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Abstract: In this work, CdS thin films produced by ultrasonic spray pyrolysis technique. The optical
properties of CdS thin films were investigated using spectroscopic ellipsometry and UV-VIS
Spectrophotometer. The optical properties of CdS thin films coated glass substrates were evaluated by
variable-angle spectroscopic ellipsometry. Variable angle spectroscopic ellipsometry was used for
thickness and optical constant calculations. Multiple angle measurements were taken in the most sensitive
angle of incidence region. Appropriate incident angle were obtained as experimental using graph of w and
4. Cauchy-Urbach model was used to determine the thickness, refractive index and extinction coefficient
for CdS thin films. Also, transmittance measurements and band gap values of the films was examined by
UV-VIS spectrophotometer and optical method, respectively. Finally, the incidence angle effects were
discussed on the optical properties of CdS thin films such as thickness and optical constant (refractive
index and extinction coefficient).
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CdS ince Filmlerinin Degisik A¢ilarda Spektroelipsometrik
Karakterizasyonu

Ozet: Bu calismada, CdS ince filmleri ultrasonik kimyasal piiskiirtme teknigi kullanilarak iiretildi. CdS
ince filmlerinin optik o6zellikleri spektroskopik elipsometre ve UV-VIS spektrofotometre kullanilarak
belirlendi. Cam tabanlar iizerine depolanan CdS ince filmlerinin optik 6zellikleri degisken agilardaki
spektroskopik ellipsometre Ol¢iileri kullanilarak incelendi. Kalinliklarin ve optik sabitlerin hesaplamalari
degisken acilardaki elipsometrik 6lgiimler kullanilarak yapildi. En duyarli gelme agisini belirlemek icin
cesitli agilarda 6l¢timler yapildi. Uygun gelme agisi, w ve A grafikleri kullanilarak deneysel olarak elde
edildi. CdS ince filmlerinin kalinliklarini, kirilma indisi ve soniim katsayisi degerlerini belirlemek igin
Cauchy-Urbach modeli kullanildi. Ayrica, gegirgenlik 6lgiimleri ve bant araligi degerleri sirasiyla UV-
VIS spektrofotometre ve optik metot kullanilarak belirlendi. Sonug olarak, CdS ince filmlerinin kalinlik
ve optik sabitler (kirilma indisi ve soniim katsayis1) gibi optik 6zelikleri {izerine gelme agisinin etkileri
tartigilmagtir.

Anahtar kelimeler: CdS ince filmleri, spektroskopik elipsometre, kalinlik, optik sabitler, gecirgenlik

1. Introduction

CdS is one of the most interesting 11-V1 semiconductors owing to its interesting optical,
electrical and optoelectronic properties. CdS thin films have been used in a large variety
of applications such as electronic, optoelectronic devices and photovoltaic applications
[1, 2]. There are several techniques for process CdS thin films, such as chemical bath
deposition [3, 4], thermal evaporation [5, 6], vacuum evaporation [7], spray pyrolysis
[8-10]. Among these techniques, spray pyrolysis is a simple, inexpensive, non-vacuum
and suitable technique to prepare large area. Also, this technique is used to obtain
homogeneous, adherent and stoichiometric thin films.
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The optical parameters such as thickness, refractive index, extinction coefficient,
absorption coefficient and transmittance are necessary to study various technology
application that use semiconductor thin films. For this reason, the thin film technologies
need the films with the well examined these physical parameters. These parameters of
thin films are determined from spectroscopic ellipsometry [11-14]. Spectroscopic
ellipsometry technique is used in practice and it is one of the nondestructive methods.
Also, several methods can be used to determine these optical parameters such as PUMA
[15], Swanepoel-Heavens’s method [16] and envelop method [17].

In this work, CdS thin films were produced by the ultrasonic spray pyrolysis technique
(USP), and optical properties of the films were characterized using spectroscopic
ellipsometry (SE) and UV-VIS spectrophotometer. The thickness and optical constants
of such as refractive index, extinction coefficients are obtained using variable-angle SE
data. Besides, the effect of the variable-angle SE on the thickness and optical constants
of CdS films is investigated.

2. Experimental procedure

CdS thin films were grown on glass substrate using USP technique. Spray solution was
prepared by mixing the appropriate volumes of CdCl,.2H,0 (0.1 M) and CS (NH2), (0.1
M) dissolved in a deionized water. The substrate temperature was fixed at 320+5 °C and
was controlled a thermocouple. The solution flow rate and gas pressure were kept
constant at 5 ml.min™ and 1 bar. Air was used as the carrier gas and the nozzle to
substrate distance was 28 cm.

