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PbS thin films with thickness between 100 and 150 nmwere grown for the first time bymicrowave-assisted chemical bath deposition
in a commercial automated system with deposition times not exceeding 5 min. X-ray diffraction analysis shows that the thin films
have cubic rock salt type structure with good crystallinity. The grain size increased from 18 to 20 nm, as the deposition time
increased. Energy dispersive X-ray results confirm that the films are stoichiometric. Optical measurements show that thin films
have relatively high absorption coefficients between 104 and 105 cm-1 in the visible range. In addition, the films exhibit a direct
gap, within the energy range from 1.0 to 1.35 eV. The electrical properties, such as conductivity, the Seebeck coefficient, carrier
concentration, and carrier mobility, are discussed.

1. Introduction

Lead sulfide (PbS) is an important IV–VI semiconductor
material with technological applications including infrared
detectors [1] and absorbers in thin film solar cells [2, 3].
Different methods have been used to synthesize PbS; they
include chemical bath deposition (CBD) [4, 5], spray pyroly-
sis [6], pulsed laser deposition [7], vacuum evaporation [8],
chemical vapor deposition (CVD) [9], ultrasound [10], and
electrodeposition [11].

Studies of PbS thin films obtained by CBD showed that
this compound has a band gap (Eg) within the range of
energies from around 1.39-1.55 to 2.38-2.75 eV, an electrical
resistivity of 105Ω cm, and a preference orientation along

the (111) or (200) planes with grain sizes about 20 or 34
nm depending on the temperature and/or formulation used
[5, 12, 13]. The authors in [14] prepared PbS films by CBD at
room temperature for different deposition times (from 60 to
300min) using lead acetate as a source of Pb ions, thiourea to
produce S ions, and triethanolamine as the complexing agent
in water. As a result, grown films showed that Eg decreases
from 0.52 to 0.38 eV, as deposition time increases.

Besides the traditional set-up for CBD, PbS thin films
have been also deposited by CBD under the influence of UV
radiation [14] and microwave radiation [15–19]. Nanocrys-
talline PbS thin films have been reported using a microwave-
assisted chemical bath deposition method with deposition
times from 30 to 120 min showing a p-type conductivity
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[15]. X-ray diffraction patterns show cubic rock salt (NaCl)
structure with preference crystalline orientation along (111)
or (200) depending on the deposition time. Moreover, as the
deposition time increases, the particle size increases from 13
to 23 nm, while both the electrical resistivity and the band
gap Eg decrease from 380 to 347Ω cm and from 2.7 to 1.6 eV,
respectively. The synthesis of PbS nanocrystals in an ethanol
solvent for 20 min by microwave heating was reported in
[16] with size around 10 nm approximately. Additionally, the
pure cubic phase of PbS nanocrystals has been grown by
applying a microwave radiation for 30 min using ethanol,
distilled water, ethylene glycol, and polyethylene glycol-200
as solvents and lead acetate and thiourea as lead and sulfur
sources, respectively [17].These films show a direct transition
with an optical band gap of 3.49 eV.The nanoparticles of PbS
were prepared in a domestic microwave oven with different
sulfur sources and Pb(NO3)2 as lead source [18].

The microwave-assisted chemical bath deposition (MA-
CBD) is a simple, quite fast, and energy-efficient method to
obtain thin films [20]. The heating is generated from inside
the solution through microwave irradiation, which causes a
homogenous distribution of temperature within the solution
and accelerates the growth rate by accelerating the film's
reaction kinetics [21, 22].

As far as we know, this is the first time that thin films of
PbS are reported to be grown by MA-CBD with deposition
times not exceeding 5 min in a commercial automated
system. In this work, the PbS thin films were synthesized
using thioacetamide as sulfur source at different deposition
times. The structural, optical, and electrical properties of the
thin films were analyzed.

2. Materials and Methods

2.1. Thin Film Deposition. PbS thin films were grown by
microwave-assisted chemical bath deposition, following the
chemical formulation reported previously [23]. A solution
containing 5 ml of Pb(NO3)2 1 M, 20 ml of NaOH 1 M,
6 ml of CH3CSNH2 1 M, 4 ml of (HOCH2CH2)3N 1 M,
and distilled water was prepared. Typical microscope glass
slides were cut to obtain 75 x 8 x 2 mm substrates. One
substrate was introduced each time into the vial containing
the chemical solution. Then, the vial was placed in the Anton
PaarMicrowave Synthesis ReactorMonowave 300 (2.4 GHz).
The deposition was carried out at 40∘C for 2, 3, and 4 min.
Finally, the sampleswere taken out of the solution andwashed
with distilled water.The thicknesses of the films were 100, 130,
and 150 nm for 2, 3, and 4 min, respectively.

