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1 Introduction

Semiconductors are an important class of materials due to their 
ability to tune electrical, optical and opto-electronic properties 
and also for their applications in micro and optoelectronics, 
nonlinear optics, photocatalysis and energy conversion indus-
tries [1–3]. Lead sulfide (PbS) is an important IV–VI semi-
conductor material because of its direct band gap, ~0.41 eV 
and exciton Bohr radius of ~18 nm at room temperature [4, 
5]. PbS has been used in photodetectors, solar cells, infra-red 
(IR) detector, biosensors, deep tissue imaging, etc [6–8]. PbS 
can be used to measure radiation in either of two ways, by 
measuring the photocurrent, or by measuring the change in 
the material’s electrical resistance when photon hits. Measur-
ing the resistance change is the more commonly used method 
[9, 10]. At room temperature, PbS is sensitive to radiation at 
wavelengths between approximately 1 and 2.5 μm. This range 
corresponds to the shorter wavelengths in the IR portion of 
the spectrum. Only very hot objects emit radiation in these 
wavelengths. The combination of such properties makes PbS 
suitable for efficient electroluminescent devices, such as tun-
able near-IR detectors, solid state lasers and biological sens-
ing applications [11–13]. Various deposition techniques, such 
as electrodeposition [14], pulsed laser deposition [15], spray 
pyrolysis [16] and chemical bath deposition (CBD) [17] have 
been used to deposit PbS layers. Several attempts have been 
made to synthesize the PbS nanoparticles for various applica-
tions [18, 19]. CBD is one of the cheapest methods to deposit 
thin films and nanomaterials, as it does not require expensive 
equipments, scalable and can be employed for large area depo-
sition. CBD has been successfully utilized to grow various 
semiconductor thin films including, PbSe [20], CdS [21], CdSe 
[22], ZnO [23], ZnS [24]. Long time ago, in 1933 Brückmann 
had deposited PbS thin film by CBD method [25]. In the pre-
sent work we have reported the growth of PbS thin films by 
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simple CBD onto the glass substrates using lead acetate, trieth-
anolamine and thiourea. Especially, the electrical properties 
under IR illumination are investigated for both as-deposited 
and annealed PbS thin films.

2  Experimental details

2.1  Materials

All chemicals, lead acetate  (CH3COO)2Pb·3H2O, triethan-
olamine (TEA)  (C6H15NO3), sodium hydroxide (NaOH) and 
thiourea  (CH4N2S) of purity at least 99% were purchased 
from Sigma Aldrich and used without further purification. 
Double distilled water (DDW) was used as a solvent.

2.2  Experimental procedure

PbS thin films were prepared by CBD technique with 0.01 M 
lead acetate and 0.1 M thiourea in DDW. Initially, the solu-
tion of lead acetate was vigorously stirred for half an hour. 
Subsequently, the TEA (complexing agent) was added drop 
wise into the solution. pH of the solution was adjusted to 
~11 by using NaOH at room temperature. Ultrasonically 
cleaned microscopic plates were used as substrates. Finally, 
0.1 M thiourea was added to form the PbS. The films were 
deposited for an hour at 80 °C with continuous moderate agi-
tation. The prepared samples were ultrasonically cleaned in 
warm DDW to remove the unreached part or loosely bound 
particles. The samples were annealed in an air ambient at 
400 °C for 30 min.

2.3  Reaction mechanism

Chemical bath deposition of any material depends on the 
ionic product and the solubility product. The deposition 
takes place when the ionic product exceeds the solubility 
product [26]. The PbS thin films are expected to deposit by 
the following reaction mechanism:

In alkaline solution the hydrolysis of lead acetate leads to 
the formation of Pb(OH)2

Thiourea decomposes in alkaline solution and produces 
 HS− ions,

(1)
Pb

(

CH3COO
)

2
+ 2NaOH → Pb(OH)2 + 2CH3COONa

(2)Pb(OH)2 → Pb2+ + 2OH−

(3)CS
(

H2N
)

2
+ OH−

→ CH2N2 + H2O + HS−

(4)HS− + OH−
→ H2O + S2−

(5)Pb2+ + S2− → PbS

2.4  Characterizations

The as-deposited and annealed PbS thin films were char-
acterized with a range of characterization techniques. The 
structural properties were studied by means of X-ray diffrac-
tion (XRD) technique, model Bruker D8 advance diffrac-
tometer with Cu Kα anode of wavelength 0.154 nm. Optical 
absorption measurements were carried out by JASCO V-670 
UV–Vis–NIR spectrometer. Surface morphology was stud-
ied with the help of HITACHI, S 4800 field emission scan-
ning electron microscope (FESEM). The elemental atomic 
percentage concentration was obtained by energy dispersive 
X-ray analysis (EDAX) technique equipped with the above 
FESEM unit. The Potentiostat, SP 300 Biologic equipped 
with two probe measurement setup was employed to study 
the electrical properties. IR light of input power intensity 
10 mW/cm2 was used to study the electrical properties.

