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A B S T R A C T

Thin films of lead sulfide (PbS) were prepared on glass substrates using the successive ionic layer adsorption and
reaction technique. To investigate the gamma-induced properties, the deposited thin films were sequentially
exposed to 60Co gamma rays at doses varying from 0 to 75 kGy. X-ray diffraction analysis of the pristine and
irradiated samples showed that the crystallinity of the PbS thin films increased with the gamma dose. Field-
emission scanning electron microscopy revealed that the PbS particle size increased with the gamma dose up to
25 kGy, and then decreased. Defect peaks at 805.54 and 833.89 nm were found in the photoluminescence
spectra of the pristine samples that were annihilated owing to the gamma exposure. Impedance spectroscopy
indicated that the radiation effect increased the grain resistance as the dose level was increased. The noticeable
changes induced in the structural, optical, and electrical properties of the PbS thin films clearly introduce the
possibility of using them in gamma dosimetry application.

1. Introduction

Lead sulfide (PbS) is an important IV-VI binary compound semi-
conductor that has received significant attention due to its narrow en-
ergy band gap of 0.41 eV (Meldrum et al., 1996), and a relatively large
Bohr radius of approximately 18 nm (Torimoto et al., 2002). PbS pro-
vides high quantum confinement for electrons and holes. Therefore, it is
an interesting material whose energy band gap can be tuned, giving rise
to several nanostructures, and optical and electrical properties that are
more diverse than those of the bulk material. Due to its unique prop-
erties, PbS has been used in various devices such as IR detectors, diode
lasers, transistors, contact rectifiers, and in applications such as solar
absorption and photo-resistance (Putley, 1967; Ballard et al., 1972; Nair
et al., 1992; Hirata and Higashiyama, 1971; Kane et al., 1996;
Kanazawa and Adachi, 1998; Joshi et al., 2004). PbS thin films can be
prepared using different physical and chemical deposition techniques
such as chemical bath deposition (Seghaier et al., 2006), electro-
deposition (Maheswassharon et al., 1997), spin-coating deposition
(Patel et al., 2014), low-pressure spray pyrolysis (Thangaraju and
Kalainnan, 2000), atomic layer deposition (Hsu et al., 2013), micro-
wave heating (Yonghong et al., 2004), and solid-vapor deposition
(Obaid et al., 2012). Successive ionic layer adsorption and reaction
(SILAR) is the most appropriate technique for the deposition of PbS thin
films. SILAR has a number of advantages, such as thickness control, low
temperature requirement, freedom in choosing the elemental

composition, and non-requirement of a high-quality target. Further-
more, it is inexpensive, simple, and convenient for large-area deposition
(Bickulova et al., 1995; Chatterjee et al., 1999; Chen et al., 1985;
Chopra et al., 1983; Danko et al., 1991).

It is believed that gamma radiations have the ability to relocate the
atoms of the host materials from their lattice. This phenomenon is ac-
countable for initiating the deviations in the nanostructure. Changes
produced by the irradiation depend on the dose of the radiation, nature
of the host material, and the angle of interaction (Ivanov and Platov,
2004). Several reports were published regarding the influence of
gamma irradiation on the properties of thin films such as gamma ir-
radiation of In2O3 and Cu2ZnSnS4 thin films (Nefzi et al., 2017; Mehdi
et al., 2018) for photovoltaic applications. In some cases, gamma irra-
diations improved some physical properties (Azmy et al., 2017; Sofiany
et al., 2014; Shabir et al., 2015). To the best of our knowledge, no
previous study has been published on PbS thin films regarding the
modification of structural, optical, and electrical properties induced by
gamma irradiation. The interaction of nanomaterials with gamma ra-
diation can lead to the formation of structural defects in the form of
deficiencies, clusters, and dislocations (Zhu, 1998). These defects are
actually the energy levels within the energy band gap that can act as
carrier-trapping or carrier-recombination centers associated with the
energy (Atanassova et al., 2001).

The novelty of this present study is to deposit the PbS thin films
using the SILAR SILAR technique. The main objective of this study is, to
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tune the structural, optical, and electronic properties of PbS thin films
that have been examined by varying the gamma irradiation dose. The
gamma irradiation modified the crystallinity, particle size, surface
morphology, energy band gap, photoluminescence, grain resistance,

and grain capacitance of the PbS thin films.