2.2. Characterization. Films’ thickness was measured on an
XP-200 Ambios Technology profilometer. X-ray diffraction
(XRD) patterns were recorded with Cu-K𝛼 radiation on a
Rigaku Ultima IV diffractometer with grazing incidence of
1.0∘ with the sample plane. A field effect scanning electron
microscope, Hitachi-FESEM S-5500, was used to analyze
the surface morphology of the films. Chemical composition
was analyzed in an Oxford x-act energy dispersive X-ray
spectrum (EDX) analyzer attached to a Hitachi-SEM SU1510.

Optical transmittance and specular reflectance spectra were
measured in a JASCO V-670 spectrometer using air or an
aluminizedmirror as reference, respectively. For the electrical
measurements we used a Keithley 230 programmable voltage
source and a Keithley 619 electrometer. A pair of carbon
electrodes (5 mm length and 5 mm separation) were painted
on the film surface, at which the I-V characteristics have
ohmic behavior. Photocurrent response curves were done
with a bias (V) of 10 V applied across the electrodes. The
current (I) in the sample is recorded at each 0.5 s for the first
20 s in the dark, the next 20 s under 1000 W/m2 provided by
a tungsten halogen lamp, and the last 20 s after switching off
the illumination. Thermoelectric measurements were done
by amicrovoltmeter/scanning thermometer Keithley 740 and
the DC power supply with two Peltier elements to establish
a difference of temperature. The activation energy for the
electrical conductivity was evaluated in the temperature
range between 298 and 363 K.

3. Results and Discussion

3.1. Reaction Mechanism. The reaction mechanism for form-
ing PbS thin films is as follows:

Pb2+ ions result from Pb(NO3)2, through the reactions
shown below [24]:

Pb (NO3)2 + 2NaOH → Pb (OH)2 + 2NaNO3
Pb (OH)2 + 2NaOH → Na2 [Pb (OH)4]

[Pb (OH)4]2− → Pb2+ + 4OH−
(1)

Additionally, the hydrolysis of thioacetamide, CH3CSNH2,
takes place in the solution which releases S2− ions as follows
[25]:

CH3CSNH2 + H2O → CH3CONH2 + H2S

H2S + H2O → H3O
+ +HS−

HS− + H2O → H3O
+ + S2−

(2)

When the ionic product of Pb2+ and S2− ions exceeds the
solubility product of PbS (1.1x10−29), the insoluble solid PbS
precipitate is produced:

Pb2+ + S2− → PbS (3)

Microwave radiation used for the MA-CBD provides the
necessary energy for the PbS formation. While describing
the kinetics of the reaction, it is worth noticing that the
heating is due to the interaction of the microwave radiation
with the solution through two mechanisms [26, 27]. These
mechanisms are related to the interaction of the microwave
radiation with the ionic medium and with the polar solvent,
that is, the water, which leads to a homogeneous distribution
of the temperature inside the solution, not only accelerating
the formation of the nuclei of PbS but also stimulating the
growth of the crystals.
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Table 1: Structural parameters as a function of deposition time.

Sample 2𝜃 (deg) FWHM (deg) Grain size
(nm)

Lattice constant
(Å)

Interplanar
spacing (Å)

2 min 30.01 0.4757 18.0 5.95 2.967
3 min 30.08 0.4303 19.9 5.94 2.970
4 min 30.05 0.4213 20.3 5.94 2.973

Table 2: Atomic percent of PbS thin films.

Sample Atomic %
Pb S

2 min 49.82 50.18
3 min 49.09 50.91
4 min 49.25 50.75
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Figure 1: XRD patterns of PbS thin film as a function of deposition
time.

3.2. Structural Properties. Figure 1 shows the X-ray diffrac-
tion patterns of the PbS thin films deposited by the MA-
CBD technique at 40∘C on glass substrates during 2, 3,
and 4 min. XRD patterns clearly have diffraction peaks at
25.96∘, 30.06∘, 43.01∘, 50.90∘, 53.37∘, 62.54∘, and 68.90∘ which
correspond to the (111), (200), (220), (311), (222), (400), and
(420) Miller planes of cubic structure (Galena) PbS (PDF#
077-0244), respectively. These results indicate that the films
are crystalline with cubic rock salt (NaCl) type structure.

The crystallite size (D) was calculated from the XRD
spectrum using Scherrer's equation [28]:

𝐷 = 0.94𝜆𝛽 cos 𝜃 , (4)

where 𝜃 is the Bragg diffraction angle, 𝜆 is the wavelength
of X-ray radiation, and 𝛽 is the full-width at half-maximum
(FWHM) of the main peak (200) in the XRD pattern.

