsAy, q.0

The proposed model allowed highlighting the effect of the
thickness and the chemical composition (volume fractions)
of the films on the ellipsometric spectra. The confrontation
of calculated spectra to ellipsometric measures taken on
real structures allowed the validation of the theoretical
model.

3. Results and discussions

The proposedmodelisused first to describe the optical
mdices dispersion ofS1IO.N,using the effective media
approximation of Bruggman, and then to studythe
mfluence of the chemical composition and the film
thicknessontheellipsometricangles. Finally the proposed
model was validated by the confrontation between
calculated and experimental spectra.



Spectroscopic Ellipsometry characterization of thin films ... INTM(2014) S. Benzitouni et al.
3.1. Optical indices calculated
The effective media approximation of Bruggman permits
to have a good description of the optical indices dispersion
depending from chemical composition of the deposited
films. It thus enables to distinguish between the optical %
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Using the proposed theoretical model, ellipsometric
spectra  were calculated for homogeneous films of
oxynitrides containing 209% silica. The thickness variesfrom
150nm to 350nm. The incidence angle was taken equal to
70°in agreement with experiment.

In Figure 3 we observe a pseudo-periodic variation in
ellipsometric spectra depending on the wavelength. This
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Fig. 3. Ellipsometric spectra calculated forvariable
thickness of SiOxN, containing 20% silica.
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variation 1s due to interferences resulting from reflections
at the two interfaces Air / film and film / Substrate. It 1s
noted that when the film thickness increases the number of
oscillations increases accordingly.

3.2. Analysis of Measured spectra

To validate the model two samples were used, the first
sample presents an oxynitride film deposited using variable
precursors flow while the second film is deposited at
constant flow.

go! (a) — ftted ]
*  measured

60+ 1

= 40 :

20¢ 1

O I I I I I I
300 400 500 600 700 800
Wavelenght (nm)
— fitted

3001 measured | ,....:

& 200¢ f
<

100+ 1

300 400 500 600 700 800
Wavelenght (nm)

Ellipsometric spectra recorded between 250nm and 825nm
for the two samples were compared with those calculated by
the proposed model. The adjustment is done using
progressively models with an increasing number of strata
(monolayer, bilayer and trilayer models).

The trilayer model gives the best agreement between
calculation and measurements, for the two samples(Fig.4).
The optical thickness and volume fraction of SiO. of each
sample are reported in Table 1.Both deposited films are
silica-rich, and this i1s probably due to the high reactivity of
oxygen

80t (b) N fitted
N . 4+ measured
_ 60 4
< 40}

300 400 500 600 700 800
Wavelenght (nm)

— fitted |
measured

0 I I I I I

NN ANN rnn ~rNN xialal (a]

Fig. 4. Experimental and fitted spectra of y and A angles, corresponding to two samples of SiOxN, thin
films: (a) 259 nm, (b) 306 nm.

Table 1; Ellepsometric analysis
Sample 1 Sample 2
sample  Thickness  fio.  Thickness — foe

(nm) (%) (nm) (%)

Layer 1 115 98 3 80
Layer 2 104 78 138 85
Layer3 42 50 164 38

The analysisof  measured ellipsometric spectra
reportedintable 1 shows that for sample 1 the volume
fraction  ofSiOusgraduallydecreasing  fromtheairto  the
substratewhich means that the deposited film s
inhomogeneous in depth.Contrary to this, for sample 2, the
volume fraction ofSiOusalmostconstant, which indicates
thehomogeneityof the deposited thinfilm. These results are in
accordance with the sample conditions of preparation.
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The quadratic error x’shown in figure 5 represents the
mean deviation between the experimental and that
calculated spectraby different proposed optical systems
such as monolayer, bilayer and trilayer. we can clearly see
that for the sample 1, more the number of layers increases
more the error decreases and the adjustment with
multilayer system better.Such
comportmentconfirmsthe results of Tablel
(inhomogeneousdeposited film). While for the sample 2,
the quadratic error is almost constant indicating that the
monolayer modelling system is sufficient. This confirms the
results of Table 1(comparable volume fraction of SiO. in
the depth of deposited film).
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Fig. 5. Quadratic errory? for three optical systems
proposed for analysing ellipsometric spectra of
sample S;and S,

4. conclusion

We have mvestigated the optical properties of thin films of
silicon oxynitride by spectral ellipsometry. The good
agreement between calculated and measured spectra
indicates that the proposed model correctly simulates such
optical systems. It 1s clear that the results obtained by the
multilayer system in the case of inhomogeneous samples
indicate that more the proposed system is complex, more
the adjustment is successful and this appears directly on the
values of the error function, which decreases rapidly. For
homogeneous film, a monolayer model is sufficient to
analyze the ellipsometric spectra. Ellipsometric analysis
shows that both deposited films are silica-rich probably
because of the high reactivity of oxygen with silicon.
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