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Abstract:  Lead sulfide thin films were deposited at three different substrate temperatures on glass substrates 
by cost effective spray pyrolysis technique using lead acetate as cationic precursor and thiourea as anionic 
precursor. The X-ray diffraction study showed that irrespective of substrate temperature all the films exhibits a 
preferred orientation along the (1 1 1) plane. The values of crystallite size were found to be in the range 38 – 65 
nm. The percentage transmittance increases from 67 % to 77 % with increase in substrate temperature. Optical 
band gap value decreases from 1.96 eV to 1.87 eV with increase in substrate temperature. Urbach energy 
decreases with increase in substrate temperature. The values of refractive index and packing density for the film 
coated at 300ºC were found to be equal to 2.35 and 4.29 respectively. A minimum electrical resistivity of 0.085 
x 105 ohm-cm was obtained for the film coated at 300ºC. The dispersion parameters of the as deposited films 
were calculated to analyze their choice in designing optical devices.   
Keywords: Thin films; X-ray diffraction; Surface morphology; Optical studies; Band gap energy; Electrical 
properties. 

 

 
 
 
1.  Introduction 

 Semiconducting materials have outstanding electronic and optical properties which make them suitable 
for potential application in various devices such as light emitting diodes [1], single electron transistors [2] and 
field effect thin films transistors [3]. Most studied semiconductors belong to the II-VI and IV-VI groups, since 
they are relatively easy to synthesize and are generally prepared as particles or in thin film form in the recent 
years [4]. Lead sulfide (PbS) belongs to the IV-VI group – A4B6 semiconductor with a narrow band gap of 0.41 
eV at room temperature and 0.29 eV at liquid – N2 temperature. Thin films of PbS have been a subject of 
interest for many years, mainly because of their photoconductive properties, in the 1000 – 3000 nm spectral 
range at room temperature, and is used for manufacturing photoconductive cells that are of interest in a variety 
of applications both in domestic life and military domains. Being a narrow gap semiconductor, PbS has a bulk 
band gap in the near IR [5]. Its emission and absorption lines are consequently broader, but by monitoring its 
crystallite size, tunable emission can be obtained in a large spectral region, ranging from the visible to near 
infrared. This spectral range is of great interest for fabricating light sources (including lasers) or optical 
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amplifiers. PbS films deposited on glass substrates possess excellent solar control characteristics comparable to 
the metallic films [6 – 9]. Lead sulfide films has attracted considerable attention owing to a larger excitation 
Bohr radius of 18 nm [10] and has been widely used in many fields such as Pb2+ ion-selective sensors [11], 
photography [12], IR detectors [13], and solar absorbers [14]. In solar energy research, PbS thin films were 
investigated for photothermal conversion applications, either independently on metallic substrates or in multi-
layer stacks of PbS-CdS-PbS, (PbS)1-x(CdS)x composites. Solar control applications of PbS thin films of 0.05 – 
0.15 µm thickness were deposited on glass substrates in single layers [6, 8]. PbS thin films can be fabricated by 
various deposition techniques such as electro deposition [15], spray pyrolysis [16], photo accelerated chemical 
deposition [17], microwave heating [18, 19] and chemical bath deposition CBD [20 – 24]. Of all these 
techniques, spray pyrolysis appears as an interesting technique for preparing thin films [25, 26]. The spray 
technique of preparation of thin films is very attractive because it is inexpensive, simple and capable of 
deposition of optically, smooth, uniform and homogeneous layers. Film growth can be easily controlled by 
preparative parameters such as spray rate, substrate temperature, concentration of solution, nozzle frequency, 
etc [27, 28]. In this work, spray pyrolysis technique is employed to coat PbS thin films and one of the spray 
parameter viz. substrate temperature is varied as 200, 250 and 300ºC. The influence of substrate temperature on 
the structural, morphological, optical and electrical properties of the coated samples was observed and the 
results are reported.  