2. Experimental

PbS thin films were deposited on the glass substrates using the
SILAR technique. Before the deposition, the substrates were washed
with dilute hydrochloric acid, methanol, and deionized water, and
dried with nitrogen gas. For the thin film deposition, 0.5 M lead nitrate
(Pb(No3)2; 99.999%) in water and 0.5 M sodium sulfide (Na2S;> 99%)
solution in ethanol were used as the cation (Pb2+) and anion (S2−)
sources, respectively. First, the cleaned glass substrates were dipped in
the cation solution for 30 s, rinsed with deionized water, and then dried
at 100 °C for 2 min. Next, the same substrates were immersed in the
anion solution for 30 s, rinsed with ethanol, and dried under the same
temperature and time conditions. These two steps form one complete
cycle of SILAR and leads to formation of PBS thin films. For homo-
geneity and sufficient thickness of the PbS thin films, 10 cycles were
performed.

The deposited PbS thin films were irradiated with different gamma
doses using a 1.25 MeV 60Co source (half-life of 5.2714 years; Model
SC220E, MDS Nordion), at dose rate of 7.328 kGy/h. The sample was
placed perpendicularly at distance of 6.5 cm from the source. The
samples were exposed to the radiation for 207, 415 and 622 min to
acquire 25, 50, and 75 kGy gamma irradiation dose respectively.

The pristine and gamma-irradiated PbS thin films were structurally

Fig. 1. XRD patterns for pristine and gamma-exposed PbS thin films.

Figure 2. (a–d) FESEM images of PbS pristine thin film, and films exposed to 25, 50, and 75 kGy gamma doses, respectively, and (e) EDS spectrum of PbS thin film.
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examined using an X-ray diffractometer (PANalytical X'Pert3 MRD X)
with a CuKα radiation source. The morphology of the thin films was
studied using a scanning electron microscope (JEOL). The optical
transmission analysis was performed using a spectrophotometer
(JASCO-V 670), and the photoluminescence (PL) spectra were recorded
using a spectrofluorometer (JASCO FP-8200). Impedance spectroscopy

analysis of the PbS thin films was conducted using a CH608E instru-
ment.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) spectra of the pristine and
gamma-exposed PbS films deposited on glass substrates. All the samples
were found to be crystalline with the (111), (200), (221), and (311)
Bragg's reflections conforming to the cubic phase of PbS [JCPDS
05–0592]. The peak intensity values increased considerably with an
increase in the gamma dose. This demonstrates, that the crystallinity of
the PbS thin films increases with the gamma dose. The crystallite sizes
of the pristine and gamma-exposed thin films were calculated using the
Scherrer equation for the main peak (111). The crystallite sizes of the
pristine and gamma-exposed thin films (gamma doses of 25, 50, and
70 kGy) were 64, 83, 74, and 68 nm, respectively. The crystallites ag-
glomerated after the gamma irradiation and lead to the formation of
large crystallites. The results were in good agreement with the reported
gamma irradiation thin films (Nair et al., 1993; Ali et al., 2020).

The morphology and nanostructure of the pristine and gamma-ex-
posed PbS thin films were characterized using field-emission scanning
electron microscopy (FESEM), as shown in Fig. 2 (a–d). The pristine PbS
thin film exhibited a porous nature and had a granular shaped mor-
phology with an approximately 58 nm grain size, as shown in Fig. 2 (a).
Under a gamma exposure dose of 25 kGy, the granular shaped grains
agglomerated together to form a cluster (Fig. 2 (b)). For values up to
25 kGy the average PbS grain size increased and then decreased with
further increase in the gamma dose. The change in the morphology
under the 50 and 75 kGy gamma doses were associated with the huge
quantity of energy transferred to the structure in a small time interval.
This is related to a change in the kinetic energy that, produced a heating
effect on the surface of the PbS thin films and may have caused a
change in the surface morphology and nanostructure of the PbS thin
films exposed to a high gamma dose (Abhirami et al., 2013a,b).

The EDS spectra of the as prepared PbS film is shown in Fig. 2 (e)
and the proportion of Pb and S are presented in the Table inset in Fig. 2
(e), which shows the good quality and purity of the PbS thin films.

Fig. 3 (a) shows the change in the optical transmission
(675–1200 nm range) of the pristine and gamma-irradiated PbS thin
films. The transparency in 760–1200 nm domain decreased quickly
after the gamma exposure for all doses. The presence of interference
fringes in the 825–1200 nm domain of the transmission spectrum shows
the uniformity of thickness and homogeneity of the thin layers
(Yaghmour, 2009).

The absorption coefficients (α) of the pristine and gamma exposed
PbS thin films were calculated using Eq. (1).

= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

α
t T
1 ln 1

(1)

where t is the thickness of the PbS thin film, and T is the transmittance.
The thickness was estimated using the equation =t M

ρA , where M is
the mass of PbS deposited in grams, A is the deposited area of the thin
film in cm2, and ρ is the density of PbS (7.6 g/cm3). The measured
thickness of the deposited PbS thin film was 186 nm.

The energy band gaps of the pristine and gamma exposed PbS thin
films were calculated using the Tauc equation (Eq (2)).

