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Low-temperature Synthesis of Ag-doped Sb2S3 Thin Films and its Characterization
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Abstract: Good quality and reproducible of pure and Ag-doped Sb2S3 thin films have been successively
deposited onto glass substrates at low temperature (283 K) by chemical bath deposition technique. The
doping was carried out during the growth process by adding different wt % of the aqueous solution
containing Ag+ ions. The as-deposited films of pure and 0.02, 0.04, 0.06, 0.08 and 0.1 wt. % Ag doped
Sb2S3 films and the corresponding precipitated powdery samples collected from the bath as the deposited
films have been characterized by X-ray diffraction technique. The transmission spectra of the as-deposited
films have been recorded in the wavelength optical range 400-2500 nm. The refractive indices and film
thickness have been determined in transparent region in terms of envelope method, which has been
suggested by Swanepoel. The absorption coefficient of the deposited films in the fundamental absorption
edge was analyzed to identify the possible optical transition in these films, where the band gap energy
corresponds the optical transition was calculated.
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INTRODUCTION 

Antimony sulphide (Sb2S3) thin films have gained
special attention during the past two decades due to
their special properties such as high refractive index [1]

and well-defined quantum size affects [2]. Moreover, its
potential applications in photovoltaic and optoelectronic
devices were illustrated [3 –5].

In photovoltaic and optoelectronic applications two
basic requirements are needed, namely moderate
electrical resistivity and high optical transmittance [6].
However, the electrical resistivity of the undoped Sb2S3

thin films at room temperature is high enough
(~108–109 W.cm [7]), which limits its uses as a buffer
layer in photovoltaic applications. One of the most
effective way of achieving the required properties is by
introducing a foreign atom (as an impurities) having
less or extra electrons in its valence orbital than the
pure metal atom [6]. The structural, electrical, optical
and other characteristic properties of the host Sb2S3

lattice can be improved by deliberate addition of
‘impurity’ atoms in it so that materials having desired
properties can be produced.   Up to now, few efforts
have been made to prepare doped Sb2S3–based thin
films. The structure, optical and electrical properties of
chemically deposited Sb2S3 thin films doped with
carbon via thermal diffusion process has been studied
[8]. The Sm doped Sb2S3 thin films prepared by co-
evaporation from two boats and their optical properties

have been reported [9]. The optical properties of photo-
diffusion and dissolution of Ag doped Sb-S thin films
system has been also reported [10].

Several methods have been reported to grow Sb2S3

thin films, such as chemical bath deposition (CBD) [11-

15], vacuum evaporation [16,17], spray pyrolysis [18] and
flash evaporation [19].  Among them, CBD process is
very attractive to produce Sb2S3 films for photovoltaic
applications for which large-area devices and low-cost
processes are required [4]. The technique does not
involve sophisticated vacuum systems or heating
apparatus and the deposition can be performed onto
different types of substrate (metals, insulators or
semiconductors). Doping is possible by incorporating
the dopant in a reaction solution [6].

In the present work, we report for the first time a
successful deposition of Ag-doped Sb2S3 thin films (in
situ) employing the CBD method. The structure and
optical characteristics of the deposited films have been
also investigated.

Experimental techniques:
Growth of pure and Ag-doped Sb2S3 thin films:
Antimony trisulfide thin films were deposited onto
glass substrates via a chemical bath similar to that
reported by Nair et al., [20]. The bath was prepared
using antimony trichloride (SbCl2 Merk) and sodium
thiosulfate (Na2S2O3. 5 H2O xx). Pure Sb2S3 thin films
were obtained by dissolving 0.65 g of SbCl3 initially in
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2.5 ml of acetone and subsequently adding 25 ml of
1M Na2S2O3 solution and sufficient double distilled
water to make the total volume to 100 ml.  The
solution of sodium thiosulfate and water had to be
cooled to 283 K prior to the addition for avoiding
immediate precipitation in the bath. Clean microscopic
glass substrates were supported vertically in the
deposition bath. The deposition bath was allowed to
proceed at 283 K by maintaining the bath in a
refrigerator.

