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Abstract. Thin films with a graded refraction index constituted from silicon and titanium
oxides were deposited by plasma enhanced chemical vapor deposition using electron
cyclotron resonance. A plasma of oxygen reacted with two precursors: the
tetraethoxysilane (TEOS) and the titanium isopropoxide (TIPT). The automatic
regulation of the precursor flows makes it possible to modify the chemical composition,
and consequently the optical index, through the deposited films. To control the thickness,
the refraction index and the growth kinetics, insitu spectroscopic ellipsometer was
adapted to the reactor. The analysis of ex situ ellipsometric spectra measured at the end
of each deposition allow to determine a refraction index profile and optical properties of
the inhomogeneous deposited films. Measurements of reflectivity carried out in the
ultraviolet-visible-near infrared range show that these films could be used as
antireflective coatings for silicon solar cells: 3.7 % weighted average reflectivity between

300 and 1100 nm and 48 % improvement of the photo-generated current were obtained.
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1. Introduction

The quality of the anti-reflecting (AR) coatings is an
essential criterion for the realization of high-
performance solar cells [1]. To reduce the reflection, the
surface of the solar cell is texturized before depositing
the AR coating, mainly in silicon technology [2]. These
modern coatings with hydrogenated silicon nitrides
(SiN:H) are very appreciated because of  their
passivation properties [3-4]. For more powerful double
layer antireflection (DLAR) coatings, common materials
that were used for non-encapsulated solar cells include
titanium dioxide TiO, and silica SiO, [5-6]. Another
method of reducing the reflectivity consists in depositing
an inhomogenous dielectric film presenting a gradually
decreasing refraction index from the substrate towards
the ambient [7-9]. These AR coatings, realizable in one
technological stage, eliminate problems of interfaces
between adjacent dielectric layers (constraints, bad
adhesion, rough interface). Therefore, it is necessary to
optimize the refraction index grading profile to get
minimum reflectance. To realize these coatings, several
materials (oxynitrites, hydrogenated nitrides, porous
titanium oxide) deposited by using various processes
(PECVD, sputtering techniques) were described in the

literature [9-12]. Among the methods of deposition used,
the plasma enhanced chemical vapor deposition using
the electron cyclotron resonance (ECR-PECVD) allows
to obtain materials with good dielectric properties
deposited at low pressures and practically at the room
temperature [5, 11].

In this work, proposed is a new profile for graded
AR coating, using silicon and titanium oxides mixtures,
which could replace the powerful classical DLAR
coating TiO,/SiO, [5-6]. For such applications, the
control of the thickness and refraction index during
deposition process is particularly valuable. In this work,
in situ monochromatic ellipsometry was used for such
measurements. In addition, the films deposited were
characterized (ex situ) by spectroscopic ellipsometry and
their performances evaluated by measurements of the
spectral reflectivity.

2. Experimental details

The simplest method to obtain oxides by PECVD is to
use O, plasma. To obtain titanium or silicon oxides, two
precursors were used: tetraethoxysilane (TEOS) and the
titanium isopropoxide (TIPT). These precursors have
several advantages: they are very easy to use, they are
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non-dangerous products (as compared to SiH,) and they
are very volatile at low temperature (between the room
temperature and 50 °C). Moreover, the obtained films
possess a weak carbon contamination [5].

The plasma was excited at the microwave fre-
quency (2.45 GHz) under electron cyclotron resonance
(ECR) conditions. A nitrogen flow saturated with TIPT
vapor allows the transport of this precursor to the
oxidation chamber. The vapor of TEOS has a second
access to the reactor. To avoid recondensation of
precursors in the feed lines, they are heated to 50 °C.
The gas flows (TEOS, TIPT and O,) were controlled by
automat. A Baratron gauge allows to measure the
pressure during the deposition process which is usually
about 1 mTorr. The temperature of the samples can be
regulated between the room temperature and 400 °C. All
the depositions were made on single crystal Si(100)
substrates. No sample polarization was applied.

The reactor chamber was equipped with a
spectroscopic  ellipsometer with rotating polarizer
system. Incident angle is fixed at 70°. The classical
ellipsometric method for in situ control consists of
following the trajectory of the ellipsometric angles
measured during the process [5, 12].