 

2.  Experimental Details 

 Thin films of lead sulfide were prepared by spraying an aqueous solution containing 0.025 M of lead 
acetate and 0.025 M of thiourea (S/Pb molar ratio = 1) on glass substrates (dimensions – 76 mm x 25 mm x 1.4 
mm) kept at 200, 250 and 300ºC. The atomization of the chemical solution into a spray of fine droplets is 
effected by the spray nozzle, with the help of compressed air as carrier gas. The film thickness was measured by 
means of weight gain method and compared with the values determined by employing a profilometer (Surftest 
SJ 301).The structural analysis was made using X-ray diffractometer (PANalytical – PW 340 / 60 X’pert PRO) 
with CuKα radiation of wavelength 1.5406 Å operated at 40 kV and 30 mA in the 2θ range 10º to 80º. SEM 
images were obtained using Scanning Electron Microscope (HITACHI S-3000H). The optical transmission 
spectra were recorded in the 300 – 1100 nm wavelength region by using a Perkin Elmer UV-Vis-NIR double 
beam spectrophotometer (LAMDA – 35). The electrical resistivity (ρ), was determined using d.c. two point 
probe technique at room temperature.  

 

3 Results And Discussion 

3.1 Film Formation Process 

 The precursor solution was atomized to form uniform stream of fine droplets with pneumatic glass 
nozzle. The pyrolytic decomposition of the fine droplets of aqueous solution of lead acetate and thiourea onto 
the glass substrates results into the formation of thin films of PbS which were slightly black grayish in colour. 
The possible chemical reaction that takes place is as follows:  

( ) ( )3 2 2 3 3 22 2
Pb CH COO + SC NH  + 2H O - - - - > PbS + 2CH COOH  + 2NH  + CO↓ ↑ ↑ ↑  

 The thicknesses of the films coated at substrate temperatures of 200, 250 and 300ºC were found to be 
equal to 0.72 µm, 0.67 µm and 0.63 µm respectively. It is observed that as the substrate temperature increases, 
the film thickness decreases despite the fact that the kinetics of the film forming reaction should increase with 
growth temperature. This can be explained by the diminished mass transport to the substrate at higher 
temperature or it can be attributed to an increase in the rate of re-evaporation at higher temperatures. Similar 
results were reported by Afifi et. al [29]. The low value of thickness obtained for the PbS film coated at 300ºC 
strongly favors the reduction of grain boundary scattering which results in the improvement of its crystallinity 
as evident from the XRD analysis (section 3.2). The improvement in crystallinity signifies that the dislocations 
and density of grain boundaries decrease leading to a decrease of donor sites trapped at the dislocations and 
grain boundaries [30].  
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3.2 Structural Studies 

 The X-ray diffraction profile of the PbS thin films is represented in Fig. 1.  

 
XRD patterns of PbS films deposited at different substrate temperatures. 
 
All the PbS films are polycrystalline in nature with face centered cubic structure as confirmed by JCPDS No. 5-
0592 for galena PbS. XRD patterns of all the PbS thin films showed sharp (1 1 1) and (2 0 0) peaks along with 
minor peaks of (2 2 0), (3 1 1), (2 2 2) and (4 2 0) planes corresponding the face centered cubic structure of 
PbS. The preferential orientation factor f(h k l) of the prominent peaks ((1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 
2)) of the sprayed PbS films were calculated and given in Table 1. For all the films the preferential orientation 
value of (1 1 1) plane has the highest value compared to that of the other planes indicating a strong orientational 
growth along that plane. This result on preferential orientation is strongly supported with earlier report [31]. 
The variation in preferential orientation factor f(h k l) for (1 1 1) as a function of substrate temperature shown in 
Fig. 2, predicts that f(1 1 1) is maximum for the film coated at 300ºC, indicating better crystallinity.  

 
Variation of preferential orientation factor f(1 1 1) of PbS films with substrate temperature. 
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The intensity of the peaks increases with increase in substrate temperature which reveals that crystallinity of the 
film improves with increase in substrate temperature. The reduction of micro strain values at higher temperature 
(Table 3) might be the reason for the improved crystallinity of PbS film coated at 300ºC.   