The formation of pure Sb2S3 in the present bath
can be described by the chemical equations: 

        (1)
3 2 2 3 2 2 3 3

2 2 3 3 2 2 3 4 3

2 3 ( ) 6

( ) 6 3 3

SbCl Na S O Sb S O NaCl

Sb S O H O Sb S HSO H O 

  

   

The dissociation of the soluble antimony thiosulfate 

              releases       ions;2 2 3 3( )Sb S O 3Sb 

 
         (2)3 2

2 2 3 3 2 3( ) 2 3Sb S O Sb S O  
 
and the hydrolysis of thiosulfate releases sulfide ions; 

        (3)2 2 2
2 3 2 4 2  S O H O SO S H      

The Sb3+ and S2- ions produced through the
reactions 2 and 3 in the bath condense at substrate
surface to form Sb2S3 thin film;

                              ; given in Eq.1. 3 2
2 3

283
2 3

K
Sb S Sb S   

In order to deposit Ag doped Sb2S3 film, a freshly
prepared chemical solution similar to that prepared to
deposit pure Sb2S3 films (as described above) has been
carried out followed by the addition different quantities
of AgNO3 solution as a dopant. The required quantities
(0.02, 0.04, 0.06, 0.08 and 0.1 wt %) of AgNO3

solutions can be calculated as follows:  
The weight of AgNO3 salt (0.17 g) required to

dissolve in 100 ml of distilled water has been
calculated as follows:

2 3   0.01 100 170
0.17

1000 1000

Molarity volume of H O Mw of AgNO
g

   
  

 
Then the mass of solute;

   t %  0.02% 100 
0.02

100% 100%

mass of dopan mass of  solution ml
ml

 
  

The incorporation of Ag into the Sb2S3 lattice can
be explained by the fact that, AgNO3 can be easily
decomposed in distilled water. The decomposition
process generates Ag+ according to the chemical
equation;

         (4)2
3 2 2

283
2

K
AgNO H O Ag NO OH   

Therefore, the possible chemical reactions for Ag
doped Sb2S3 can be written in the form:

         (5)3 2
2 3

283
2 3 ( ) ( )

K
Sb S Ag Ag Sb S     

In the present case, the first indication of the film
formation was the observation of a silvery reflection
from the substrate surface at about 15 min after the
substrates were introduced into the bath, suggesting that
an incubation period of less than 15 min. At the end of
different duration deposition time (15 min to 6 h) the
slides coated onto both sides with orange yellow films
were removed from the bath, washed well with double
distilled water and dried.  The coating on the substrate
side facing the wall of the beaker was a specularly
reflective, uniform, smooth and adherent thin film
while that on the other side occasionally showed a
mosaic appearance due to the setting of precipitate over
the growing film. The film deposited onto the side
facing the beaker wall was retained for the
experimental measurements whereas; the film on the
other side was cleaned off using cotton swabs
moistened with diluted HCl.

Characterization of pure and Ag-doped Sb2S3 thin
films: Following the preparation process, the structural
characteristics of the deposited films were examined by
means of an X-ray diffractometer, XRD (Type Philips
X’pert) with Ni filtered Cukα radiation operating at 40
kV and 100mA.

A double-beam spectrophotometer (Type JASCO
Corporation, model V-570), was employed at normal
light incidence to record the transmission and reflection
spectra of the deposited films over the wavelength
range 500–2500 nm. 

It must be mentioned here that films with a
duration deposition time 5 h have been used for our
experimental investigation. The thickness of the films
for this time was approximately in the range 330-400
nm. 

RESULTS AND DISCUSSIONS 

Structure characterization: XRD patterns of the pure
and three representative samples of Ag-doped Sb2S3

films are shown in Fig.1. The Figure depicts that the
as-deposited films are amorphous in nature. Similar
result was also observed for Sb2S3 films prepared by
chemical deposition technique at 283 K [20]. The X-
ray diffraction patterns of the precipitated powdery
samples collected from the bath as the deposited films 
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performed  using the Feka radiation ( 1.93603 )
o

A 

is shown in Fig.2. Similar results (not shown) have 
been obtained for 0.04 and 0.1 wt% Ag-doped samples.
The Figures depicts that the patterns for all the
investigated samples shows well-defined peaks
suggesting that the prepared powders are polycrystalline
in nature. Since, the Sb2S3 semiconducting compound
belongs to the orthorhombic crystal structure [21]. The
standard JPCDS card was used for indexing the
observed diffraction peaks. The result indicates that no
peaks related to any of Ag compounds were detected
for Ag doped samples which confirms that the
incorporation of Ag+ ions does not change the crystal
structure of the Sb2S3 host lattice.  Since, the ionic
radius of Ag+ (1.26 D) is much larger than that of Sb+