After deposition of CdS thin films, the optical properties were investigated. Optical
transmittance and absorbance data were obtained with a UV-VIS Shimadzu 25500
double beam spectrophotometer and ellipsometric measurements were carried out by
PHE 102 spectroscopic ellipsometer over a spectrum wavelength range 250-2300 nm
with a polarizer-sample-analyzer configuration. But, the investigation of CdS thin films
has been performed in the wavelength range of 1200-1600 nm where Cauchy-Urbach
model has been used to obtain the thickness and the optical constants. This wavelength
range corresponds to a region where all films are transparent or weakly absorbing. So,
Cauchy-Urbach model can be used to these films in this wavelength range.

The thickness and the optical constants (refractive index and extinction coefficient) of
the films were obtained by analyzing the measured variable-angle ellipsometric spectra
(¥and A) though the Cauchy-Urbach model.

3. Results and discussions

Ellipsometry is one of the most advantaged techniques that is used to polarized light to
characterize thin film and bulk materials. SE is very sensitive to the film thickness and
optic constants, especially semiconductors. Besides, SE can be used to characterize
composition, roughness, crystalline nature and other material properties [18-20]. As an
optical technique, SE is non-destructive and contactless. Upon the analysis of the
change of polarization of light, SE can be give information about layers.
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In SE measurements, ¥ and 4 spectra are recorded at each wavelength and angle of
incidence [21]. These two parameters are related to the optical and structural properties
of the sample through the following expression [22]:

p=Ry/Rs =tg ¥exp(i4) D

where R, and R are the complex reflection coefficients for the light being polarized
parallel (p) and perpendicular (s) to the plane of incidence, respectively. 4 reflects the
change in the phase difference between the incident and reflected waves for respectively
p-polarized and s-polarized components. The values of A vary from zero to 360°. ¥
describes the orientation of the ellipse and tg¥ is the absolute value of Ry/Rs [23, 24].
The fundamental equation for the complex reflectance ratio p is also described as
follows:

p=f(n1,n2,n,e,t,A,K) 2)

where n1, n, and n represent the refractive index of air, substrate and film, respectively.
¢ and A represent the incident angle and wavelength of incident light, respectively. t and
k the thickness and extinction coefficient of thin film, respectively [25].

Ellipsometry does not measure optical constants or film thickness directly; however ¥
and 4 can be represented as mathematical functions relating these material
characteristics. Hence, a mathematical analysis called model-dependent analysis must
be performed to determine real parameters from the measured ellipsometric data. Also,
finding the best match between the model and the experiment is typically achieved
through regression. An estimator, like the Mean Squared Error (MSE), is used to
quantify the difference between curves. The unknown parameters are allowed to vary
until the minimum MSE is reached. The best answer corresponds to the lowest MSE.

Numerous material parameters can potentially be determined through SE analysis,
including layer thickness, surface and/or interfacial roughness, optical constants and
void fraction, using optical physics (Fresnel reflection coefficients, Snell's law, etc.) In
order to extract useful information about a sample (thicknesses and optical constants of
the layers) the experimental data are compared with the data generated using a model
which describes the structure of the sample and its optical response [26].

The optical constants play an important role in optical communication and designing of
the optical devices, because they are closely related to the electronic polarizability of
ions and the local field inside materials. Cauchy model, which is suitable for
semiconductors, was used to extract the optical constants of the CdS thin films. The
following formulas were used to define the refractive index (n) and extinction
coefficient (k) of the Cauchy material [27]:

n()=A+5+5 @3)

k(2) = arexp f[12.400C + 1)] (4)
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where A, B, C, «, # and y are model parameters. Some works showed that Cauchy model
Is suitable for CdS thin film ellipsometric characterization [28, 29]. Variable angle
spectroscopic ellipsometry measures changes in polarization of light as a function of
angle and wavelength when light is reflected from or transmitted through a sample.

So, this work investigates the effectiveness of different angle that can be applied to the
analysis of CdS thin films. Ellipsometric ¥ and A data were acquired at three angles of
incidence (50°, 60° and 70°) over the spectral range 1200-1600 nm in step 10 nm.
Multiple angles and wavelengths were fit simultaneously in the Cauchy-Urbach optical
model. At each measured wavelength ¥ and A data are measured at multiple angles.
This helps greatly in adding information about film thickness, refractive index and
extinction coefficient for CdS thin films.

Cauchy-Urbach model determined an approximate film thickness and refractive index it
is desirable to find a region of the measured spectral range where the film nearly
transparent. This allows simpler models with fewer parameters to be used in the fitting
the data. Fig. 1 shows ¥ and A fits to the experimental data over the spectral range
1200-1600 nm at different incidence angles. Also, thicknesses and model parameters are
given in Table 1. The measured values were best fitted using Cauchy-Urbach dispersion
model. A good fit is found between experimental and model data. However, there are
some small deviations on ¥and A values between model and experimental data. This is
probably due to the depolarizing effect of roughness, grain boundaries and
morphologies of the films which affect the experimental data. Backside reflection of
glass substrates may also cause deviations on fitted values.