 The observed d- spacings of the (1 1 1), (2 0 0), (2 2 0) (3 1 1), (2 2 2) and (4 2 0) planes of the PbS 
films along with the standard d-spacing values (JCPDS standards Card No. 5-0592) are listed in Table 2. The 
interplanar distance for (1 1 1) plane of the PbS film coated at 300ºC exactly matches with the standard value 
while the values of ‘d’ for the films coated at 200ºC and 250ºC appears to be smaller than the standard value. 
This indicates contraction of unit cell volume that in turn reveals that the samples coated at 200 and 250ºC are 
strained.  

The lattice constant ‘a’ is calculated using the formula: 

   
2 2 2

2 2

1 h k l

d a

+ +=    (1) 

The lattice parameter values calculated for the (1 1 1) plane are given in Table. 3. The lattice constant values are 
found to be lesser than the bulk sample (a = 5.936Å) confirming the strain present in the samples. The deviation 
of the lattice parameter values may be due to the presence of residuals of the reaction components especially 
carbon in the films. Various structural parameters, e.g. Crystallite size (D), dislocation density (δ) and strain (ε) 
calculated for the (1 1 1) plane are presented in Table. 3. The crystal defect parameters like microstrain and 
dislocation density show a decreasing trend with increase in substrate temperature. This type of change in strain 
may be due to the recrystallization process in the polycrystalline films. At higher temperature deposition, both 
the microstrain and dislocation density are minimum, which reveals the reduction in the concentration of lattice 
imperfections leading to preferred orientations [32].  As the dislocation density is the measure of the defects in 
the crystalline structure, the larger value of δ obtained for the film coated at 200ºC showed that the film has 
comparatively lesser degree of crystallinity. 

Table 1: Preferential orientation factor of PbS thin films fabricated at different substrate temperatures 
 

f(h k l) Substrate 
temperature 
(ºC) 

f(1 1 1) f(2 0 0) f(2 2 0) f(3 1 1) f(2 2 2) 

200 0.301 0.2502 0.11 0.046 0.045 
250 0.421 0.163 0.046 0.049 0.024 
300 0.4635 0.1762 0.045 0.033 0.0302 

 
Table 2:Comparison of observed and standard ‘d’ values for the PbS films coated at three substrate 
temperatures. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

d (observed) Å 
d (standard) Å 

200ºC 250ºC 300ºC 
(h k l) 

3.429 3.425 3.427 3.429 (1 1 1) 
2.969 2.949 2.952 2.960 (2 0 0) 
2.099 2.094 2.092 2.096 (2 2 0) 
1.790 1.842 1.840 1.841 (3 1 1) 
1.740 1.730 1.732 1.736 (2 2 2) 
1.327 1.334 1.331 1.330 (4 2 0) 
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Table 3: Calculated microstructural parameters associated with PbS thin films. 
 
 

Microstructural parameters Substrate temperature 
(ºC) a (Å) D (nm) ε (x 10-4) δ (x 1014 lines/m2) 
200 5.759 38.8 9.6 6.64 
250 5.762 44.9 8.3 4.96 
300 5.766 65.6 5.7 2.32 

 
3.3 Surface morphological studies 

 The SEM images of the PbS films are shown in Fig. 3.  

 

SEM images of the as-deposited PbS films. 
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SEM image of the film coated at 200ºC (Fig 3a) showed clusters of grains bounded together which might be 
due incomplete vaporization of the droplets before reaching the substrate surface. Grains appeared tightly 
packed for the PbS film coated at 250ºC (Fig. 3b). Cluster formation is minimized indicating improvement in 
the vaporization of the droplets reaching the substrate surface.  The SEM image of the film coated at 300ºC 
(Fig. 3c) showed uniform surface with well-defined grain boundaries. No cluster formation is observed and the 
grains appear uniform suggesting that there was a uniform nucleation throughout the surface.  

 

3.4 Optical studies 

 Study of materials by means of optical absorption provides a simple method for explaining some 
features concerning the band structure of materials. Optical absorption measurements of PbS films were carried 
out in the wavelength range 300 – 1100 nm. Fig. 4 shows the variation of absorbance with wavelength of the as-
deposited PbS samples.  

