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Thin  films  of  Sb40Se20S40 with  thickness  1000  nm  were  prepared  by thermal  evaporation  technique.  The
amorphous  nature  of  the  thin  films  was  verified  by  X-ray  diffractometer.  The  chemical  composition  of  the
deposited thin  films  was  examined  by energy  dispersive  X-ray  analysis  (EDAX).  The  changes  in  optical
properties  due  to the  influence  of  laser  radiation  on amorphous  thin  films  of  Sb40Se20S40 glassy  alloy  were
eywords:
halcogenides
hin films
ptical properties
TIR
PS

calculated  from  absorbance  spectra  as  a  function  of  photon  energy  in the  wavelength  region  450–900  nm.
Analysis  of  the  optical  absorption  data  shows  that  the  rule  of  non-direct  transitions  predominates.  It  has
been observed  that  laser-irradiation  of  the  films  leads  to  a decrease  in  optical  band  gap  while  increase  in
absorption  coefficient.  The  decrease  in  the  optical  band  gap  is explained  on  the  basis  of  change  in nature
of  films  due  to  disorderness.  The  optical  changes  are  supported  by  X-ray  photoelectron  spectroscopy  and
Raman  spectroscopy.
. Introduction

Chalcogenide glasses are inorganic materials which contain one
r more of the chalcogen elements: S, Se or Te in conjunction with
ny (more) electropositive elements of group V of the periodic table.
hese glasses are generally semiconductors, opaque in the visi-
le region of the spectrum and chemical bonding of the matrix is
sually directional and covalent. Because of their interesting appli-
ation as electronic and optical materials a great amount of work
n recent years has been expended. Studies of amorphous chalco-
enide glasses are of considerable interest due to their importance
n preparing electronic memories and their optical applications as
ood IR transmitting materials [1,2]. Recent applications of chalco-
enide glasses in the field of optics include the optical imaging,
ptical data storage, integrated optics and infrared optics due to
heir excellent transmittance reaching the far-infrared spectral
egion effects. Among them, metal chalcogenide semiconductors
f the V–VI group have received considerable attention because of
heir interesting physical properties as well as their potential appli-
ation in optoelectronic, thermoelectric and photoelectric devices
3–5]. The importance of these materials arises from that they
enerally offer a wide range of optical, electrical, and structural

roperties.

Among these compounds, Sb2S3 and Sb2Se3 are important pho-
oconductive semiconductors (Eg) 1.64 and 1.11 eV, respectively)

∗ Corresponding author. Tel.: +91 80 22932716; fax: +91 80 23602602.
E-mail addresses: ramakanta@physics.iisc.ernet.in, ramakanta.naik@gmail.com
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© 2012 Elsevier B.V. All rights reserved.

that crystallize in the orthorhombic system [6,7]. Their useful prop-
erties (e.g., photovoltaic, photo conducting, photo catalytic, Peltier
effect) make them promising candidates for important applications
in diverse areas such as solar energy conversion, thermoelectric
cooling, photo detector technology, thermoelectric power genera-
tion, and optoelectronics in the near-infrared region [8,9]. Sb2Se3
has received a great deal of attention due to its switching effects
and its excellent photovoltaic properties and high thermoelectric
power, which could find potential applications in solar selective
and decorative coating, optical and thermoelectric cooling devices
[10]. On the other hand, Sb2S3 has attracted attention for its appli-
cations as a target material for television cameras, as well as in
microwave, switching, and optoelectronic devices. So, both Sb2S3
and Sb2Se3 have potential applications in various fields. By mak-
ing suitable solid solutions among them, it is possible to obtain a
new alloy with specific characteristics to meet a desired require-
ment. In the present system, we  have incorporated Sb in the Se–S
system. The addition of third element creates compositional and
configurationally disorder in the system.

Photo-induced changes in amorphous chalcogenides are an
object of systematic investigations with a view to better under-
standing the mechanisms of the phenomena taking place in them
as well as their practical applications. It is well established that
chalcogenide glasses undergo structural changes under the action
of external influences such as laser, neutron, electron and gamma
irradiation [11–17].  Chalcogenide materials also have the impor-

tant property that, although there are some gap states, they do not
carry the traditional electron spin resonance (ESR) defect signature
of unpaired spins. The lone-pair character of the valence tails leads
to very rich behavior under the influence of light. The knowledge

dx.doi.org/10.1016/j.jallcom.2012.01.144
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD patterns of the Sb40Se20S40 thin films.

Table 1
The measured elemental composition from EDAX for Sb40Se20S40 thin film.