The two ellipsometric angles are defined by

p{—pjztgw)exp(m), m

where R, and R are the Fresnel reflection coefficients.

Measurements were performed at the constant
wavelength, chosen in the range where the deposited
materials are transparent (500 nm in our case). The A
versus  curves were plotted during the deposition in the
Cartesian coordinates and compared to iso-index
abacuses where the thickness constitutes the variable for
a transparent film on silicon substrate [13].

After depositing, the ellipsometric spectra were
systematically taken in various points of the sample to
ensure the homogeneity of the deposited films.

The exploitation of ellipsometric measurements (in
Situ and ex situ) requires the use of models based on the
stratified medium theory [13-15]. The calculated and
measured spectra were compared to minimize an error
function that generally expressed by

M
x ZﬁZ [tg (\vexp)— e(va )]2 " 2)

+ [cos (A exp )— cos (A th )]2 .

The adjustment of the theoretical curves to the
experimental spectra permits to determine the optical
parameters of the deposited layer, namely, its thickness
and the refraction index profile.

Optical indices of deposited materials (SiO,, TiO,)
were obtained from spectroscopic ellipsometry mea-
surements. For Si substrate, we use the indices published
by Palik [16].

To evaluate the performance of the obtained AR
coatings, the reflectance spectra were measured using a
Cary-5G spectrophotometer covering ultraviolet-visible-
near infrared range.

3. Deposition of fixed refraction index layers

To calibrate the deposition process of titanium and
silicon oxides mixture, precisely to be able to vary the
index of the deposited layers by modifying the
precursors flows, several tests were carried out. The
temperature of the substrates was maintained at 100 °C.
The oxygen flow was constant at 6 sccm. As TIPT is
much more reactive with the oxygen plasma, a small
variation of the flow rate between 0.5 and 1 sccm results
in sizeable variation in the film composition. TEOS flow
variation should be stronger (2 to 6 sccm) because with
low flow of TEOS, TIPT dominates, and we obtain
practically titanium oxide.

The A= f(y) experimental curves compared

with corresponding Iso-indices abacuses (Fig. 1) show
clearly that we can obtain films based on silicon and
titanium oxides mixtures with variable refraction
indices. By choosing the adequate flows, we manage to
carry out films with constant indices ranging between
2.25 and 1.46 (at 500 nm).
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Fig. 1. In situ ellipsometry: deposition trajectories (a) and

growth kinetics (b) of silicon and titanium oxides mixtures
obtained by ECR-PECVD.
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Fig. 2. Optical indices of silicon and titanium oxides mixtures.

We notice a good agreement between iso-index
abacuses and experimental measurements, which form
closed loops what indicates that the deposited films
carried out with constant flows are homogeneous in-
depth. Deposition kinetics presents linear variations with
higher rates for films richer in titanium oxide. Stronger
indices correspond to films with high composition of
titanium oxide.

The dispersion laws N(A) and K(A) of the refraction
index and the extinction coefficient, respectively,
represented in Fig. 2, were obtained from ellipsometric
spectra measured in the range of 240 to 700 nm. For the
samples TiO,-Ref, TISI0402 and TISI3001, the Forouhi-
Bloomer model (FBM) [17-19] gives very good results.
The minimal error 7 varies between 5-10™* and 5-107°.

For the sample SiO,-Ref, the measured optical indices
are similar to those of thermal silica [16].

Table gathers the main part of the ellipsometric
investigation results carried out using the presented
samples.

The Bruggeman effective medium approximation
(BEMA) [20-21] is more commonly used to determine
the inhomogenous film optical indices [5, 8, 11]. Using
this model, we consider the deposited films as an
isotropic physical mixture of two phases: silica SiO, and
titanium dioxide TiO,, homogeneous at the wavelength
scale. Even if that is not completely true, this
approximation gives good results in the visible and near
infrared ranges [14, 22]. Using the optical indices of
SiO,-Ref and TiO,-Ref, previously determined by

Table. Ellipsometric results.

spectroscopic ellipsometry, the dispersion functions n(A)
and k(L) of all the films consisting of TiO,-SiO,
mixtures can be determined by the relation:

=2

2 =2 2
Nsio, —N Nrio, —N

—=— =0
2 ~2 ’
NTio, +2n

Si0y TiO» (3)

2 ~2
MSio, + 2n

fsi0, and frjo, represent the bulk fractions of SiO,

and TiO; in the film, respectively.
4. Graded refraction index AR coatings

The first stage of the design proceeds by simulating the
optical behavior of graded coatings to be able to
optimize their performance before the stage of
technological realization. It is essential to choose the
appropriate profile to get minimum reflectance. The
quintic (fifth-order polynomial) profile is known to
drastically reduce reflection losses [23]. In this work, we
suggest a profile, similar to the quintic one, which
proved its effectiveness [24]. The graded refraction
index can be described, using in BEMA, a bulk fraction
of TiO, variable versus depth. The profile suggested
(Fig. 3) is described by the relation:

frio, =1—[1+exp[3(x —XO)]_] .

In this expression, when the value of f

“)

is
sufficiently great, the profile becomes abrupt, and we
find the configuration of a classical SiO,/TiO, DLAR
coating with a thickness X, of silica. Note that the
refraction index decreases with the proportion of TiO,
from the substrate towards ambient.

The spectral reflectivity R(L) will be calculated
using the characteristic matrix method (stratified media
theory) [1,25] considering the graded film as a
superposition of fixed refraction index sub-layers with
the same thickness [11, 14, 24].

To optimize the AR coating performances, the
spectral aspect of sunlight and the internal spectral
response of solar cells must be taken into account.
J.Zhao & M.A. Green [1] consider that the photo-
generated current is the best criterion to appreciate the
quality of an AR coating. Indeed, the direct consequence
of the reduction in reflection losses is an increase in
photonic absorption, which generates more current in the

— TIPT  TEOS Grr::é/th Reitzzztion Forouhi-Bloomer Model (FBM) P
P (sccm)  (sccm) L oo A B C n(oo) E, (eV)
R ILI71IIIIT) dU JUUTIIT 4
TiO, - Ref. 1 0 8.61 . 0.35 8.12 0.38 2.05 3.40 7.8 10
TISI0402 0.5 2 6.39 1.83 0.21 8.03 0.35 1.80 3.46 8107
TISI3001 0.4 5 4.95 1.65 0.12 8.06 0.59 1.63 3.37 3107
SiO, - Ref. 0 2.5 2.88 1.46 - - - - - -

© 2007, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

62



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2007. V. 10, N 1. P. 60-66.

i
o
S
..w

©
3
e,
£
1l
o
N

-3
S
T

Substrate

IS
S
T

Ambienti

Volume fraction of TiO2 (%)

)
=3
T

Depth (nm) 00

Fig. 3. Optical indices determined from ellipsometric
spectra by the BEMA and FBM.

cell. This current that is approximately equal to the
short-circuit current can be calculated from the spectral
irradiance of the sunlight ® (1) and the internal spectral

sensitivity S(k) of the treated cell [25-26]. The density
of this current is expressed by the relation:

Jec = T[l ~R()]@ (x)S(x)d . (5)

In this work, we used the standard spectrum AM1.5
for ®(1) and the values of S(L) published by

M. Orgeret for a c¢-Si solar cell [27]. The integration
covers the field of sensitivity of a silicon cell between
300 and 1100 nm. The best improvement in Jg: (50 to
60 %) reported in literature are mainly assigned to the
reduction in reflection losses. The reduction of the
recombination rate at the surface by passivation of
surface decreases partially contributions to this improve-
ment, as it was evoked by certain authors [28-30]. In our
case, only the losses by reflection are considered.

The gain in photocurrent due to the antireflection
treatment is given by the relation:

_ Mg _ Jg(with RAR)- I (without RAR)

G
Jo (without RAR)

p ‘]$

(6)
The weighted average reflectivity R, is also a good
quality criterion for AR coatings [1,24]. It is defined

within the wavelength interval [ A, , A, ] by the relation:

Ru = 21—
J'cp(x)s(x)dx

(7

Therefore, the aim becomes to determine the
thickness and the index profile what permits to obtain
the highest gain in photocurrent G, corresponding to a

minimal weighted reflectivity R,. Fig. 4a shows the peak
of the gain in photocurrent Gy (max)= 48.3 % for the

thickness Ep:145 nm and X, = 61 nm. In addition, the

profile must be sufficiently abrupt (> 0.2) to get high

antireflection performances (Fig.4b). The minimal
average weighted reflectivity calculated within the
wavelength range (300-1100 nm) was 3.57 %.