An increase in the grain size is observed as the depo-
sition time increases. This leads to an improvement in the
crystallinity of the samples. In addition, the FWHM of PbS

thin films decreases with increasing deposition time, which
supports the observed increase in crystallinity. These results
are presented in Table 1.

The interplanar spacing (d) was taken from the (200)
plane using the XRD equipment software. As can be seen in
Table 1, the calculated interplanar spacing values are in good
agreement with the 2.967 Å reported in the standard PDF#
077-0244.

The lattice constant, a, of the films for the cubic structure
was calculated using the equation [29]

1𝑑2 = ℎ2 + 𝑘2 + 𝑙2𝑎2 , (5)

where h, k, and l are theMiller indices and d is the interplanar
spacing. The values of lattice constant are shown in Table 1.
It is found that the lattice constant values obtained are in
agreement with a = 5.934 Å as reported in PDF# 077-0244.

3.3. Surface Morphology and Chemical Composition. Figure 2
shows the SEM images of PbS thin films grown for 2, 3,
and 4 min. The micrographs show granular structure with
well-defined grain boundaries. Additionally, the films display
homogenous surface morphology without microcracks and
pinholes.

The characteristic peaks of S-K𝛼 at 2.307 keV, Pb-M at
2.342 keV, and Pb-L𝛼 at 10.550 keV are identified in the EDX
spectra of the thin films along with those arising from the
substrate (Na-K𝛼 at 1.04 keV, Mg-K𝛼 at 1.253 keV, Al-K𝛼 at
1.486 keV, Si-K𝛼 at 1.74 keV, and Ca-K𝛼 at 3.69 keV).

According to the elemental analysis obtained by EDX, the
films are close to the stoichiometric formula of PbS, where
the Pb:S ratio is 1:1. The composition of PbS films is shown in
Table 2. Figure 3 shows the EDX spectrum of a thin PbS film
grown for 2 min.

3.4. Optical Properties. Figure 4 shows the optical transmit-
tance (T) and specular reflectance (R) for PbS thin films. The
optical absorption coefficient (𝛼) as a function of the pho-
ton energy (h𝜐) was estimated from the transmittance and
reflectance spectra data and film thickness (d) by considering
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Figure 2: SEM images of PbS thin film grown for (a) 2 min, (b) 3 min, and (c) 4 min.

Al
Mg

Pb 

Na 

Ca 

Pb 

Si 

S

2 3 4 5 6 7 8 9 10 11 121
Energy (keV)

0

500

1000

C
ou

nt
s

Figure 3: EDX spectrum of the PbS thin film grown for 2 min.

multiple reflections within the thin film, according to the
following equation [30]:

𝛼 = 1𝑑 ln
{{{
(1 − 𝑅)22𝑇 + [((1 − 𝑅)22𝑇 )2 + 𝑅2]

1/2}}}
. (6)

Figure 5 shows the optical absorption coefficient (𝛼) of the
PbS thin films. Plots of (𝛼h])2/3 versus h𝜐 were used to
calculate the energy values of the band gap by the linear
fitting of the experimental data, as shown in the inset of
Figure 4.The straight line region in this plot indicates that the
absorption edge corresponds to a direct forbidden electronic
transition as reported for PbS thin films grown by chemical
bath deposition [31]. To understand the type of electronic
transition which occurs during the optical absorption, (𝛼h])2
versus h] was also plotted. The best fit is obtained for
(𝛼h])2/3 versus h] with a correlation factor of 0.99, while
for plots of (𝛼h])2 versus h] the correlation factor decreases
to 0.92 or less. Hence our experimental results suggest that
optical band gap in PbS thin films has a direct band gap
and forbidden electronic transitions taking place during the
optical absorption [32].

The value of Eg was obtained when the adjusting line
tends to zero (𝛼 →0). Values of 𝛼 > 104 cm−1 were obtained
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Figure 4: Transmittance (T) and reflectance (R) spectra for the PbS
thin films at different thicknesses.

for the thin films, as displayed in Figure 4. The optical band
gap values of the PbS thin films calculated were 1.35, 1.16, and
1.0 eV for 2, 3, and 4 min, respectively. The Eg value decreases
with an increase in time deposition and this is likely to be
attributed to an increase in crystal size, as is displayed in
Table 1. Band gap values are in agreement with the values
reported in the literature [5, 14].

