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Abstract

Lead sulphide (PBS) thin films have been investigated in this present work by using chemical bath
deposition (CBD) technique onto glass substrates with different deposition times (20, 40 and 60 min.) at
70°C (158°F) exploiting lead nitrate and thiourea as lead and sulphide ions sources. The effect of the
deposition time on the optical, morphological and electrical properties of the as-deposited PBS films were
studied. The thin films exhibit a strong optical absorption in the ultraviolet (UV) and visible regions but low
absorption over the longer wavelength region towards near infrared (NIR) of the electromagnetic spectrum.
In contrast, the films transmit very low at the UV and visible regions while NIR region exhibit a good optical
transmission. The optical band gap energy of the films decreases with increase in deposition time (tg),

ascribing larger particle size. The extinction coefficient (k) of the films increased with deposition time
increment which corresponds to greater attenuation of light and also the higher probability of raising the
electron transfer across the mobility gap with the photon energy. The image obtained shows almost dense
spherical and uniform grains with an increase in time of dipping the glass slides into the solution. The
electrical conductivity was observed to be inversely related to the optical band gap energy of the films.
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1. Introduction

There is a growing interest globally in the study of lead sulphide (PbS) owing to its unique optical,
morphological and electrical properties with a wide range of applications in the field of photovoltaic
technology, optoelectronic devices, photoconductors, sensors and infrared detectors (Ezekoye et al., 2015;
Preetha et al., 2015; Aadim et al., 2017). PbS is an IV-VI group of periodic table semiconductor with a
narrow direct band gap energy of 0.41eV at room temperature and a relatively large excitation Bohr radius
of 18nm (Thirumavalavan et al., 2015; Uhuegbu, 2011; Ahmed et al., 2013; Aadim et al., 2017). It has a
controllable conductivity by exploiting different dopants such as Al, Cl, and Ag with a very high absorption
coefficient approximately 10°cm™ than other semiconductor materials. PbS has a p-type conductivity which
makes it vital materials in the application of the absorber layer in photovoltaic devices (Cheng et al., 2006).
PbS thin films have been prepared using different synthesis routes such as electro-deposition, spray
pyrolysis, photo-accelerated chemical deposition, microwave-heating, pulsed laser deposition (PLD),
successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition (CBD) methods
(Aadim et al., 2017; Osherov et al., 2007; Rajashree et al., 2014; Gilen, 2014; Pawar et al., 2013). Among
the various deposition techniques, CBD is gaining a widespread attention in the recent years due to its
simplicity, easier composition control, better homogeneity, low processing temperature, cost effectiveness,
potential for large-scale production of thin films and capable of yielding good quality thin films which does
not require any sophisticated instrument (Ezekoye et al., 2015; Thirumavalavan et al., 2015; Jana et al.,
2008). Due to this superior advantages, CBD method has established highly attractive by researchers aiming
to obtain thin films (Gdéde and Giimdis, 2009). In this present work, CBD technique was used to prepare PbS
thin films on soda lime glass substrate with different deposition time using lead nitrate [Pb(NO3),] and
thiourea [SC(NH,).] as lead and sulphide ion sources respectively. The effect of deposition time on the
optical, morphological and electrical properties was investigated.

2. Experimental details
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2.1. Preparation of PbS thin films

PbS thin films were deposited on ultrasonically prepared soda lime glass substrates by CBD using lead
nitrate [Pb(NO3),], thiourea [H,NCSNH,] and sodium hydroxide [NaOH] as a lead ion source, sulphide ion
source, and a base medium respectively. The glass substrates were degreased and washed ultrasonically in a
cleaning solution containing sodium lauryl sulfate [CH3(CH,);1SO4Na] detergent and subsequently rinsed
with methanol and then thoroughly with double distilled water. The deposition was done in a reactive
solution containing 20ml each of lead nitrate, thiourea and NaOH solutions with concentrations of 0.07M,
0.4M, and 0.4M respectively, and distilled water of 20ml was added to the solution to achieve a total volume
of 80ml. The ultrasonically prepared glass substrate was vertically immersed into the prepared reactive
solution at the center of the reaction deposition bath, the solution was stirred with a magnetic stirrer for 10
minutes in order to achieve a homogeneous concentration of the mixture throughout the deposition process
and was maintained at room temperature with a final pH value of 12.52. The deposited films were
subsequently taken out of the chemical bath after different deposition (dipping) time, t,, of 20, 40 and 60
minutes, rinsed with double distilled water and dried on a hotplate for 30 minutes at 70°C (158°F). The
deposited PbS thin films were homogeneous and well adhered to the soda lime glass substrate. The thickness
of each deposited film was determined by Surface Profiler obtaining 100, 000 and 000nm for samples with
t,of 20, 40 and 60 minutes respectively. The effective chemical reaction mechanism in the formation on a

substrate of PbS thin films is given as:

Pb(NO, ), +4NaOH — [Pb(OH ), | +4Na" + 2NO* (1)
[Pb(OH), " + SC(NH,), — PbS +20H ™ +CN,H, + 2H,0 )

The [Pb(OH),]?>~ complex divided into fragments to make bonds with Pb2~ ions which led to the formation
of PbS.

