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Abstract: Silver sulphide is a semiconductor widely used as an infrared sensor and as an absorber material for 
solar cells. In this work, we report the preparation of Ag2S thin films from a new precursor using chemical spray 
pyrolysis technique. The thin films having various [CS(NH2)2]/[AgCl] were grown at different substrate 
temperatures and characterized using X-Ray diffraction, Scanning Electron Microscopy, transmission T(λ) and 
reflectivity R(λ) measurements. The diffraction patterns showed that the sample having x 
=[CS(NH2)2]/[AgCl]=5 ratio at the substrate temperature Ts =200 °C has the best crystallinity and exhibits a 
monoclinic structure preferentially oriented in the direction of (-112) lattice plan . The optical properties have 
been investigated using spectrophotometric measurements in the wavelength range 200-2500 nm. The obtained 
values of the band gap energy were in the order of 1 eV. The refractive index n and the extinction coefficient k 
were determined from the absolute values of the measured transmittance and reflectance. The conductivity at 
room temperature was 32×10 – 3(Ω cm)-1, and the films were n type. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Silver sulphide (Ag2S) is an II-IV binary 
semiconductor, and a chalcogenide which belongs to 
the category of inorganic compounds with 
technologically important properties. Ag2S thin films 
are very promising functional material for many 
applications in different electronic components and 
devices such as ion selective membranes [1], IR 
detectors [2], Photoconducting cells [3], 
thermopower cells [4], laser recording media [5], etc. 
Moreover, its optical band gap (≈1 eV) is in the 

desired interval to be used as solar absorber material 
for solar cells fabrication [6].  

There are many reports on different techniques 
used for the preparation as well as characterization of 
silver sulphide thin films [7-14]. Nevertheless, the 
influence of the precursor in the starting solution has 
not yet been studied. Indeed the deposition 
parameters have a direct influence on the growth of 
Ag2S thin films. This paper reports preparation and 
characterization of Ag2S thin films with silver 
chloride used as the precursor solution for the first 
time. AgCl can be used with other chlorides in the 
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starting solution to prepare composite materials 
having the composition form: (Ag2S)y - (A)1-y , where 
A is a chalcogenide obtained from chlorides. In order 
to prepare good composites, precursors in the starting 
solution should be chlorides or nitrates and not a 
mixture of them (some compounds are actually 
fabricated only from chlorides). Furthermore, AgCl is 
non toxic; it might substitute the toxic and widely 
used silver nitrate (AgNO3) in order to make more 
ecofriendly technology. 

In this work, the spray pyrolysis (CSP) technique 
was selected to prepare Ag2S thin films because of its 
simplicity, its relatively low-cost and the ease of 
application for large area's films. 

 
 

2. Experimental Details 
 
Thin films of silver sulphide were prepared using 

CSP technique with silver chloride (AgCl) high 
purity (99.99 %) and thiourea (CS (NH2)2) as 
precursor solutions. AgCl powder is well-known for 
its low solubility in water. Our tests have yield to the 
result that thiourea is a solvent for the silver chloride 
in a little ratio. So the two powders of silver chloride 
and thiourea were mixed together, deionised water is 
added gradually to the mixture and stirred slowly 
with a glass rod, then heated for a few minutes. Total 
solvability of AgCl is obtained for 0.01 M. In order 
to obtain a nearly stoichiometric composition of Ag2S 
thin films, the concentration x = [CS(NH2)2]/[AgCl] 
in starting solution was varied from 5, 7, and 9. For 
lower ratio (x<5) silver chloride was insoluble. 
Deposits were made at two different temperatures of 
200 and 250 °C. 

Different microscopy glass slides, having 
dimensions of (75×25 mm²) were used as substrates, 
total volume of solution sprayed was 100 ml. The 
obtained solution was pulverized on glass substrates 
with compressed air (2 bar) and at the flow rate of 
8ml/min. The distance from the spray nozzle to the 
heater was kept approximately at 29 cm. Under these 
deposit conditions, thin, reflecting and adherent 
polycrystalline Ag2S were obtained. These films were 
black to grey in colour. Samples were named S1, S2, 
S3, S4, S5, and S6 as shown in Table 1. 