Table 1. The thickness and SE parameters of CdS thin films at different incidence angles

Sample t (nm) A B((:é(;;) C((:nlg;) a p MSE
50° 139.04 2.349 0.019 0.14 0.48 15 0.01
60° 139.09 2.347 0.018 0.12 0.31 1.3 0.01
70° 137.06 2.339 0.015 0.10 0.56 1.6 0.03

Refractive index n (1) and extinction coefficient k (1) spectra of the CdS films are
shown in Fig. 2 and Fig. 3, respectively. Fig. 2 is observed that the variation of
refractive index with wavelength where the solid curve reperesents the Cauchy fit and
refractive index of all deposited films decreases slightingly from 50° to 70°. Also, the
data followed the relation Eq. (3) for the CdS films, implying that the films had normal
dispersion for the entire range of wavelength studied.
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Figure 1. SE spectra (4 and ) (a) 50°, (b) 60° and (c) 70° of CdS thin films at different incidence angles
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Figure 2. Refractive index (n) spectra of CdS thin films

I 1 1 I
0.0016 | EN 4 70°
i
0.0014 | “‘&, |
X~ I M
0.0012 | 4 _
L M‘A
0.0010 ] 1 ] ] . ! i
[N
0.0014 | |
X
B L
0.0012
L ., 2
00010 - 1 1 1 l\I
0.0016 : :
0.0014 | e .
= *%.&k
0.0012 [ ;. .
******
l N 1 N 1 1 N *T
0.0010
1100 1200 1300 1400 1500 1600 1700
* (nm)

Figure 3. Extinction coefficient (k) spectra of CdS thin films.
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Fig. 4 shows the transmittance and absorbance spectra of CdS thin films, measured in
the wavelengths between 300-900 nm. The optical transmittance falls very sharply near
the UV region due to the onset of fundamental absorption. The spectra showed an

average transmittance ~60 %.
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Figure 4. Transmittance spectra of CdS thin films

The absorption coefficient (), in the strong absorption region was calculated from the
transmittance spectra data;

a=—(3)nT (5)

where t is the thickness and T is the transmittance of the film. Fig. 5 shows the spectral
dependence of absorption coefficient in CdS thin films. It could be observed that the
absorption coefficient increased with the increase of photon energy and showed band
tails in the different energy region. This indicated that is a high concentration of
impurity states causing the band structures to perturb, resulting in a prolonged tail
extending into the energy gap in the thin films [30]. An exponential increase in the
absorption edge follows the Urbach equation [31];

o = ogexp [h:fl] (6)

where Eg and o are characteristic parameters of the material, represented as the Urbach
energy width of the exponential tail and Urbach absorption energy. According to Eq.
(6), the plot of Ina as a function of photon energy, E gives a straight line converges at a
point E; called as ‘focal point’. The Urbach tail was observed for CdS thin films and
Urbach energy is calculated as 281 meV.
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Figure 5. Variation of absorbtion coefficient as a function of photon energy

The energy band gap of the CdS films can be calculated from the absorption coefficient,
() on the photon energy (hv). The direct and indirect nature of optical transition
between parabolic bands can be studied using the relation [32];

ahv=A(hv—E,)" )

where A is a constant, Egy is the optical energy band gap, n=1/2 and 3/2 for direct
allowed and direct forbidden transitions, respectively. Further, the value of n=2 and 3
for the indirect allowed and indirect forbidden transitions respectively. In this work, the
variation of absorption coefficient with the photon energy followed the above relation
for n=1/2 indicating that the transition must correspond to a directly allowed electronic
transition. Fig. 6 shows a plot of (ahv)? versus hv and the energy band gap was
calculated by extrapolation of the linear portion of (ehv)? versus hv plot onto the
energy axis. The energy band gap value of CdS thin films was determined as 2.38 eV.
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4. Conclusion

In conclusion, CdS thin films were successfully prepared by ultrasonic spray pyrolysis
on glass substrate. The optical constants of the films were characterized by using
spectroscopic ellipsometer. It was found that the three different incident angles could be
used to fit the experimental data in the thin film studied. Cauchy-Urbach model fitted
well the spectroscopic ellipsometric data (¥ and A) at different incidence angles. The
thickness, refractive index and extinction coefficient were found to be dependent on
variation of angle of incidence. The best fit was determined optimal angle of incidence
at 50° and 60°. The thickness of the films was measured as 13942 nm. The refractive
indices of CdS thin films showed a normal dispersion behavior and the values were in
the range of 2.3~2.4, which are reasonable for CdS thin films. The optical properties of
the films were determined by using optical transmittance and absorption spectra. The
CdS thin films had an absorption coefficient and Urbach energy (E,=281 meV) was
calculated. Also, the optical band gap value was determined as 2.38 eV.
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