Element Wt%  At%

Observed Calculated Observed Calculated

S 16.35 16.58 39.18 40
Sb 60.25 62.98 38.04 40
Se  23.40 20.44 22.78 20

band gap of the illuminated film. The absorption coefficient of the
Sb40Se20S40 thin films was calculated from the experimental data
R. Naik et al. / Journal of Alloys 

f the optical properties of thin films is very important in many sci-
ntific, technological and industrial applications of thin films such
s photo-conductivity, solar energy, photography, and numerous
ther applications. The study of the optical absorption spectra in
halcogenide glasses provides essential information about the band
tructure and the energy band gap. The optical band gap of the
aterial plays a major role in the preparation of the device for a

articular wavelength, which can be modified by the addition of
mpurity [18]. So, the influence of metallic additives on the optical
roperties has been an important issue in the case of chalcogenide
lasses.

The present communication reports the effect of laser irradia-
ion on optical properties of amorphous thin films of Sb40Se20S40.
he optical properties such as optical band gap, Tauc parameter,
rbach energy have been derived from transmission spectra, at
ormal incidence, in the 400–1200 nm spectral range. Raman and
-ray photoelectron spectroscopy (XPS) were also carried out to
upport the optical changes.

. Experimental

Bulk glass of Sb40Se20S40 was prepared by melt quenching technique. Materials
f  (99.995% pure) S, Se and Sb were weighed according to their atomic percentage
nd  sealed in a quartz ampoule in a vacuum of ∼10−5 Torr. The sealed ampoule was
ept  inside a rotating furnace at 950 ◦C for 36 h to make the melt homogeneous. The
ulk  glass was obtained by quenching the ampoule in ice cooled water. Thin films
ere prepared by thermal evaporation method at a base pressure of 1 × 10−5 Torr

rom the prepared bulk glass onto the glass substrates (microscope slides). During
he  deposition process (at normal incidence), the substrates were suitably rotated
n  order to obtain the films of uniform thickness. The thicknesses of the films were
round 1000 nm.  The elemental composition of the as-prepared film was checked by
nergy dispersive X-ray analysis (EDAX) in Sirion XL 40 in which EDAX is attached.
he scan was  done at 20 kV with 40 �A emission current exposing a sample of 1 cm2

ize at 2 × 10−7 Torr pressure. The estimated average precision was less than 5% in
tomic fraction in each element. The amorphous state of the film was  checked by X-
ay (Philips type 1710 with Cu as target and Ni as filter, � = 1.5418 Å) diffractometer
XRD). To study the photo-induced changes, we irradiated the film at room tem-
erature by a diode pumped solid state laser (DPSS) of wavelength 532 nm with a
ower of 40 mW.  The film was mounted on a sample holder and the laser light was
ocused into 2 mm wide spot. The optical absorption spectra of the as-prepared and
lluminated films were taken by using the Fourier transform infrared (FTIR) spec-
rometer (Bruker Optics (IFS66v/S)) in the visible wavelength range of 400–1200 nm
t  room temperature. We have used XPS to analyze the new bonds formed due to
hoto-induced effect. It is a useful surface analytical technique to study the chemical
tate and local environment of an atom. The XPS core level spectra were obtained
ith monochromatic Mg K� X-rays (1253.6 eV) at a vacuum of 10−9 Torr in Multi-

ab  2000 Thermo Scientific UK instrument. The XPS data consisted of survey scans
ver the entire binding energy (BE) and selected scans over the core level peaks
f  interest. An energy increment of 1 eV was  used for recording the survey spectra
nd 0.05 eV for the case of core level spectra. The core level peaks were recorded
y  sweeping the retarding field and using the constant pass energy of 30 eV. The
ata were averaged over three scans. The reproducibility of the measurements was
hecked on different regions of the investigated surfaces. For insulators such as
lasses, the charging effect can change the BE of the electrons from sample to sam-
le. Hence, the measurement of the absolute BE of electrons from a specified energy

evel is not reliable. The C 1s line from either adventitious carbon or intentionally
dded graphite powder on the surface has been widely used for charge referenc-
ng [19,20]. For this study, the adventitious carbon was  used as a reference and
he  BE of the reference C 1s line was set as 284.6 eV. For each sample, a calibra-
ion factor was calculated from the difference between the measured C 1s BE and
he reference value 284.6 eV [21]. The original BE data were corrected according to
he  calibration factor. The room temperature Raman spectra were recorded in the
80◦ backscattering geometry, using a 532 nm excitation from a diode pumped fre-
uency doubled Nd–YAG solid state laser and a custom built Raman spectrometer
quipped with SPEX TRIAX 550 monochromator and a liquid nitrogen cooled CCD.
aser power at the sample was ∼15 mW and a typical spectrum acquisition took
1–2  min.