 
 

Table 1. Temperatures, concentrations ratio  
and thicknesses of Ag2 samples 

 
Samples X Ts, (°C) d, (nm) 

S1. 5 200 108 
S2. 7 200 235 
S3. 9 200 133 
S4. 5 250 193 
S5. 7 250 252 
S6. 9 250 230 

 
 

X-ray diffraction spectra were obtained by means 
of a diffractometer (Philips 1830) using 

monochromatic CuKα radiation (λ =1.5406 Å). The 
surface topography of the films was examined by 
scanning electron microscopy (SEM) using a JSM 
5800 field emission microscope. Optical 
measurements of transmittance and reflectance 
spectra at a normal incidence were performed, over a 
large spectral range (200-2500 nm) using an 
UV(ultra-violet)-visible-NIR JASCO type V-570 
double beam spectrophotometer. The samples were 
weighed before and after the spraying operation to 
determine the mass of the films. Knowing the 
dimension of the substrates used, the thickness can be 
determined considering the following equation: 

 

,
m

m
d

ILρ
Δ=  (1) 

 
where (Δm) is the difference between the mass after 
and before spraying, ρm (7.246 g.cm-3 ) is the density, 
I the width and L the length. Electrical parameters 
were measured by the four probe method using a 
Keithley electrometer model 617. The substrate 
temperature was measured using calibrated copper-
constantan thermocouple. 
 
 
3. Results and Discussion 
 

Ag2S presents two main allotropic 
crystallographic modifications. The first is 
monoclinic modification acanthite (α-Ag2S) and the 
second (β-Ag2S) is cubic modification argentite  
[11, 15]. In contrast to acanthite, that shows a 
semiconducting behaviour, argentite is reported to 
have quasi-metallic behaviour [15], which is not 
interesting for semiconductor application. 

The peak positions obtained experimentally from 
diffraction patterns (Fig. 1 and Fig. 2) using the 
single peak fits method are in close agreement with 
the standard values taken from the diffraction data 
file (ICDD card 14-0072 and ICSD card 044507). 

 
 

 
 

Fig. 1.  XRD pattern of Ag2S samples,  
S1-S3.   Ts = 200 °C. 
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Fig. 2.  XRD pattern of Ag2S samples,  
S4-S6.   Ts = 250 °C. 

 
 
The dhkl experimental values, for the films 

prepared at 200 °C, are compared with the standard 
values in Table 2.  

 
 

Table 2. Comparison of observed "d" values, obtained 
from XRD data of samples prepared at 200 °C, with  

the standard "d" values, from ICSD card No: 044507. 

 
Ag2S  (realized) Ag2S (ICSD: 044507) 

2 θ d D Hkl 
22.40 3.965 3.959 (-101) 
26.20 3.398 3.383 (012) 
31.41 2.845 2.836 (-112) 
36.95 2.430 2.422 (013) 
37.60 2.390 2.383 (-103) 

 
 

Lattice constants a, b, c and β were calculated 
from the results of X-ray diffraction pattern using the 
interplanar spacing dhkl relation for monoclinic 
system [16] 
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Values of the lattice parameters were determined 

by solving a system of four non-linear equations 
using the Gauss-Newton method [17]. For sample S3, 
the found values for lattice constants were: a = 4.19 ± 
0.007Å,   b = 6.83 ±0.01 Å,   c= 7.81±0.006 Å, and 
β=99.03±0.05°. 

Ag2S thin films prepared from AgCl showed an 
interesting property in XRD analysis. Samples S1-S3 
prepared using a solution x =5, 7, 9 at the 
temperature 200 °C exhibited a good crystalline 
property depicted in Fig. 1. We notice that (-112) 
lattice plan remains the preferential orientation for S1 
and S2. This result revealed that the structure is such 

that the crystallographic b-axis is perpendicular to the 
substrate surface and the crystalline orientation is 
favored. When the molarity increases (x=7), the 
intensity of -112 peak decreases. This showed that 
the preferred orientation was more pronounced at 
small molar concentrations which may be attributed 
to the smaller precursor flow, which allowed a better-
ordered growth of the films. However, in increasing 
the sulphur concentration (x=9) many peaks appear to 
correspond to -101, 012, -112, 013, and -103 
indicating the polycrystalline nature of the thin films. 
A shift of diffraction peak of sample S1 and S3 was 
observed.  It’s probably due to the lattice 
compression caused by the change of the preparation 
conditions. 

Samples S4, S5, and S6 (Fig. 2) prepared at 
substrate temperature 250 °C demonstrated a less 
good crystalline property with a dominant noise. 
Moreover, we remark the disappearance of 
preferential orientations. It was found in all cases that 
acanthite structure is formed but the crystallization 
state is better for a deposition temperature around 
200°C. Fig. 3 shows the influence of deposition 
temperature on diffraction patterns for sample S1  
and S4. 

 
 

 
 

Fig. 3. XRD pattern of Ag2S samples, S1.  x = 5. 
 