2.2. Characterization of PbS thin films

The absorbance data of the chemically deposited PbS thin films were obtained using Axiom Medicals UV
752 spectrophotometer at room temperature in the wavelength range of 250nm to 1100nm. The optical
properties of the as-deposited PbS thin films were determined from the UV/Vis absorbance data. The
absorbance data were then used to evaluate the transmittance, absorption coefficient (o), optical band gap
energy and extinction coefficient of the thin films. The optical absorption coefficient (o) was calculated for
each PbS films from the absorption spectra using the relation (Rajashree et al., 2014).

2.303A
o= "

3)

Where t is the thickness, and A is the absorbance of the as-deposited PbS films. As a direct bandgap
material, Tauc’s relation was used to evaluate the optical band gap energy (Eg) using (Thirumavalavan et al.,

2015):
(ahv) =K (hv-E,) (4)

Where Eq is the optical band gap energy of the PbS thin films, and K is a coefficient. A four-point probe
method (QUADPRO-301-6) was used to determine the resistivity of the as-deposited PbS films from which
the conductivity was evaluated.

3. Results and discussion
3.1. Optical Properties
The effect of the deposition time (t,) on the optical properties of chemically deposited PbS thin films were

studied in this section using Axiom Medicals UV 752 spectrophotometer at room temperature in the
wavelength range of 250nm to 1100nm..
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3.1.1. Absorbance
The optical absorption spectra of the PbS films at different deposition time (t, ) of 20, 40 and 60 minutes at

70°C (158°) were recorded in the wavelength ranges of 250nm to 1100nm as illustrated in figure 1.
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Fig. 1: Absorption spectra of PbS thin films prepared by CBD at a deposition time of 20, 40 and 60
minutes.

Figure 1 shows that the PbS thin films exhibit a strong optical absorption in the wavelength range of about
320nm to 700nm covering most UV and visible regions of the electromagnetic spectrum. It is observed that
the shapes of the curves are similar, but there are differences in the absorbency. The absorbance of the films

increases with the deposition time (t,) owing to the increase of the film’s thickness, where the thicker films

have more atoms present, hence more states are available for the photon energy to be absorbed (Obaid et al.,
2013; Ezema et al., 2007). It can be clearly stated from the above figure that PbS thin films exhibit high
absorbing nature in the UV-visible regions but low absorption over the longer wavelength region towards
near infrared.

3.1.2. Transmittance (T)
The transmission spectra of PbS thin films deposited with different deposition time (t,) at 70°C (158°) in

the wavelength ranges of 250nm to 1100nm as shown in figure 2.
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Fig. 2: Transmission spectra of PbS thin films prepared by CBD at deposition time (t, ) of 20,40 and

60 minutes.
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It is observed from the above figure that all the films transmit very low in the UV and visible regions
between 300nm to about 700nm. This phenomenon is attributed to the strong absorbance in this regions with
similar characteristics observed by Obaid et al. (2013). The transmission increases with increasing
wavelength towards the NIR regions indicated that the transparency window decreases as the deposition
time increases which may be ascribed to the decrease of thickness as the deposition time increases. It also

observed that the high transmission in the film could be related with the low thickness and the abundance of
porosity in the films.

3.1.3. Optical Bandgap Energy

Optical band gap or energy gap (E,) is the separation between valance and conduction bands of

semiconductor materials (Aadim et al., 2017). The optical band gaps of the PbS thin films were estimated
graphically by applying the Tauc’s model (see equation 4), the band gap of the sample material with sharp

falloff can be deduced from a plot of the squared absorption coefficient (ezhv)” versus photon energy (hv)
by extrapolating the straight line of the plot to intersect the energy axis (Aadim et al., 2017). The E, of the

PbS thin films were obtained by extrapolating the straight line portion of the graph to zero absorption
coefficient with different deposition time (t, ) of 20, 40, and 60 minutes as indicated in Figure 3(a-c).

(a) 10 4 (b)

8 4

6 -

[(ehv)? x 10°1%] (eV/em)?

40 min
Eg=1.77&V

20 min
Eg=207eV 2 A

[(ehv)? x 10°1%] (eViem)?