 

Variation of Absorbance of PbS thin films with wavelength. 
 

The spectra show two regions, one for higher wavelength (> 1000 nm) showing practically low absorption and 
other for lower wavelength (< 900 nm) in which absorption increases rapidly for all the samples. Similar results 
were obtained by Preetha et. al [31] for SILAR deposited PbS films. 

 The optical absorption coefficient (α) was calculated for each film from the absorption spectra using the 
relation: 

  
2.303A

t
α =     (2) 

where t is the thickness and A is the absorbance of the as-deposited PbS films. The absorption coefficient (α) is 
related to the band gap of the material by the equation [33]: 

  ( ) ( )n

gh A h Eα γ γ= −    (3) 

where n = ½ for allowed direct transition and n = 2 for indirect transition, A is the parameter which depends of 
the transition probability. In Fig.5, the relationship between (αhγ)2 and hγ is plotted. The energy band gap 
values can be obtained by extrapolating the linear portion to the photon energy axis.  
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Variation of (αhγ)2 with photon energy (hγ) of as-deposited PbS films. 
 

The obtained Eg values are in good agreement with the earlier reported values [33].  
  

Tauc [34] has identified three distinct regions in the absorption spectrum of amorphous semiconductors: 
a) the weak-absorption tail which originates from defects and impurities, b) the exponential edge region which 
is strongly related to the structural randomness of the glassy material, and c) the high absorption edge region 
which determines the optical energy gap. In the exponential edge region the absorption coefficient α(hγ) is well 
described by the exponential law 

  0 exp
u

h

E

γα α
 

=  
 

   (4) 

known as Urbach law [35]. Here α0 is a constant, hγ is the incident photon energy, and Eu is called Urbach 
energy, which characterizes the slope of the exponential edge region and is width of the band tails of the 
localized states. The Urbach tail of the absorption edge is usually ascribed to the optical electronic transitions 
between the excited sates and the near edge localized states. The formation of localized states with energies at 
the boundaries of the energy gap is one of the effects of the structural disorder on the electronic structure of 
amorphous materials. This is the reason why the Urbach energy is frequently used as a measure of the degree of 
structural disorder. Eu is given by the relation: 

  

1
(ln( ))

( )u

d
E

d h

α
γ

−
 

=  
 

   (5) 

The graph of ln(α) versus hγ being the photon energy is given in Fig. 6.  

 
Variation of ln( α) with photon energy (hγ). 
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The value of Eu is calculated from the slope of the linear plot illustrated in Fig. 6. The variation of band gap 
energy (Eg) and Urbach energy (Eu) of PbS thin films with substrate temperature is shown in Fig. 7.  

 
Variation of band gap energy and Urbach energy with substrate temperature of PbS films. 
 
 
As evident from Fig. 7, the Eg values of PbS films decreases with increase in substrate temperature which lies in 
the red region of the visible spectrum due to agglomeration of the nano-crystallites into larger crystallites [31]. 
The minimum value of Eu obtained at 300ºC, indicates a very weak absorption tail due to minimized defects and 
impurities which improves the transparency and optical conductivity of the film coated at that temperature.  

 Fig. 8 shows the transmittance and reflectance spectra of the as-deposited PbS films.  

 
Transmittance and Reflectance spectra of PbS thin films. 
 

The percentage transmittance increases with increase in substrate temperature and the film coated at 300ºC has 
a maximum transmittance of nearly equal to 77 %. The high percentage transmittance value for the PbS film 
coated at 300ºC may be attributed to the uniform, well adherent and highly crystalline nature of the film as 
revealed from the XRD results that showed high peak intensities due to uniform nucleation and improvement in 
lattice arrangements [36]. Also it can be seen that the values of percentage transmittance of all PbS films takes a 
very low value in the wavelength region (λ < 500 nm) which is the spectral region of edge absorption where the 
incoming photons have sufficient energy to excite electrons from the valence band to the conduction band and 
thus these photons are absorbed within the material to decrease the transmittance. All the samples can be used 
as solar control coatings as they have very low optical transmittance in the UV and in the visible region upto 
600 nm and an appreciable reflection in the NIR region [37]. High reflection in the NIR region ensures that the 
obtained PbS films can minimize the temperature inside buildings.  
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 Refractive index is one of the fundamental properties for an optical material because it is closely related 
to the electronic polarization of ions and the local field inside materials. The complex optical constant 
(refractive index, (n)) of the as-deposited PbS films has been evaluated by the relation [38]: 