= −αhν A hν E( ) ( )g
m (2)

where A is a constant, α (cm−1) is the absorption coefficient, m assumes
precise values (m = 2) depending on the type of transition, hν (eV) is
the energy of the incident photon, and Eg (eV) is the energy band gap.
The energy band gaps of the PbS thin films were determined using the
straight-line x-intercept of the (αhν)1/2 vs hν (eV) plot shown in Fig. 3
(b).

The energy band gap decreased with an increase in the gamma dose
up to 50 kGy, and then starts to increase. The energy band gaps of all

Fig. 3. (a) Transmission spectra and (b) Tauc plot of pristine and gamma ex-
posed PbS thin films.

Fig. 4. PL spectra of pristine and gamma-exposed PbS thin films.
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the irradiated samples are less than that of the pristine PbS thin film.
The reduction in the energy band gap is due to the induced defects
resulting from the gamma exposure that created localized traps in the
band gap (Belgacem and Bennaceur, 1990). The decrease in the band
gap after the interaction of gamma rays with the PbS material is related
to energy transfer, which may have caused a transfer of holes from the
valence band to conduction band with an enhancement in the free
electrons and holes, thereby improving the electrical conductivity of the
PbS thin films (Abhirami et al., 2013a,b).

The effects of different doses of gamma exposure on the creation
and eradication of defects are depicted in Fig. 4. A well-defined PL peak
at 771 nm was exhibited by the pristine and gamma-irradiated PbS thin
films due to the band edge transitions. Two additional peaks at 805.54
and 833.89 nm associated with the structural defects were observed in
the pristine PbS thin film that was annihilated after the gamma ex-
posure. A change in the PL peak position and intensity was observed
after the gamma exposure. As the exposure dose increased, the corre-
sponding peak intensity decreased, resulting in the position being
slightly red-shifted. The slight deviation in the PL peak wavelength for
the pristine and gamma-exposed PbS thin films was probably due to the
structural mismatching of PbS. The decrease in the peak intensity along
with the formation of a hump was due to the decrease in sulfur va-
cancies after the gamma exposure, and a change towards low energy
(Vigil et al., 1997).

Impedance spectroscopy is a suitable technique to investigate the
various gamma dose induced effects. In this study, to observe the ir-
radiation response of PbS thin films, impedance spectroscopy was
conducted before and after the irradiation at room temperature, and the
results are illustrated in Fig. 5 (a) in the form of Nyquist plots. The
single semicircle indicates the frequency-dependent charge transfer
process, and the radius of the semicircle is associated with the charge
transfer resistance. Fig. 5 (b) shows an equivalent circuit having an R–C
parallel circuit, RgCg, associated with the charge transportation in grain
boundaries. Using the selected fitting equivalent circuit model, the
suitable values of the various parameters as a function of the gamma
dose were determined and tabulated in Table 1. The capacitance Cg was

found to be approximately the same for the pristine and gamma-irra-
diated PbS thin films. However, the value of the resistance Rg increased
with an increase in the dose level of gamma exposure. This may have
been owing to an increase in the grain size with the gamma exposure
dose.

4. Conclusions

In this study, the PbS thin films were deposited on glass substrates
using the SILAR technique and the structural, optical, morphological,
and electrical characteristics were investigated successfully by XRD,
FESEM, EDS, UV–Vis, photoluminescence, and impedance spectroscopy
analysis before and after irradiation with different gamma doses. The
XRD results indicated nanocrystalline thin films with (111), (200),
(221), and (311) Bragg's reflections, conforming to the cubic phase of
PbS thin films. The crystallinity of the thin films increased with the
gamma dose. FESEM revealed that the change in morphology at 50 and
75 kGy gamma doses was associated with the large amount of energy
transferred to the structure; this produced a heating effect on the sur-
face of the PbS thin films. The reduction in the energy band gap was due
to the defects induced by gamma exposure, which created localized
traps in the band gap. The PL peak position and intensity changed after
gamma irradiation because of a lattice mismatch of the structure.
Impedance spectroscopy revealed that the grain capacitance was ap-
proximately the same for the pristine and gamma-exposed PbS thin
films. However, the grain resistance increased with the gamma ex-
posure dose. Gamma irradiation dose dependent variations were ac-
countable for altering the properties of the PbS thin films that, can be
used for radiation sensing application.
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Fig. 5. (a) Nyquist plots of pristine and gamma-irradiated PbS thin films, and (b) equivalent circuit used to interpret the impedance spectroscopy data.

Table 1
Electrical parameters eliminated using impedance spectroscopy.

Sample Rg (MΩ) Cg (pF)

Pristine 69.4 1.38
25 kGy 82.6 1.36
50 kGy 89.3 1.36
75 kGy 93.1 1.37
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