The theoretical curve A(\y) obtained using the

parameters describing the optimal refraction index
profile will be used as reference mark during deposition.

5. Graded AR coating deposition

For graded films manufacturing, similar conditions to
that described in paragraph 2 were adopted. The
temperature of the sample was maintained at 100 °C
during the deposition. The pressure in the deposition
chamber is close 1 mTorr. The TEOS is introduced with
weak flow (0.5sccm) at the same time as TIPT
(2.5 scem) before activating the oxygen plasma (O, flow
fixed at 6 sccm). The TIPT reacts much more quickly
than TEOS with oxygen, so under these conditions we
practically obtain titanium oxide. The refraction index
(at 500 nm) was close to 2.2 at the beginning of the
process.
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Fig. 4. AR coating suggested profile.
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Fig. 5. Optimization of the graded AR coating performance.

During the deposition, the TEOS flow was
gradually increased whereas the TIPT flow was
decreased until total stop of the contribution in TIPT
around a thickness of 50nm. At the end of the
deposition, only TEOS is introduced in the reactor with a
flow of 6 sccm. The latter deposited single layers are,
therefore, exclusively made of silica. Fig. 5a shows the
theoretical A(y)curve calculated from the profile of

Fig. 3 adjusted to the experimental trajectory.

Deposition kinetics (Fig. 5b) clearly shows a
reduction of the growth ratios between the beginning of
the deposition (titanium oxide) and the end (silicon
oxides).

An ellipsometric spectrum was taken after
deposition to determine the index profile carried out and
the thickness of the deposited layer. The adjustment of
the theoretical curves to the experimental spectra by
minimizing the error function y permits to determine

the thickness and the parameters X, and 3, which define

the obtained index profile.

Fig. 6 shows a good agreement between the
theoretical and experimental spectra. The function of
error is about 2-107. The deposited thickness of 150 nm
is slightly higher than the optimal value given in the
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Fig. 6. In situ ellipsometric control of the graded coating
deposition (a), growth kinetics of graded film (b).

proceeding paragraph. To define the form of the profile,
the minimization results give X, = 58 nm and = 0.26.

The reflectivity was measured between 300 and
1100 nm and was compared with that of bare silicon.
Fig. 7 shows the significant reduction due to the
presence of graded index AR coating: the average
weighted reflectivity R, decreases from 35 % for bare
silicon to 3.7 % after deposition of the graded index AR
coating. The short-circuit current could then be
improved of 48 %. In recent work, B.S. Richards &
Al [31] obtained the average weighted reflectivity of
6.5 % by using double-layers AR coating using porous
TiO, deposited by atmospheric pressure chemical vapour
deposition (APCVD). K.L.Jiao & Al have reported
photocurrent gains between 40 and 46 % using
Ti0y/Si0, classical DLAR coating [6]. The result
obtained using the suggested graded coating is therefore
very satisfying, especially if we know that ideal G, gain
that we could obtain by complete elimination of
reflection losses should be approximately equal to
53 % [26].
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Fig. 7. Ellipsometric spectra of the graded AR coating.
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6. Conclusion

Inhomogeneous dielectric films can be deposited at low
temperature by ECR-PECVD using two precursors
(TIPT and TEOS). The obtained films consisting of
silicon and titanium oxides are chemically stable and
practically transparent over all the solar spectrum.
Therefore, they are particularly interesting for the
realization of antireflection coatings. Graded AR
coatings, fabricated in only one technological stage,
permits to avoid the problems of interfaces met in the
fabrication of classical multilayer AR coatings. The in
situ ellipsometry control of thickness and refraction
index makes it possible to optimize the performances of
these coatings. The measured weighted average
reflectivity around 3.7 and 48 % enhancement of
photocurrent were obtained. These values very close to
the calculated optimal performances confirm the
effectiveness of the deposition control by in situ
ellipsometry.
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