(0.74 D), it is impossible for Ag+ to act as interstitial
ions in the Sb2S3 host matrix. The Ag+ can only
replace Sb+ substitutionally in the Sb2S3 lattice sites. A
slightly shift in the peak position of the main (112)
plane from 37.007N for pure Sb2S3 to 37.029N for 0.1
wt % Ag-doped Sb2S3 sample, while the shift  is noted
to be more or less altered for the other observed
planes. Furthermore, an important observation from the
X-ray diffraction patterns of the powdery samples is
that the intensity of the main observed (112) plane
decreased drastically with the increase of Ag doping
concentration. Fig.3 shows the variation of the
interplaner spacing d112 and intensity I112of the main
observed (112) plane vs. Ag dopant concentration.
Similar results have been also observed for C doped
Sb2S3 

[8], for chemically deposited Sn doped CdS films
[22] and for Hg doped CdSe films [23]. Also, the effect
of Al-doping as well as B-doping on the crystal
structure of CdS films prepared by chemical bath
deposition technique was investigated by Khallaf et al
[24]. The authors reported that in both cases, there is no
detected any of Al or B peaks in doped films
indicating that incorporation of Al3+ or B3+ ions in
lower concentration quantities does not affect the
crystal structure of CdS film.

Fig.3. Variation of the intensity and interplanner
spacing of plane (112) vs. Ag dopant concentration.
Using the experimental XRD data for the (202), (112)
and (212) planes the unit cell lattice parameters for the
prepared powdery samples can be calculated [25]. The
unit cell lattice parameters for the investigated samples
are listed in Table 1. The calculated lattice parameters
values for pure Sb2S3 are in good agreement with the
standard reported data

Optical Properties of Pure and Ag-doped Films:
Fig.4 shows the spectral variation of the transmission
T (l) of pure and Ag doped Sb2S3 films.  It has been
observed that in the weak absorption region (l>580

nm), the deposited films are highly transparent, and
characterized by interference effects, which indicated
that the interfaces, air/film, and film/glass were flat and
parallel. Strong absorption was observed at wavelengths
lower than 580 nm, where interference effects
suppressed almost completely due to a well-defined
band edge. It was also observed from the transmission
spectra that the fundamental absorption edge shifts
towards lower energies (red shift) as the Ag doping
concentration increases (see inset of Fig.4). This shift
may be attributing to the formation of some defects in
the deposited films due to incorporation of Ag+ to the
Sb2S3 matrix.

The spectral distribution of the transmittance
spectra has been used to compute the optical constant
of the deposited films, using the Swanepoel method [26].

The   film   has   a  comple x  refractive  index 

            , where  n is the refractive index and k is *n n ik 

the extinction coefficient, which indicate the amount of
absorption loss when the electromagnetic wave
propagate through the material. Both n and k are
dependent on the frequency. The value of refractive
index of film in the spectral region of medium and
weak absorption, can be calculated by the expression

         (6)2 2 1 2[ ( ) ]in M M s  

2 1
2

2
mM

mM

T T s
M s

T T

 
 

where TM and Tm are the transmission maximum and
the corresponding minimum at a certain wavelength λ.
If n1 and n2 are the refractive indices of two adjacent
maxima and minima at wavelengths λ1 and λ2 Then
according to the basic equation for interference fringes:

         (7)2
o

nt m 

where t is the film thickness and order number mo is
an integer for maxima and a half integer for minima.
The thickness of the film is given by the expression
[26].

         (8)1 2

1 2 2 12( )it n n

 
 




where TM and Tm are the transmission maximum and
the corresponding minimum at a certain wavelength l.
Alternatively, one of these values is an experimental
interference maximum (or minimum) and the other one
is derived from the corresponding envelope. By taking
the exact integer or half integer values of mo for each
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λ, accuracy of the film thickness can be increased
significantly. By using the earlier calculated values of
n (using equation 6), the new values of thickness have
been calculated by equation (7). Using the values of m
and the average of these new thickness values, the new
values of n have been calculated for each λ as
suggested by Swanepoel [26]. The final values of the
refractive indices, n, derived using the above-mentioned
method can be fitted to a reasonable function such as
the two-term Cauchy dispersion relationship. Fig. 5
shows the spectral dependence of refractive index for
pure and Ag-doped Sb2S3 films. It can be seen that, the
behaviour of refractive index of all the investigated
samples is similar, which is due to the normal
dispersion. The refractive index, n has higher values at
low wavelengths spectral region < 500 nm, thereafter,
the refractive index was found to decreases with
increasing wavelength and becomes fairly flat above
1500 nm.  In addition, the effect of increasing Ag
content on the optical properties of the studied films is
an increase in the refractive index at any given value
of l.