. Results and discussions
The X-ray diffraction patterns, taken at room temperature for
oth as-prepared and laser irradiated thin films are shown in Fig. 1.
he absence of sharp structural peaks for both the thin films con-
rms the amorphous nature of the samples. The width of 2� was
Total 100.00 100 100.00 100.00

from 23◦ to 35◦. The diffractograms are very similar to the point
that no differences can be recorded between the two films. The
EDAX results from the Sb40Se20S40 films listed in Table 1 confirm
the presence of Se, S and Sb in the as-deposited films and reveal
nearly stoichiometric compositions. The spectrum is shown in
Fig. 2.

The transmittance spectra of both the films as a function
of wavelength are plotted in Fig. 3. It can be seen that the
‘non-shrinking’ interference fringes observed in the transmittance
spectra at higher wavelength (500–1100 nm)  indicate the homo-
geneity and smoothness of the deposited films. Furthermore, the
absorption edge of the deposited film shows a blue shift when the
film was illuminated. This shift indicates the reduction of the optical
Fig. 2. EDAX spectrum of the Sb40Se20S40 thin film.
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Fig. 3. Transmission spectra of the Sb40Se20S40 thin films.

f transmittance and reflectance in the strong absorption region
sing the relation [22]

 =
(

1
d

)
ln

(
(1 − R)2

T

)
(1)

here T is the transmittance, R is the reflectance and d is the
hickness of the deposited film. Fig. 4 shows the dependence of
he absorption coefficient on wavelength for the amorphous thin
lms. It has been observed that the absorption coefficient increases
ith laser irradiation. In crystalline materials, the fundamental

dge is directly related to transitions from the conduction and
alence band, and associated with direct and indirect band gaps,
hereas in the case of amorphous material the transitions are

ermed non-direct owing to the absence of an electronic band struc-
ure in k-space. In the absorption process, a photon of known energy
xcites an electron from a lower to a higher energy state, corre-
ponding to an absorption edge. In chalcogenide glasses, a typical
bsorption edge can be broadly ascribed to one of the three pro-
esses: (i) Residual below-gap absorption (ii) Urbach tails and (iii)
nterband absorption.

Chalcogenide glasses have been found to exhibit highly

eproducible optical edges, which are relatively insensitive to
reparation conditions and only the observable absorption [23]
ith a gap under equilibrium conditions account for the first

Fig. 4. ( vs � for the Sb40Se20S40 thin films.
Fig. 5. ((h()1/2 vs (h() plots for the Sb40Se20S40 thin films.

process. In amorphous materials, a different type of optical
absorption edge is observed and absorption coefficient increases
exponentially with the photon energy near the energy gap. This
type of behavior has also been observed in other chalcogenides
[24,25].  This optical absorption edge is known as the Urbach edge
and is given by,

˛(hv) = ˛0 exp
(

hv
Ee

)
(2)

where ˛0 is a constant and Ee corresponds to the Urbach energy
(the width of the band tail of the localized states in the band gap).
In this region, transition between (defect) states in the gap and
the bands take place [26]. Plotting the dependence of log (˛) on
photon energy will give a straight line. The calculated value of Ee,
the inverse of the slope of the straight line, gives the width of the
tails of the localized states into the gap at band edges.

The fundamental absorption edge in most amorphous semicon-
ductors follows an exponential law. Above the exponential tail, the
absorption coefficient has been reported [23] to obey the following
equation:

(˛hv)1/m = B(hv − Eg) (3)

where � is the frequency of the incident beam, B is a constant, Eg

is optical band gap and m is an exponent, which can be assumed
to have values of 1/2, 3/2, 2 and 3 depending on the nature of elec-
tronic transition responsible for the absorption: m = 1/2 for allowed
direct transition, m = 3/2 for forbidden direct transition, m = 2 for
allowed indirect transition and m = 3 for forbidden indirect transi-
tion [27]. The best fit of the experimental results of as-prepared and
irradiated thin films of Sb40Se20S40 using Eq. (3),  with m = 2 i.e., the
variation curve of (˛h�)1/2 with photon energy (h�) for amorphous
and laser irradiated thin films of Sb40Se20S40 (shown in Fig. 5) is
found to be identical to that of the elemental amorphous semicon-
ductor [28,29].  This indicates that the absorption in as-prepared
and irradiated thin films of Sb40Se20S40 is due to non-direct tran-
sition. Plotting the dependence of (˛h�)1/2 on photon energy (h�)
will give a straight line and the y intercept gives the value of the
optical band gap (Fig. 5). The slope of the fitting gives B1/2. The con-
stant B includes information on the convolution of the valence band
and conduction band states and on the matrix element of optical
transitions, which reflects not only the k selection rule but also the
disorder-induced spatial correlation of optical transitions between