3  Results and discussion

The deposited PbS thin films were grayish in appearance, 
without powdery deposition and well adherent to the sub-
strate. The samples were characterized thoroughly to study 
their various properties.

3.1  Structural properties

Figure  1 shows the XRD patterns of as-deposited and 
annealed PbS thin films. The diffraction peaks observed 
about 26.78°, 30.12°, 43.13°, 51.10° and 53.21° corresponds 
to (111), (200), (220), (311) and (222) reflections of cubic 
structure of PbS (JCPDS data file No. 05-0592). The peaks 
correspond to metallic Pb or its oxide was not observed. The 
summary of the XRD results are given in Table 1. The full 
width at half maximum (FWHM) has been found to decrease 
upon annealing the sample, which might be associated to the 
enhancement in the crystallinity due to the re-crystallization 
of layer.

The average crystallite size was calculated by using the 
well known classical Debye Scherrer’s formula [27]:

where t is the average crystallite size, λ is the wavelength of 
incident X-ray, β is the value of FWHM and θ is the angle 
of diffraction.

The average crystallite size was estimated around ~30 and 
~45 nm for as-deposited and annealed PbS thin films, respec-
tively. These values were average of crystallite size obtained 
for each XRD peak. The Williamson–Hall (W–H) equation 
was further used to calculate values of strain and to confirm 
the crystallite size of the PbS samples. The FWHM can be 

(6)t =
0.9�

� cos �
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expressed as a linear combination of the contributions from 
strain and crystallite size through the following equation [27]:

(7)� cos � = � sin � +
�

t

where ‘η’ is the strain and ‘t’ is the average crystallite size. 
Slope of plot of βcosθ versus sinθ gives the values of strain, 
whereas the inverse of the intercept gives the value of aver-
age crystallite size. Figure 2 depicts the plot of βcosθ ver-
sus sinθ of as-prepared and annealed layers. The values of 
the strain, 2.05 × 10−3 and 5.46 × 10−3 were calculated for 
as-prepared and annealed layers, respectively. The positive 
value of strain indicates the presence of tensile strain in the 
crystal lattice [28]. The enhancement in the strain upon 
annealing could be due to the enhancement in the crystallite 
size and re-crystallization of material. The average crystal-
lite sizes obtained by W–H equation were in good agreement 
with the values calculated with Debye Scherrer’s equation.

3.2  Optical properties

Optical measurements performed onto as-prepared and 
annealed PbS thin films are shown in Fig. 3. A clear red-shift 
in the fundamental absorption edge of annealed sample was 
observed, which might be due to the increasing of particle 
size as well as re-crystallization of material. The absorption 
observed for higher wavelength to annealed sample could be 
associated to the drastic variation in the particle size.

The following Tauc equation was used to optimize the 
values of energy band gap  (Eg) [29]:

where K is a Richardson’s constant, Eg is the band gap of 
the material, and n is a constant taken to be 1 for PbS as a 
direct band gap semiconductors. The Tauc plot (αhν)2 verses 
hν shown in Fig. 4 was used to estimate the band gap val-
ues. The values of the energy band gap, 1.23 and 1.10 eV 
for as-prepared and annealed, respectively were estimated 
from the intercept of the straight-line portion of the (αhν)2 
against (hν) plot. The decreased band gap for annealed PbS 
layer as compared to as-deposited sample might be due to 

(8)�h� = K(h� − Eg)
n
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Fig. 1  XRD pattern of (a) as-deposited and (b) annealed lead sul-
phide thin films deposited by chemical bath deposition method

Table 1  A summary of the 
XRD results obtained for 
as-deposited and annealed PbS 
thin films

PbS samples 2θ (deg) ‘d’ value (Å) FWHM (deg) Miller 
indices 
(hkl)

Phase assignment

Standard Observed Standard Observed

As-deposited 25.96 26.00 3.429 3.424 0.331 (111) Cubic
30.07 30.06 2.969 2.970 0.313 (200) Cubic
43.05 43.08 2.099 2.098 0.292 (220) Cubic
50.97 51.16 1.790 1.784 0.213 (311) Cubic
53.41 53.66 1.714 1.706 0.255 (222) Cubic