] ] ] ] |
— e . . . . .
13 15 L7 Lo 2l 23 23 13 14 15 16 17 18 19 2
bv (V) v (V)

60 min
Eg=176V

| | | |

—tt+ttrtt
13 14 15 16 17 18 19 2
hv (eV)

Fig. 3: Tauc plots of chemically deposited PbS thin films at different deposition time (t, ) of (@) 20 (b)
40, and (c) 60 minutes.

The E, values of the PbS thin films are found be 2.07eV, 1.77eV and 1.76 eV for the films at a deposition
time of 20, 40 and 60 minutes respectively. It is observed from the plots that E; values decrease with

increase in deposition time (t, ) due to the increase of the thickness of the film resulting to agglomeration of

the nanocrystallites into larger crystallites (i.e., increase in particle sizes). This finding is in good agreement
with the results obtained in the literature (Obaid et al., 2012; Gdde et al., 2014; Jana et al., 2008; Aadim et
al., 2017; Rafa and Rousdy, 2010; Kumara et al., 2009). This value of energy band gap is higher than the

value of the direct band gap energy of the PbS thin film which might occur due to poor crystallization
because PbS films are polycrystalline.
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3.1.4. Extinction Coefficient (k)

Extinction coefficient describes the attenuation of light in a medium and increase of k with the increase of
hv indicates the probability of raising the electron transfers across the mobility gap with photon energy
(Kamal, 2010). Figure 4 shows the extinction coefficient as a function of wavelength for chemically
deposited PbS thin films with different deposition time.
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Fig. 4: Extinction Coefficient of chemically deposited PbS thin films with different deposition times

of 20, 40 and 60 minutes.

It is observed that the extinction coefficient (k) in general, increased with the increases in deposition times
for all films. Hence, the higher values of k are the representation of greater attenuation of light in a thin film
and also the higher probability of raising the electron transfer across the mobility gap with the photon energy
(Kamal, 2010). The observed increment in extinction coefficient (k) values is attributed to the increase of the
thickness of the films as a function of deposition times, as well decreases the optical energy gap as a result
of absorbance increment. This finding agrees well with the literature (Aadim et al., 2017; Abbas, Shehab, et
al., 2011).

3.2. Morphological properties

The obtained surface morphology of the PbS films with different deposition times of 20, 40 and 60 minutes
at 70°C (158°F) was measured by using Carl Zeiss Evo M10 Scanning Electron Microscopy (SEM). SEM
was used to show the growth surface and surface roughness of the deposited thin films layers as shown in
figure 5. The image shows almost dense spherical and uniform grains, with an increase in time of dipping
the glass slides in the solution. The average particle size was found to be 18.2 nm.

Fig. 5: SEM images of PbS thin films at different deposition time.
3.4. Energy Dispersive X-ray (EDX) analysis of PbS thin films

The dispersive energy X-ray (EDX) analysis patterns of the sample in this study shows that the sample
comprises only Pb and S elements in the starting solution present in the solid film with little impurities and
better quality with an increase in time of dipping.

Fig. 6: EDX images of PbS thin films at different deposition time.

3.5. Electrical Properties

The measured electrical resistivity and the corresponding conductivity of the chemically deposited PbS thin
films at different deposition time which are the distinctive quantities of the electrical properties are shown in
Figure 7.
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Fig. 7: Graph of electrical (a) resistivity (b) conductivity of chemically deposited PbS filmsat  different
deposition time

It is observed from the figure (7a) that resistivity decreased from 8.146Qcm to 1.026Q2cm with increasing
deposition time from 20min to 60min which implies increasing grain size of the films. The electrical
conductivity linearly increases with the increase of deposition time as shown in figure (7b), this observation
can be attributed to large levels of scattering (Mosiori et al., 2014). The electrical conductivity is also
observed to be inversely related to the optical band gap of the films with minimum optical band gap having
the maximum electrical conductivity. This is in agreement with result gotten by Preetha et al. (2015).

4. Conclusion

Lead sulphide (PbS) thin films have been successfully prepared by chemical bath deposition method on soda
lime glass substrate with different deposition time using lead nitrate [Pb(NO3).] and thiourea [SC(NH,),] as
lead and sulphide ion sources respectively. The study on the optical and electrical properties of the films was
carried out to determine the effect of deposition time properties. It was found that the as-deposited films
exhibit a strong optical absorption in UV and visible regions but low absorption over the longer wavelength
region towards near infrared (NIR) of the electromagnetic spectrum. In contrast, the films transmit very low
at the UV and visible regions while NIR region exhibit a good optical transmission.

The optical bandgap (E,) of the films decreases with increase in deposition time (t,) was ascribed to

agglomeration of the nanocrystallites into larger crystallites. The extinction coefficient (k) of the films
increased with the increase in deposition time. Hence, the higher values of k have a greater attenuation of
light and also the higher probability of raising the electron transfer across the mobility gap with the photon
energy. The electrical conductivity is inversely related to the optical band gap of the films.
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