the valence band and conduction band [24]. Moreover, B is highly
dependent on the character of the bonding. The reflection loss was
not that much as compared to the high absorption in the band gap
region.
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minated films is at 163.01 and 163.36 eV, respectively. The intensity
of the S 2p peak increased with illumination shows the formation
of more homopolar bonds. This is well supported by the Raman
spectra where we  can also see the increase in S–S vibrational mode
R. Naik et al. / Journal of Alloys 

The optical band gaps of the as-prepared and the illuminated
lms are found to be 1.66 eV and 1.59 eV, respectively. Since, the
ptical absorption depends on short-range order in the amorphous
tates and defects associated with it, the decrease in optical band
ap may  be explained on the basis of “density of state model” pro-
osed by Mott and Davis [30]. According to this model, the width of
he localized states near the mobility edges depends on the degree
f disorder and defects present in the amorphous structure. In par-
icular, it is known that unsaturated bonds together with some
aturated bonds are produced as the result of an insufficient num-
er of atoms deposited in the amorphous film [31]. The unsaturated
onds are responsible for the formation of some of the defects in
he films, producing localized states in the amorphous solids. The
resence of high concentration of localized states in the band struc-
ure is responsible for the decrease of optical band gap in the case
f the amorphous films. This decrease in the band gap may  also be
ue to the shift in Fermi level, whose position is determined by the
istribution of electrons over the localized states [32]. The decrease

n optical band gap (Eg) with laser irradiation can be attributed to
he reduction in the density of tail states adjacent to the band edge.

The B1/2 values for as-prepared and illuminated films are 687
nd 598 cm−1/2 eV−1/2, respectively. The B1/2 for illuminated film
s less than the as-prepared film which indicates the presence of

ore no of homopolar bonds due to disorder. It is known that the
rbach edge is a useful parameter to evaluate the degree of disor-
er. The value of Ee for as-prepared and illuminated Sb40Se20S40
lms is 243 meV  and 289 meV, respectively. The Urbach energy Ee

f the illuminated film is more than that of as-prepared film which
ndicates the increase in chemical disorder after illumination. The
ower values of B1/2 and higher values of Ee of the illuminated film
ver the as-prepared film clearly indicate that the illuminated film
s more disordered (chemically) than the as-prepared film, i.e., the
reation of homopolar bonds after photo-induced process.

The changes in the full transmission spectra for as-prepared and
aser irradiated thin films of Sb40Se20S40 are compared in Fig. 3. The
hift of the interference interval arises because of the change in
he film thickness and/or refractive index. We  calculated the film
hickness by fitting the transmission T(�) curve according to the
wanepoel model [33]. The relative changes in the film thickness
�d/d, <1%) are small. Generally speaking, a decrease in the band
ap (red shift in the absorption edge) is accompanied by a increase
n the refractive index according to Moss’s rule (Egn4 ∼ constant)
34]. The refractive index n can be obtained by fitting the transmis-
ion T(�) curve according to the Swanepoel theory. The refractive
ndex (n) is obtained using the following expressions,

 = [M + (M2 − s2)
1/2

]
1/2

(4)

here M =
[

2s

Tm

]
−

[
(s2 + 1)

2

]
(5)

or transparent region and

 =
[

2s
(

TM − Tm

TMTm

)]
+

[
(s2 + 1)

2

]
(6)

or weak and medium absorption region.
‘TM’ and ‘Tm’ are the maximum and minimum transmission val-

es at a particular wavelength, ‘s’ is the refractive index of the
ubstrate. Refractive index is obtained by extrapolating envelops
orresponding to TM and Tm. The fringes are used to calculate the
efractive index (n) of the thin films using Eqs. (4)–(6). The refrac-

ive index is found to decrease with the increase in wavelength and
ue to irradiation it increased (Fig. 6). The photo-induced change
hat is accompanied by a decrease in the film thickness (photo con-
raction, Table 1) and thus a increase in the density of the exposed
Fig. 6. Variation of n with � for the Sb40Se20S40 thin films.

region is responsible for the observed increase in the refractive
index [34].

