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In the present research paper, thin films of antimony trisulfide (Sh,S3) were successfully
deposited on glass substrates. The effect of thickness on the structural and optical
properties of antimony trisulfide (Sb,S3) thin films is studied. The optical constants (n, k)
and film thicknesses of Sh,S; thin films were obtained by fitting the ellipsometric
parameters (y and A) data using three-layer model systems in the wavelength range of
400-1800 nm. It is found that the refractive index n increases with an increase of the film
thickness. The structural investigations are performed by Scanning electron microscopy
SEM (the Grain size increased with the film thickness). We demonstrate generalized
ellipsometry for precise measurement of the principal indices of refraction and the
extinction coefficients.
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1. Introduction

Antimony trisulphide thin films (Sb,S3) is a V-VI semiconductor compound, and has
gained considerable attention recently in the fabrication of various optoelectronics, photonic
devices, and in the nanotechnology industry. Also Sh,S; have gained much attention during the
past two decades due to their special properties such as high refractive index [1], well defined
guantum size effects [2], photosensitive and thermo electric properties [3]. Many researchers
earlier to its applications in microwave devices [4-7] ascribe the technological importance of
Sh,S;. Among the available chalcogenides, pure and doped Sbh,S; thin films are used in solar
energy conversion, thermoelectric cooling technologies and as photoconductive target for
Videocon type of television camera [6, 7]. Amorphous and crystalline thin films of antimony
trisulphide were prepared many workers have obtained Sb,S; thin films by various technique as
the chemical bath deposition [8, 9], the sol-gel method [10], vacuum evaporation method [6, 11]
and have studied the effect of deposition conditions on the physical properties of the thin films.
Among these methods used for the preparation of Sb,S; thin films, the chemical bath deposition
method is often preferred because, it offers large possibilities to modify the deposition conditions
so as to obtain films with required structure and physical properties for specific applications [7-
12].

Spectroscopic ellipsometry (SE) is a non-destructive and sensitive technique for
measuring the optical response of materials. By measuring the change in the polarization state, i.e.
psi (y) and delta (A), of the light reflected off the surface of a film and then utilizing an
appropriate optical/dispersion model, one can extract precisely the optical properties and
determine accurately the thickness of the film under study. In this paper, we report on the
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preparation of structure films with different thicknesses of Sh,S;. The optical properties of films
with different thicknesses of Sh,S; are investigated in terms of SE by using three-layer models.

2. Experimental details

The Sh,S; thin films with various thicknesses in the range 300-800 nm were deposited on
un-heated glass substrates by thermal vacuum evaporation. The pressure during the evaporation
was maintained at 10° Torr. A chromel-alumel thermocouple monitored the substrate
temperature. The deposition temperature of the films was 50 °C, with heating only due to radiation
from the crucible.

2.1. Characterization of the films

The SE parameters (v and A) for Sb,S; films were measured with a rotating-compensator
instrument (J.A. Woollam Corporation, M-2000) in the wavelength range of 400-1800 nm. The
data were acquired with angles of incidence varying from 55° to 75°. All the measurements were
made at room temperature. The optical constants of the Sb2S3 films were determined by fitting the
model function to the measured data using J.A.Woollam Corporation-developed WVASE32
program. The surface structure was studied Scanning electron microscopy (SEM), techniques are
employed to analyze the surface morphology of the films deposited.

3. Results and discussion

3.1. Scanning electron microscopic studies (SEM)

The surface morphology of the Sh,S; thin films has been studied by scanning electron
microscopy. Fig.1. revels the SEM micrographs of the Sb,S; thin films for different thickness
(300, 500 &800nm). He reveals several small grains are found to agglomerate and form a few
larger grains (Fig. 1).

Fig. 1. Top view SEM images of the Sh,S; thin films for different thickness, a)300 nm; b)500nm; ¢)800 nm

The grains are found to be larger due to fusion of small crystallites. The overgrowth of
particles is clearly seen from the SEM micrographs with increase in thickness of Sh,S; thin films.
From the SEM studies the nature of the spherical grains are confirmed. The average grains size to
be increased significantly due to the thickness.

3.2. Calculation of optical constants in terms of optical spectroscopic ellipsometry

The optical properties of Sh,S; thin films were primarily studied by SE, which measures
the relative changes in amplitude and phase of the linearly polarized monochromatic incident light
upon oblique reflection from the film surface. Appropriate experimental setups are required that
can determine non-redundant optical parameters from a general anisotropic sample. Generalized
ellipsometry (GE) comprises theory and experiment of anisotropy in layered samples. The
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experimental parameters obtained by standard SE ( y and A) are related to the microstructure and
optical properties as defined by the following equation [19]:

p= :—': = tanyexp(id) )

Here rs and r, are the complex Fresnel’s reflection coefficients of the light polarized
parallel (rp) and perpendicular (rs) to the plane of incidence, respectively. The layer model
analysis, based on Fresnel’s coefficients of reflection, was performed on the measured
ellipsometric angles. The spectral dependences of v and A were fitted in an appropriate model to
extract the film thickness and optical constants, i.e. the refractive index (n) and the extinction
coefficient (k), using a least-square regression analysis and a weighted root-mean-square error
function. The ellipsometric study, by a three-layer model: upper layer (rough layer)/absorbing
Sh,S; layer/glass substrate. The upper layer corresponds to the microscopic roughness obtained by
SE is well correlated with the mean square error (MSE). The program is based on least-square
regression to obtain the unknown fitting parameters and their maximum confidence limit. The
procedure is to vary the fitting parameters to minimize the difference between the measured and
calculated y and A values. The Levenberg—Marquardt regression

Algorithm was used for minimizing the MSE [20]:

2 2
1 Wmod_y/‘_?xp Amod_A_exp
MSE = — ¥iL, <<T + T )

which has been used to judge the quality of the fit between the measured and the modeled data and
is minimized in the fit. Here N is the number of measured  and A pairs included in the fit, M is
the number of fit parameters and i is the summation index.