 
The size of crystallites was estimated using the 

Debye- Scherrer formula [18] 
 

,
.cos( )

k
G

D

λ
θ

=  (3) 

 

where G is the size of crystallites, k = 0.9 is the shape 
factor, λ is the wavelength of CuKα line, D is the 
FWHM in radian and θ is the Bragg angle. 
Crystallites size was calculated to be 89.68 nm for 
sample S1 (Fig. 4) by applying the Lorenz model to -
112 peak. 

Surface morphology, without metallization of 
layers (this gives a preliminary indication of the 
electrical conductivity of our thin films), was 
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examined using scanning electron microscopy 
(SEM). The shape of the sample's surface shows a 
relatively homogenous grain density for sample S1 
(Fig. 5). Whereas, the distribution of grains for 
sample S6 (Fig. 6) seems randomly dispatched. The 
observed dark-field in SEM micrographs corresponds 
to the space between grains forming the films. It can 
be explained by the absence of matter in these areas.   
 
 

 
 

Fig. 4. Lorenz model applied to -112 peak. 
 
  

 
 

Fig. 5. SEM micrograph of Ag2S film, samples S1. 
 
 

 
 
Fig. 6. SEM micrograph of Ag2S film, samples S6. 

Optical transmission T(λ) and reflectance R(λ) 
spectra at room temperature of the deposited films in 
the thickness range of 108-252 nm, were measured in 
the wavelength range of 200-2500 nm are shown in 
Fig. 7. 

 
 

 
 

Fig. 7. Spectral distribution of T (λ) and R (λ) of Ag2S  
thin films. 

 
 

From these curves, the absorption coefficient α 
can be calculated using the following relation [19] 

 

( )11
log ,

R

d T
α

 −
=  

 
 (4) 

 

where d is the film thickness, T is the transmittance 
and R is the reflectance.  

Fig. 8 shows the curves of the absorption 
coefficients of films prepared at different molarities 
and at the substrate temperature of 200 °C. The 
absorption spectra showed several quadratic regions 
that characterize inter-band transitions. Three 
different regions can be distinguished. The first 
region (a) corresponds to the fundamental optical 
gap. Regions (b) and (c) of the curve correspond to 
much higher optical gaps and can be explained by 
electronic transitions between the valence and the 
conduction band. Values of these gaps will be 
determined in the paragraph below.  

 
 

 
 

Fig. 8. Plot of α versus hν of Ag2S thin films using semi-
logarithmic coordinates. 
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The absorption vanishes for photon energy much 
less than the band-gap energy and increases 
significantly for higher photon energies. It is 
noteworthy that the absorption coefficient of Ag2S 
film's increases continually from the near-infrared 
toward the visible region, which makes this material 
suitable for use in infrared detectors [20]. 

In the absorption region, the form of the 
absorption coefficient with photon energy is given by 
the Bardeen equation [21, 22] used in the following 
form: 

 

αhν = A(hν – Eg)r, (5) 
 

where ν is the frequency of the incident photon, h is 
Planck’s constant, A is the parameter that depends on 
the transition probability, Eg is the energy gap and r 
is a number which characterizes the transition 
process, where r = 1/2 and 3/2 for direct allowed and 
forbidden transitions, and r = 2 and 3 for indirect 
allowed and forbidden transitions, respectively. 

The value, Eg corresponding to the direct band-
gap transition was calculated from the curve of (αhν)2 

versus hν, using the formula (5). The extrapolation of 
the linear part of the curve (αhν)2 to the energy axis is 
shown in Fig. 9. All the values of the band-gap 
energy of samples were around 1 eV. This value is 
slightly different to the bulk crystal (0.9 eV) because 
of the difference in structure of the films 
(crystallinity and porosity essentially). 

 
 

 
 

Fig. 9. Plot of (αhν) 2 versus hν for Ag2S thin film (S1). 
  

 

The obtained value is in good agreement with the 
values reported by different authors as shown in the 
Table 3. 
 
 

Table 3. Band gap values of Ag2S films reported  
by different authors. 

 

 
Our 

results 
Ref 
[14] 

Ref 
[26] 

Ref 
[12] 

Ref 
[11] 

Ref 
[8] 

Gap 
(eV) 

0.99-1.07 11-1.4 
0.8-
0.9 

1.1 1-1.05 0.96 

Tran-
sition 

direct direct direct direct direct 
indi-
rect 

The calculated values for the non-fundamental 
gaps mentioned above, using the relation (5) applied 
for direct transitions, were 1.6 eV and 2.2 eV for the 
region (b) and region (c) respectively.  