A typical XPS spectrum of Sb40Se20S40 film contains many pho-
toelectrons and Auger peaks of S, Se and Sb. But, we have considered
only the core peaks such as S 2p, Sb 4d, Se 3d and Se 3p for
the present study. The Se 3d spectra of the as-prepared and illu-
minated films are shown in Fig. 7. The Se 3d peak position for
as-prepared and illuminated films is at 54.37 and 54.87 eV, respec-
tively. The peak shifts toward higher BE shows the formation of
Se–Se homopolar bonds due to illumination. The peak position of
Sb 4d core level spectra (Fig. 8) for as-prepared and illuminated
films is at 33.76 and 33.44 eV, respectively. It is found that the peak
is shifting toward the lower BE due to the formation of more Sb–Sb
homopolar bonds. The pure Se 3p3/2 (161.7 eV) and S 2p (164 eV)
peaks are close to each other. So, we  have deconvoluted the peak
to distinguish from each other as shown in Fig. 9(a and b). From
the spectra of S 2p peak, it is found that due to illumination, the
peak is shifting toward the higher BE due to the formation of S–S
homopolar bonds. The S 2p peak position for as-prepared and illu-
Fig. 7. XPS core level spectra of Se 3d of the Sb40Se20S40 thin films.
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Fig. 8. XPS core level spectra of Sb 4d of the Sb40Se20S40 thin films.

t 450 cm−1 due to illumination (discussed below). There is also

hift in the position of Se 3p peaks due to illumination process.
ut, due to the weak signal (Se 3d is the outer most core level in
e), we cannot discuss much about that. This is in accordance with

(a)

(b)

Fig. 9. XPS core level spectra of S 2p and Se 3p of the Sb40Se20S40 thin films.
Fig. 10. Raman spectra of the Sb40Se20S40 thin films.

the reduction in optical band gap of the as-prepared film due to
photo-induced process.

Direct evidence of structural changes in Sb40Se20S40 thin films
caused by illumination was obtained from Raman spectra (Fig. 10).
According to the molecular model [35], each Sb atom in the Sb–Se–S
ternary compound is covalently bonded to three Se atoms in a pyra-
midal unit (Sb–Se3), and also covalently bonded to three S atoms
in a pyramidal unit (Sb–S3). The basic structural units SbSe3 and
SbS3 are interconnected through bridging S atoms. The coupling
between the basic structural groups via S atoms is assumed to be
weak, and the vibrational modes are separated into SbSe3 and SbS3
like modes. The Sb40Se20S40 thin films have an over stoichiometry
of metal atoms (Sb), and some Sb–Sb bonds should be present in
the alloy too. The peak at 148 cm−1 represents the Sb–Sb vibrations.
The SbS3 pyramidal vibrational mode is developed at 303 cm−1 in
the neighborhood of the dominant vibrational band of SbSe3 at
252 cm−1 in the Raman spectra. It is clear that the band at 303 cm−1

is due to the Sb–S vibration in Sb–S3, (S2) Sb–Sb (S2) and the band at
252 cm−1 is due to the Sb–Se vibration in Sb–Se3, (Se2) Sb–Sb (Se2).
The peak at 117 cm−1 corresponds to disulfide bonds S–S (or two
membered S2 chains) in S2Sb–S–S–SbS2 vibration. The peak at posi-
tion 450 cm−1 in the spectra may  due to formation of S–S bonds.
The peak at 189 cm−1 corresponds to diselenide bonds Se–Se (or
two  membered Se2 chains) in Se2Sb–Se–Se–SbSe2 vibration. The
peak at 371 cm−1 corresponds to the formation of Sb–Sb vibrations.
The peak intensity at 117, 189, 371 and 450 cm−1 increased with
illumination suggesting the formation of more no of homopolar
bonds. The increase in intensity at 252 cm−1 suggests the modifi-
cations in SbSe3 vibrational band where as there is no change in
the SbS3 vibrational mode at 303 cm−1. The changes in the differ-
ent vibrational modes of the Raman spectra clearly supports the
optical changes occurred due to illumination.

4. Conclusions

In conclusion, thermally evaporated amorphous thin films
undergo structural transformations when exposed to band gap
illumination (photo-structural transformations). Photo-induced
changes of optical transmissivity, optical band gap, B1/2, Urbach

energy takes place due to illumination process. The decrease in
optical band gap is due to the change in localized states near to
the band edges. The binding energy shift of different core level
spectra shows the formation of more homopolar bonds which
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upports the decrease in optical band gap. The change in intensity
f Raman spectra supports the optical changes due to illumination.
o, the photo-induced changes can be assigned to chemical bond
edistribution.
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