Annealed 25.96 26.05 3.429 3.418 0.153 (111) Cubic
30.07 30.12 2.969 2.964 0.133 (200) Cubic
43.07 43.14 2.099 2.095 0.233 (220) Cubic
50.97 51.06 1.790 1.787 0.201 (311) Cubic
53.41 53.49 1.714 1.711 0.255 (222) Cubic
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be associated to the increase in particle size. Figure 5 shows 
the transmission spectra of as-deposited and annealed PbS 
thin films. From transmission spectra it is observed that 
the as-deposited film is more transparent than that of the 
annealed layer. Less transmittance measured for both the 
layer in IR region demonstrate the suitability for IR detector 
applications.
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Fig. 2  Plot βcosθ versus sinθ of (a) as-deposited and (b) annealed 
lead sulphide thin films
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Fig. 3  Optical absorption spectra of (a) as-deposited and (b) 
annealed lead sulphide thin films
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Fig. 4  Tauc plot of (a) as-deposited and (b) annealed lead sulphide 
thin films deposited by chemical bath deposition method
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Fig. 5  Transmission spectra of as-deposited and annealed lead sul-
phide thin films
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3.3  Morphological properties

Figure  6 show the SEM images of as-deposited and 
annealed PbS thin films. A void free, compact densely 
packed surface morphology was imaged for both samples. 
Arbitrary particle growth was observed in as-deposited 
sample; whereas the agglomeration of small particle grows 
cauliflower like globular morphology can be clearly seen 
for the annealed sample.

3.4  Compositional analysis

The elemental compositional analysis of PbS samples were 
determined using EDAX analysis. The atomic percentage 
concentrations obtained by EDAX analysis for as-deposited 
and annealed samples are summarized in Table 2. Upon 
annealing the contents of sulfur were found to be decreased, 
which might be due to the evaporation of free sulfur avail-
able at grain boundaries and top surface of the sample. These 
results support the electrical measurements which will be 
discussed in the following section.

3.5  Electrical properties

Fig. 7a, b shows the current density versus voltage (J–V) 
measurements carried out under dark and IR illumination 
for as-deposited and annealed PbS thin films, respectively. 
Both sample exhibits Schottky behavior under dark and IR 
illumination. For both as-deposited and annealed samples, 
nearly four times enhancements in the current density were 
observed upon IR illumination at ~0.5 V bias voltage as a 
counter part of dark condition measurements. This result is 
further demonstrates that the PbS layer can be used as a IR 
detector.

The semi-logarithmic graphs of ln(I) versus applied bias 
shown in inset of Fig. 7a, b were used to calculate the ide-
ality factor. Au metal contacts of diameters of 5 mm were 
made on to PbS layer by thermal evaporation technique. The 
value of the ideality factor (A) was calculated from the slope 
of straight line region of the forward bias using the following 
relation [30]:

where ‘q’ is the charge of electron, ‘V’ is the applied volt-
age, ‘A’ is the ideality factor, ‘k’ is the Boltzmann constant, 
‘T’ is the temperature and ‘I’ is the diode current. The values 
of ideality factor 1.62, 1.33 and 1.54, 1.21 were calculated 
for dark and IR illumination condition for as-deposited and 
annealed samples, respectively. The decreased values of ide-
ality factor (closer to unity) are associated to the enhanced 
crystallinity due to re-crystallization of material which can 
further reduce the leakage current in the diode.

(9)E =
q

kT

dV

d(ln I)

Fig. 6  FESEM images of a as-deposited and b annealed lead sul-
phide thin films, a and b are their corresponding magnified images

Table 2  The elemental atomic 
percentage concentration 
obtained by EDAX for 
as-deposited and annealed PbS 
samples

PbS samples Atomic 
percentage 
concentration 
(%)

Pb S

As-deposited 46.97 53.03
Annealed 54.05 45.95
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4  Conclusion

A simple chemical bath deposition technique was employed 
to deposit PbS thin film. Highly crystalline layers with cubic 
crystal structure were confirmed from XRD analysis. The 
energy band gap values 1.23 and 1.10 eV were estimated 
from absorption spectra. Arbitrary shaped particles were 
observed in as-deposited sample, which are agglomer-
ated and grown to a cauliflower like globular clusters upon 
annealing. Both samples were well adherent to the substrate 
without pin holes and densely packed. Pb-rich layers were 
confirmed from EDAX analysis upon annealing due to the 

evaporation of elemental sulfur present at grain bounda-
ries and on the surface of sample. Both samples revealed 
Schottky behavior under dark and IR illumination condi-
tions. The increased photocurrent measured under IR illu-
mination demonstrates that PbS could be a good IR detec-
tor candidate. The decreased ideality factor calculated for 
annealed sample revealed the enhancement in the crystallin-
ity and less leakage current through grain boundaries.
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