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ABSTRACT

In this study, we employed the Spray Pyrolysis Technique to grow
thin solid films of both Antimony-doped and undoped PbSe/Sb on
glass substrates. The film growth process relied on the
decomposition of lead chloride (PbClz) and Antimony chloride in
the presence of Sodium selenosulphide (Na:SeSos). Ethylene
diamine tetra acetic acid (EDTA) was utilized as a complexing
agent and pH stabilizer. The determination of the films' band gaps
was conducted through absorbance and transmittance
measurements using a Unico-UV-2102 PC spectrophotometer,
employing normal incident light in the wavelength range of 200-
1500 nm. Upon annealing, thin films of undoped PbSe exhibited a
higher initial absorbance of 0.70, which decreased with annealing,
along with a reduced extinction coefficient from 70 to 65.
Conversely, undoped PbSe displayed the highest optical
conductivity, peaking at 80.4 Mmho's at A = 340 nm, closely
followed by annealed undoped PbSe. Antimony-doped PbSe films
exhibited higher reflectance, transmittance, refractive index, and
real dielectric constant compared to undoped PbSe. However, they
had a narrower optical band gap range of 2.2 eV, which further
decreased to 2.0 eV upon annealing. Notably, doping lead selenide
with antimony expanded the potential applications of the films.

Keywords: Spray Pyrolysis, Bandgap, Antimony, Lead Selenide,
Glass Substrates.

INTRODUCTION

In the pursuit of advancing solar energy technologies, the focus on
optimizing the optical properties of thin films is paramount. Thin
films, with their characteristic thickness of approximately 1um, play
a crucial role in solar device applications (Elsheikh et al., 2019).
Thin films, whether derived through controlled condensation of
atomic, molecular, or ionic species, either by physical processes or
chemical reactions on a substrate, offer a versatile platform for
solar device fabrication (Eslamian, 2017). The integration of
antimony into lead selenide thin films is a deliberate exploration
aimed at tailoring their optical characteristics for enhanced
performance in solar applications.

In a typical semiconductor, the distribution of electrons across
energy levels forms filled bands, separated by a forbidden energy
gap (Xia et al., 2020, Akbari-Moghanjoughi, 2021). This band gap,
the energy required for electrons to transition from the valence
band to the conduction band (Nworie ef al., 2023, Endres et al.,
2016, Nishikawa et al., 2017), is a critical determinant of the
semiconductor's optical properties (Hernandez-Calderon, 2018).
Depending on the intended application, a semiconductor material

may require adjustments in its band gap. In cases where a precise
band gap tailored for a specific application is unavailable,
innovative approaches involve combining pairs of elements, neither
of which necessarily needs to be a semiconductor. This has led to
the development of a multitude of hybrid semiconductor materials,
often referred to as militancy semiconductors (Saunders, 2020,
Nelson, 2000).

Extensive research has been dedicated to thin films of lead
selenide, exploring their diverse applications in optoelectronic and
microelectronic devices, as well as their role in quantum
engineering. Lead selenide has undergone intentional doping with
various elements, including silver (Bera et al., 2022), copper
(Gayner et al., 2016), indium (Zhang et al., 2012, Ashraf et al.,
2017), and zinc (Ashraf et al., 2016). Leveraging its extinction
coefficient, optical conductivity, and other optical properties, PbSe
has proven valuable in applications such as optical window
coatings (Lifshitz et al, 2006). To further enhance essential
properties like reflectance, transmittance, refractive index,
dielectric constant, and to achieve a smaller band gap for improved
performance, the utilization of doping and annealing processes has
been prompted. This strategic approach aims to fine-tune the
optical characteristics of lead selenide thin films, opening avenues
for advancements in a range of technological applications.

The introduction of antimony into lead selenide thin films through
the spray pyrolysis technique presents an avenue to modulate and
enhance their optical properties. The choice of antimony as a
dopant is strategic, with the aim of influencing parameters such as
absorption spectra and bandgap to optimize sunlight absorption—
a pivotal factor in solar energy conversion (Lewis, 2016). In a study
conducted by Fan et al. in 2015, PbSe was doped with silver and
antimony using a high-pressure method. The outcomes revealed
that the co-doping with Ag and Sb resulted in a concurrent
decrease in electrical resistivity and phonon thermal conductivity.
This led to a notable improvement in thermoelectric performance,
with the figure-of-merit increasing fivefold, reaching 1.03 at 600 K,
in comparison to undoped PbSe. Peng et al. (2011) addressed the
pressing need to understand the electronic structure and transport
properties of doped PbSe for thermoelectric applications. They
employed a first-principles approach to investigate the band
structures of PbSe doped with various impurities, encompassing
cation-site substitutional impurities like Na, K, Rb, Mg, Ca, Sr, Cu,
Ag, Au, Zn, Cd, Hg, Ga, In, T, Ge, Sn, and anion-site substitutional
impurities such as P, As, Sb, O, S, and Te. The study calculated
the density of states (DOS) difference between the doped samples
and the pure host sample. The results revealed a competition
between electrical conductivity and Seebeck coefficient, indicative
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of typical thermoelectric behavior. In their 2021 study, Chandekar
et al. explored the structural, vibrational, optical, dielectric, and
electrical properties of both undoped and Pr:PbS nanoparticles
(NPs), identifying their suitability for optoelectronic devices. The
analysis revealed crystallite sizes ranging from 14 to 18 nm, lattice
strains between 1.6 x 10°-4 and 2.2 x 10"-4, and dislocation
densities ranging from 3.0 x 10-3 to 4.8 x 10"-3 for the prepared
NPs. The Optical band gap measurements indicated values of
1.414 eV for undoped NPs, and 1.494 eV, 1.402 eV, and 1.458 eV
for NPs doped with 0.5 wt%, 1.0 wt%, and 2.5 wt% of Pr:PbS,
respectively. Furthermore, the study derived ideality factors from
the current-voltage characteristic, yielding values of 1.46, 1.42,
1.47, and 1.60 for undoped NPs and those doped with 0.5 wt%, 1.0
wt%, and 2.5 wt% of Pr:PbS, respectively. The findings present
PbS a potential nanoparticles materials in optoelectronic device
applications.