  2
2

1 4

1 (1 )

R R
n k

R R

+= ± −
− −

   (6) 

where 
4

k
αλ

π
=  is the extinction coefficient. The obtained values of refractive index, extinction coefficient of 

the PbS films are presented in Table 4.  
 

Table 4: Optical parameters of PbS films fabricated by spray pyrolysis technique at 
different substrate temperatures 
 
Substrate 
temperature (ºC) 

Refractive index (n) Extinction coefficient 
(k x 10-3) 

Packing density (p) 

200 2.8 62 3.65 
250 2.64 51 4 
300 2.35 43 4.29 

 
 
The high value of ‘n’ obtained for the PbS film coated at 200ºC can be attributed to an increase of its surface 
roughness which acts to decrease the effective mean free path through increased surface scattering [39] and this 
fact strongly favors the reason for the reduction of its transparency. This fact is again supported by the high 
value of ‘k’ obtained for the film coated at 200ºC which indicates high absorption and reduced transmittance as 
the variation in extinction coefficient is paralleled by the absorbance of the PbS films.  

 Fig. 9 shows the plot of refractive index in the NIR as a function of wavelength (λ) for PbS films 
fabricated at different substrate temperatures. The refractive index of the films decreases with the increase of λ 

and the rate of variation ceases at the higher wavelength region, i.e. 0
dn

dλ
< . The lower values of ‘n’ in the 

NIR is an indication that the rate at which light is slowed down in the film decays sharply to relatively low rate 
in the NIR which is similar to the behavior reported earlier [40] .The dispersion relation for refractive index fits 
well and explains the variation obtained for PbS films. The dispersion energy Ed and the single oscillator energy 
Eo are obtained in terms of the single oscillator model and these values are related to the refractive index as  

  2
2 2

1
( )

d o

o

E E
n

E hγ
− =

−
   (7) 

  

Plot of NIR refractive index (n) of PbS films fabricated at different substrate temperatures. 
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The values of Eo and Ed for interband optical transitions are calculated and found to be 3.8 and 7.34 eV 
respectively. From these values, the long wavelength limit of refractive index n∞ can be determined using the 
expression: 

  1 /d on E E∞ = +    (8) 

The long wavelength (1/λ ≈ 0) limit refractive index of the PbS films was calculated and the observed value of 
n∞ = 2.93 is consistent with the reported values [41]. 

 From the refractive index data, the packing density (p) which is defined as the ratio of the solid volume 
to the total volume of the film is estimated using the relation [42]: 

  
( ) ( )
( )

4 2
2

2 2

1 1

1 (1 )
v v s

v s

p n p n n
n

p n p n

− + +
=

+ + −
  (9) 

where n is the refractive index of the as-deposited PbS films, ns is the refractive index of the bulk PbS material  
and nv is the refractive index of voids, which are generally filled with ambient, i.e. air. The calculated values of 
packing density are presented in Table 4. The packing density increases with substrate temperature indicating 
the improvement of crystallinity of the PbS films as substrate temperature increases.  

 It is well known that polarizability of any solid is proportional to its dielectric constant. The real and 
imaginary parts of the complex dielectric constant are expressed as [43]: 

  2 2
r n kε = −     (10) 

  2i nkε =     (11) 

where εr and εi are the real and imaginary parts of the dielectric constants, respectively. The variation of εr and εi 
with wavelength of the as-deposited PbS films are shown in Fig. 10.  

 

 

Wavelength dependence of the real and imaginary parts of dielectric constants. 
 