Since, the thickness of the deposited films has
been known the absorbance, x for the investigated
samples can be calculated in the strong absorption
region using the relation [26],

         (9)exp( )x t 

where                 is   the a bsorption c oefficient.  4 k  
                          

The relation between absorption coefficient and
optical band gap is expressed to determine the optical
band gap of the deposited films by the following
relationship as [27]:

       (10)( ) ( ) p
gA E    

where A is constant and Eg is the optical band gap.
The exponent p is an index parameter, that characterize
the type of the optical transition and is theoretically
equal to 2, 1/2, 3 or 3/2 for indirect allowed, direct
allowed, indirect forbidden, and direct forbidden
transitions, respectively. The analysis of the absorption
coefficient in the fundamental absorption edge indicates
that both pure as well as Ag-doped Sb2S3 films are
characterized by direct band-to-band electronic
transition appearing in the photon energy range 2.58-
3.1 eV. While, in the photon energy range 2.06-2.58
the films are characterized with an additional lower-
energy corresponding to indirect transitions. Fig.6
illustrates the dependencies (ahw) 2 and (ahw) 1/2 for
pure and three representative samples of Ag-doped
films. The estimated values of both direct and indirect
band gap energy are listed in Table 2.  
vs. hw 

Conclusion: Undoped and 0.02, 0.04, 0.06, 0.08 and
0.1 wt % Ag-doped Sb2S3 films have been obtained by
chemical bath technique. XRD patterns show that all
the as-deposited films exhibit amorphous in nature,
while the corresponding precipitated powdery samples
collected from the bath at the end of the chemical
reaction as the deposited films are polycrystalline
structure. The analysis of the X-ray diffraction patterns
of the powdery samples indicates that no peaks related
to any of Ag compounds were detected for Ag doped
samples which confirms that the incorporation of Ag+

ions in the present work does not change the crystal
structure of the Sb2S3 host lattice, this finding was
attributed to the lower doping level. The refractive
indexes of the films have been calculated using
Swanepoel method. The refractive index gradually
increases with the increase in the Ag content. The
analysis of absorption coefficient of the as-deposited
films reveals the presence of both direct and indirect
optical transitions. The band gap energy for such
optical transition was found to be decreases with the
increase in Ag content

Fig. 1: X-ray diffraction patterns of a representative pure and Ag-doped Sb2S3 films
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Fig. 2: X-ray diffraction patterns of a representative pure and Ag-doped Sb2S3 powdery samples

Fig. 3: Variation of the intensity and interplanner spacing of plane (112) vs. Ag dopant concentration.

Fig. 4: transmission spectra of pure and 0.02, 0.04, 0.06, 0.08 and 0.1 wt% Ag-doped Sb2S3 films.
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Fig. 5: refractive indices of pure and 0.02, 0.04, 0.06, 0.08 and 0.1 wt% Ag-doped Sb2S3 films.

Fig. 6: Plots of (a) 2 and () 1/2 for pure and three representative samples of Ag-doped films.

Table 1: the structural parameters for pure Sb2S3 powdery samples calculated using the experimental data of the observed (202), (112) and
(212) planes. 
parameter Sb2S3 0.02% Ag 0.04% Ag 0.06% Ag 0.08% Ag 0.1% Ag Standard
A 0.007314 0.007316 0.007321 0.007324 0.007327 0.007323 ------
B 0.063679 0.063745 0.063912 0.064045 0.064112 0.063912 ------
C 0.007423 0.007429 0.007433 0.007435 0.007441 0.007435 ------
a (nm) 1.1319 1.1317 1.1313 1.1311 1.1309 1.1312 1.1311 (9)
b (nm) 0.3836 0.3834 0.3829 0.3825 0.3823 0.3829 0.3838 (4)
c (nm) 1.1235 1.1231 1.1228 1.1222 1.1222 1.1226 1.1229 (5)

1357



J. Appl. Sci. Res., 6(9): 1352-1358, 2010

Table 2 values of the optical band gap of pure and Ag-doped films
Film material Eg [eV]

-----------------------------------------------
Dir. Ind.

Pure Sb2S3 2.57 2.38
0.02 wt % Ag/Sb2S3 film 2.51 2.05
0.04 wt % Ag/Sb2S3 film 2.45 2.04
0.06 wt % Ag/Sb2S3 film 2.43 2.04
0.08 wt % Ag/Sb2S3 film 2.08 2.03
0.10 wt % Ag/Sb2S3 film 2.33 2.00
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