The refractive index (n) and the extinction 
coefficient (k) have been determined using a 
modified pattern search method described in our 
recent paper in ref [23]. In this method, the complex 
refractive index )(~ λn as a function of energy is 

expressed by: 
 

2
2 2
0.

( ) ( ) 1 ,j

j j j

A
E n E

E E i E
ε = = +

− + Γ  (6) 

 

where Aj, E0.j and jΓ are the model parameters  

(j = 1, 2). Using the optical matrix formalism [24], 
theoretical transmittance Tth(n, k, d, E) and 
reflectance Rth(n, k, d, E) are calculated assuming a 
single-layer/glass system. Then, a fitting procedure is 
applied in order to solve the following equations: 

 
| Texp(E) – Tth(n, k, d, E) | = 0 (7) 

 
| Rexp(E) – Rth(n, k, d, E) | = 0, (8) 

 
where Texp(λ) and Rexp(λ) are the experimental 
transmittance and reflectivity respectively. The 
obtained thickness values by this method vary 
between 99.83 and 202 nm which is in agreement 
with the previous estimations (108-252 nm). The 
value of the refractive index (S1) depicted in Fig. 10 
(a) varies between 2.08 and 3.20 with a change of 
energy in the range 0.5 to 1.8 eV. The value of the 
extinction coefficient depicted in Fig. 11 (b) varies 
between 0.05 and 0.40 in the range 0.5 to 1.8 eV. 

The calculated values of the optical constants n, k, 
for our Ag2S thin films are shown with the results 
previously conducted by other authors in the Table 4. 
 
 

Table 4. Optical constants of Ag2S thin films shown  
with other authors results. 

 
 Our result Ref [14] Ref [13] 

n 1.44-3.18 0.91-2.28 2.38-2.81 
   k 0.08-1.15 0.064 -0.105 0.001-0.22 

 
 

The dispersion of refractive index was analyzed 
using the concept of the single oscillator and can be 
expressed by Wemple–DiDominico relationship [25] 
as: 

 

22
0

01)(²
EE

EE
En d

−
=−

, 
(12) 

 
where E is the photon energy (hν), E0 is the oscillator 
energy, and Ed is the dispersion energy.  
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(a) 
 

 
 

(b) 
 

Fig. 10. Variation of refractive index (a) and extinction 
coefficient (b) of Ag2S thin films (S1). 

 
 
A plot of(n² – 1)-1 versus E² is shown in Fig. 11. The 
parameter Ed which is a measure of intensity of the 
inter-band optical transition doesn’t depend 
significantly on the band gap. The values of Ed and 
E0 are obtained from the slope (E0 Ed)-1 and intercept 
on vertical axis,(E0/Ed). The obtained values are  
2.74 eV and 18.53eV, for E0 and Ed respectively. 
 
 

 
 

Fig. 11. Plot of (n²– 1)-1 versus E² of Ag2S thin films. 

As it was found by Tanaka [25], the first 
approximate value of the optical band gap, Eg, is also 
derived from the Wemple–DiDominico dispersion 
relationship, according to the expression, Eg ≈ E0/2. 
This estimation of the gap (Eg ≈1.3 eV) is near from 
the found value, Eg ≈ 1 eV of Ag2S thin films. 

The films of Ag2S prepared by spray pyrolysis 
method, as determined by hot probe technique, where 
n- type. The electronic conductivity of these films 
was calculated to be 32×10-3 (Ω.cm)– 1 at room 
temperature. It is interesting to note that Ag2S 
appears to fall into ionic class. Some comparable 
values of conductivity have been reported by 
previous studies [20, 27-29]. 

 
 

4. Conclusion 
 
Silver chloride, instead of silver nitrate, could be 

used as the precursor solution for preparing Ag2S thin 
films using CSP technique. Sample having x = 5, 
showed good crystallinity with a band gap in the 
order of 1 eV. This result is confirmed by using the 
single oscillator model. The analysis of spectral 
behavior of the absorption coefficient in the 
absorption region reveals two non-fundamental direct 
gaps having the values 1.6 eV and 2.2 eV 
respectively. Ag2S layers prepared from AgCl 
exhibited a high absorption coefficient in the order of  
1.6×105 cm-1 which makes this material a Promising 
absorber for thin film application. Moreover, silver 
chloride can be used with other chlorides in the 
starting solution to prepare composites materials 
having the composition form: (Ag2S)y - (A)1-y through 
CSP technique. Thus silver chloride was proven to be 
a good precursor for preparing well and adhesive 
Ag2S thin films. 
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