The real and imaginary parts of dielectric constants follow the same trend. The variation of the dielectric 
constants with photon energy indicates that some interactions between photons and electrons in the films are 
produced in this energy range. The imaginary part of dielectric constant is directly related to the density of 
states within the forbidden gap of semiconductor materials [44].  
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3.5 Electrical studies 

 The resistivity of the as-deposited PbS films was determined by the two point probe method. Fig. 11 
shows the variation of resistivity of PbS thin films with temperature.  

 

Resistivity versus temperature graph of PbS films. 
 

 

The resistivity value decreases with increase in temperature indicating the semiconducting nature of the films. 
The measured resistivity was found to vary in the range of 0.105 x 105 ohm-cm to 0.085 x 105 ohm-cm as the 
substrate temperature increases from 200 to 300ºC. Generally the resistivity of PbS thin films depends on the 
factors: i) the removal of elemental sulfur and ii) chemisorption of oxygen in the PbS lattice. Removal of 
elemental sulfur from the PbS lattice takes place in a slow rate and the  empty sites created in the got substituted 
by oxygen since the ionic radius of oxygen (-1.32 Å) is lesser that of sulfur (-1.84 Å). This might be the reason 
for the low value of resistivity obtained for the film coated at 300ºC. Devika et al [45] obtained a high value of 
resistivity for spray pyrolysed SnS thin films grown at lower temperature (< 250ºC) due to low grain size and 
high values of surface roughness. They also obtained a low value of resistivity for the film coated at 
temperatures > 275ºC due to free flow of carriers in the lattice due to larger grain size obtained. Similar 
argument can be applied here for the low resistivity value obtained for the PbS film coated at 300ºC. The 
increased crystallite size obtained at 300ºC (Table 3) strongly favors the above discussion for the reduced 
resistivity obtained.  

 M.Ozlas et. al [46] reported that improvement in crystallinity reduces the resistivity of sprayed ZnS thin 
films due to reduced grain boundary scattering. The high resistivity value for the PbS film coated at 200ºC may 
be due to its poor crystallinity which indicates the presence of few atomic layers of disordered atoms [47]. Due 
to the disorderliness of atoms, large number of defects exists in the sample due to incomplete atomic bonding. 
This results in decreased carrier concentration as the traps became electrically charged after trapping the mobile 
carriers, creating a potential energy barrier which impeded the motion of carriers from one crystallite to another. 
The electrical conductivity and dislocation density are found to be directly related in all samples. The effect of 
substrate temperature on conductivity and dislocation density of PbS films is depicted in Fig. 12.  
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Film coated at 300ºC which is less strained having minimum dislocation density shows maximum electrical 
conductivity. Therefore, substrate temperature plays a vital role in the electrical conductivity of the PbS films in 
this study.  

 

4.  Conclusions 

 PbS thin films were fabricated by spray pyrolysis technique on glass substrates at three different 
substrate temperatures. The effect of substrate temperature on the crystal structure, morphology, optical band 
gap and electrical properties of the as-deposited films has been investigated. XRD patterns suggested that the 
films were polycrystalline in nature with face centered cubic phase with a preferential orientation along the (1 1 
1) plane. It was observed that the crystallinity increases with increase in substrate temperature. The SEM 
images showed that the film coated at 300ºC is dense, smooth and uniform without pores. The low 
transmittance in the UV-Vis region and high reflectance in the IR region makes the films suitable for solar 
control coatings. Improved crystallinity makes Eg decreasing with increase in substrate temperature. The 
Urbach energy for the film coated at 300ºC is low indicating a very weak absorption tail due to minimized 
defects and impurities. Refractive index value decreases from 2.8 to 2.35 as the substrate temperature increases 
from 200ºC to 300ºC. Packing density of PbS films coated at 300ºC is high due to improved crystallinity. 
Electrical resistivity varies from 0.105 x 105 ohm-cm to 0.085 x 105 ohm-cm as temperature increases from 
200ºC to 300ºC. Thus substrate temperature was one of the criteria that strongly influence film structure, 
crystallinity, optical properties and resistivity of spray deposited PbS thin films.   
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