Also, wfxp , A7P and ymo?, and A4 are the experimental and modeled values of

and A, respectively. af//f‘ip And o} are the experimental standard deviations in y and A,

respectively, which are calculated from the know error bars on the calibration parameters and the
fluctuation of the measured data over the averaged cycle of the rotating polarizer and analyzer.
Equation (2) has the 2N and M in the prefatory because there are two measured values included in
the calculation for each v and A pair. The calculated data the y/l?h and Afare generated by using
appropriate models as shown in figures 2(a-b-c) with corresponding dispersion relations [21]. The
spectral dependences of  and A determined for Sb2S3 films on glass substrate are depicted in
figures 3(a-b-c), respectively; the spectra show Fabray—Perot interference oscillations over the
entire wavelength range originating from multiple reflections within the films [22].

Figs. 2(a-b-c) shows good agreement between the measured data (symbols) and the model
fit (line) in the entire wavelength range measured.
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Fig. 2. a-b-c: ¥and 4 spectra obtained from spectroscopic

ellipsometry for Sh,S; thin film at

an angle of incidence of 60°. The continuous lines represent the model fit.

We note that the shapes of the curves with their particular interference peaks are correctly
reproduced but slight differences between experimental and calculated parameters could be
observed. The estimated thicknesses for the surface roughness layer and for the Sb2S3 dense layer
are shown in the insets of Figs. 2(a-b-c). The estimated thicknesses of the films are 294.44, 3101.1,
and 4123.32 A (thichness of substrat + layer), respectively.
refractive indices and extinction coefficients, of films with different thicknesses of Sb,S; are

presented in Figs. 3, 4 and 5, respectively.

Spectroscopic Ellipsometric (SE) Data

The fitted optical constants, i.e. the

50
45
40
35

v
30
25

20

A
05 ¥
00

05

15
300 600 900 1200 1500
Wavelength (nm)

-1.0
1800

Fig. 3. Refractive index n and extinction coefficient k as a function of the wavelength of Sh,S; for the

thickness =300nm.
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Fig. 4. Refractive index n and extinction coefficient k as a function of the wavelength of
Sh,S; for the thickness =500nm.
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Fig. 5. Refractive index n and extinction coefficient k as a function of the wavelength of
Sh,S; for the thikness =800nm.

At each wavelength, the refractive index increases gradually with increasing the thickness
of the Sb2S3 film. The refractive index is closely related to the packing density of the films. Thus,
the increase in the refractive index may be attributed to an increase in the packing density.

The absorption coefficient (ahv) of Sh,S; thin films can be calculated from the values of
extinction coefficient k and A using the known formula k = aA/4x. It is known that in the vicinity
of the fundamental absorption edge, for allowed direct band-to-band transitions, the absorption
coefficient is described by

hv—E;pt)m

K(
a(hv) = — (3)

where K is a characteristic parameter (independent of photon energy) for the respective transitions,
hv denotes the photon energy, Egpt is the optical energy gap and m is a number that characterizes
the transition process.

Different authors [23-25] have suggested different values of m for different glasses:

m = 2 for most amorphous semiconductors (indirect transition) and m = 1/2 for most
crystalline semiconductors (direct transition). In a few reports, the band gap of Sbh,S; is classified
as direct [26, 27] and in others as indirect [28, 29]. Therefore, the allowed direct and indirect
optical band gaps of Sb,S; films were evaluated from (ahv)?® versus hv plots and (ahv)? versus hv
plots, respectively.
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Fig. 6. Shows («h1)? versus hv plots for films with different thicknesses of Sb,Ss.

The (¢hv)? versus hv plots of the Sb,S; films exhibited a straight line and the intercept of
the energy axis at (ehv)? = 0 gave the direct energy band gap.
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Fig. 7. Shows (zh1)? versus hv plots for films with different thicknesses of Sb,Ss.

3,00E+011

2,50E+011 4

2,00E+011

1,50E+011 4

(ahvy’ (eVem™)y

1,00E+011

5,00E+010 o Eg=1,82eV

0,00E+000 -

T T T T T
0 1 2 3 4 5
hv (eV)

Fig. 8. Shows (zh)? versus hv plots for films with different thicknesses of Sb,Ss.

The variation of the direct band gap with thickness is shown in Fig. 9. Similarly, the
indirect band gap of the films was evaluated from (ahv)1/2 versus hv plots, as shown in Fig. 7, and
its variation with thickness is also shown in Fig. 9. The values of Eopt g for both direct and
indirect transitions are found to increase with increasing the film thickness.
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Fig. 9. Variation of band gap energy Eg vs film thickness of Sh,S; thin films.

The increase of Eopt g for both direct and indirect transitions may be attributed to an
increase in crystallite size.

4. Conclusions

It is concluded from this study that Sbh,Ss; thin film is a new material for solar cells that has
potential for use as an absorber layer. The SE parameters ( ¥ and A) for the SnS films were
measured in the wavelength range of 400-1800 nm and the optical constants of the Sb,S; films
were determined by fitting the model function to the measured data using J A Woollam
Corporation-developed WVASE32 program. The allowed direct and indirect optical band gaps of
Sh,S; films were evaluated from (ahv)? versus hv plots and (ahv)"? versus hv plots, respectively.
Its optical properties were calculated by modeling the ellipsometry data to match with the reported
absorber layers. The absorption coefficient is above is wavelength-dependent.
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