3.5. Electrical Properties. Photoconductivity response curves
of the films are shown in Figure 6. All the samples are slightly
photoconductive. Electrical conductivity (𝜎) was estimated
from the current and voltage values, the electrode geometry,
and the film thickness. PbS thin films show a decrease in
dark conductivity with an increase in time deposition. In
polycrystalline semiconductors, the conductivity depends on
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Figure 5: Optical absorption coefficient (𝛼) of PbS thin films. Inset
shows optical band gap values.
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Figure 6: Electrical conductivity of PbS thin films. Inset shows the
photoconductivity rise and decay.

three factors: (i) density of carriers, (ii) mobility, and (iii)
potential barrier at the grain boundaries [33, 34]. Despite
the absence of Kelvin probe force microscopy (KPFM)
measurements of the films in this current communication,
a comparison with other semiconducting polycrystalline
systems led us to elaborate on potential causes behind the
drop in conductivity [35–38]. The carrier conductivity of
the samples might be analyzed assuming the “polycrystalline
model,” where carriers pass over back-to-back Schottky
barriers that are generated by traps at grain boundaries (GB)
via thermionic emission. These traps (charged defect states at
GB) might result from impurities segregated during the thin

filmgrowth process.Moreover, for small grains, themean free
path of carriers is expected to be smaller than the width of
barriers, and effects of carrier diffusion should play out also.
Table 3 displays the values of electrical conductivity.

The Seebeck coefficients, S (𝜇V K−1), calculated from the
thermoelectric measurements, are presented in Table 3. For
all samples S is positive, indicating p-type conductivity. The
Seebeck coefficient and the electrical conductivity are linked
through an inverse relation [39]; i.e., the lower 𝜎, the higher
its S.

Hole concentration (p) was calculated through the follow-
ing relation [40]:

𝑆 = 𝑘𝐵𝑒 [52 − 𝑠 + ln 𝑁V𝑝 ] , (7)

where S is the Seebeck coefficient, s is the parameter which
describes the scattering processes in the semiconductors, Nv
is related to the density of states in the valence band, kB is the
Boltzmann constant, and e is the electron charge. According
to the literature we assume the values of s as 5/2 and Nv
as 1024 m−3 [39, 41]. Additionally, hole mobility (𝜇p) was
calculated from the relation between the conductivity and
the hole concentration. Table 3 presents these results. The
obtained results of 𝜇p for PbS thin films are in agreement with
the value of 0.03x10−2 m2 V−1 s−1 reported previously [31].

The relationship between the electrical conductivity and
temperature is governed by the following equation [30]:

𝜎 (𝑇) = 𝜎𝑜 exp(- 𝐸𝑎𝑘𝐵𝑇) , (8)

where 𝜎𝑜 is a parameter whose value depends on the semi-
conducting material, Ea is the thermal activation energy, and𝑘𝐵 is the Boltzmann constant. In Figure 7 the dependence of
ln (I) as a function of the inverse of the temperature (T) is
plotted for PbS thin films.TheArrhenius plot yields a straight
line, with the slope corresponding to the value of activation
energy. The activation energies for the interval between 330
and 360 K are 0.14, 0.33, and 0.35 eV for deposition times
of 2, 3, and 4 min, respectively. It is worth noticing that
in polycrystalline materials the activation energy provides
a measure of the Fermi energy (EF), the maximum of the
energy for the valence band (EV), and the energy of the
potential barrier of the grain boundaries (EB), through the
relationship Ea = EF–EV + EB [33].

4. Conclusions

The thin films of PbS were grown by the microwave-
assisted chemical bath deposition (MA-CBD) technique in a
commercial automated system. We were able to reduce the
deposition times to less than 5 minutes and obtain films with
good adhesion and homogeneousness throughout the surface
of the substrate with thickness from 100 to 150 nm. The XRD
analysis confirmed the polycrystalline cubic rock salt (NaCl)
type structure with crystallite size between 18 and 20 nm as
the deposition time was varied from 2 to 4 min. The EDX
analysis indicates that the thin films were stoichiometric. All
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Table 3: Electrical parameters of PbS thin films.

Sample 𝜎
( 102Ω−1 m−1) S

(𝜇V K−1)
p

(1023 m−3)
𝜇p

(10−2 m2 V−1 s−1)
Dark Illumination

2 min 1.13 1.30 15 8.5 0.13
3 min 0.18 0.23 18 8.1 0.03
4 min 0.13 0.14 19 8.0 0.02

2 min
Ea=0.14 eV

Ea=0.35 eV
4 min

3 min
Ea = 0.33 eV
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Figure 7: Plots of ln (I) vs (1/T) of PbS thin film as a function of deposition time.

the PbS films exhibit a direct band gap which varies from 1.0
to 1.35 eV. The films are of p-type conductivity with electrical
conductivity in the range from 13 to 113Ω−1 m−1. Besides, hole
mobility decreases from 0.13 x 10−2 to 0.02 x 10−2 m2 V−1 s−1
with increasing deposition time. On the basis of the results,
these thin films may be considered as potential candidates for
optoelectronic applications.
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