MATERIALS AND METHODS

In this study, lead selenide thin films, both doped with antimony and
undoped, were produced through the spray pyrolysis technique at
an elevated temperature of 200°C. The impact of antimony doping
on PbSe was examined using a Unico UV-2102 Pc
spectrophotometer, with light incidence at a normal angle, within
the wavelength range of 320-1500nm.

Glass slides surfaces measuring 76mm x 25mm x 1mm were

meticulously cleaned by immersing them in a concentrated HCI
solution for two days to remove grease. Subsequently, they
underwent thorough scrubbing with a cold detergent solution and a
soft synthetic fiber sponge. The cleaned glass surfaces were then
rinsed with distilled water and dried in an oven ensuring the
production of adhesive and uniformly deposited films. Two (2) glass
beakers (50 ml and 100 ml), two (2) stirring rod, three (3) clinical
syringes (5 ml and 10 ml), four (4) measuring cylinders (50 ml and
100 ml), five (5) spatulas and six (6) clamps were cleaned with
detergent solution, rinsed with distilled water and dried.

Two baths were prepared, one contained antimony and the other
without antimony. The glass substrates were placed in the pyrolysis
deposition chamber, and the solution from each bath was sprayed
onto the substrates through the atomizer nozzle. The first bath
included 5 ml of 1.69 g PbClz, 5 ml of 2.1 g Na2SeS0s, 10 ml of
EDTA, 5ml of 1.76g Sb/Clz, and 25 ml of water, totaling 50 ml. The
second bath mirrored the first but excluded antimony and contained
30 ml of distilled water instead of 25 ml. The spraying occurred at
an elevated temperature in the pyrolysis chamber, and the sprayed
substrates were left in the deposition chamber for 5 minutes at a
temperature of 200°C. After deposition, some materials were
directly characterized, while others were annealed before
characterization.

RESULTS
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DISCUSSION

Figure 1 displays the absorbance plot against wavelength (A) for
both PbSe and Pb6 (PbSe/Sb). Initially, undoped PbSe exhibited a
higher absorbance value of 0.70, which decreased to 0.60 upon
annealing at 573K in the Near Ultraviolet (NUV) region. This
reduction in absorbance extends gradually towards the Infrared
(IR) region of the spectrum. The as-deposited sample of Antimony-
doped PbSe displayed an absorbance of 0.55, which further
decreased to 0.51 at a wavelength of 340 nm after annealing.
Across all samples, absorbance consistently decreased towards
the IR region of the spectrum. The notable high absorbance in the
NUV region suggests potential applications for these thin films in
thermal control window coatings, making them suitable for roofing
in poultry buildings (Mphande & Pogrebnoi, 2014, Hernandez-
Calderon, 2018).

Figure 2 presents the plot of reflectance against wavelength for
undoped PbSe and doped PbSe (Pbs), revealing an inverse
characteristic compared to absorbance. Notably, both the as-
deposited samples of antimony-doped and undoped PbSe
exhibited lower reflectance than their respective annealed
samples. This suggests that the introduction of antimony into PbSe
does not impact the reflection of the fims, and, interestingly,
annealing serves to increase reflectance of the films.

A close look at Fig.3 indicates that the transmittance of the films
exhibits an increasing trend with wavelength. Generally, these films
demonstrate low transmittance in the Near Ultraviolet to Visible
(NUV-VIS) range of the spectrum, with an upward trend towards
the Infrared (IR) region. Remarkably, Antimony-doped lead
selenide shows higher transmittance than undoped PbSe, although
this value decreases upon annealing at 573K. This observation
suggests that, for achieving higher transmittance, selecting
Antimony-doped PbSe is preferable.

Figure 4 illustrates the relationship between the extinction
coefficient and photon energy for both PbSe and PbSe/Sb. The
extinction coefficient, which measures how strongly a substance
absorbs light at a specific wavelength, decreases as photon energy
increased. The undoped sample initially has the highest value of
95 at 1.25 eV, which decreases to 90 after annealing. Antimony-
doped samples exhibit lower extinction coefficients, with values of
7.0 for the as-deposited and 65 for the annealed Phs sample at the
same energy level of 1.25 eV. Generally, the extinction coefficient
decreases as photon energy increases. It was observed that
doping PbSe with antimony reduces the extinction coefficient, and
annealing also reduces absorbance. This is in line with (Kumar et
al., 2014, Ashraf et al., 2016).

In Fig. 5, the refractive index is plotted against wavelength for both
antimony-doped and undoped PbSe. The graph illustrates a
notable increase in refractive index as the wavelength extends from
340nm to 1100nm. For undoped PbSe, the refractive index is 7.92,
which rises to 8.43 at 1100nm after annealing at 573K. In contrast,
antimony-doped PbSe exhibits a refractive index of 8.87,
increasing to 9.07 in the infrared region following annealing at
573K. Notably, the doped sample shows a consistent trend with an
overlap between 800 to 1000nm.

Figures 6 and 7 depict the real dielectric constant (&) and
imaginary dielectric constants (gi) plotted against the wavelength
for both antimony-doped and undoped PbSe films. The two graphs
exhibit an inverse relationship. Specifically, antimony-doped and
annealed PbSe (Pbs) demonstrates the highest & value, while the
undoped and un-annealed PbSe exhibits the lowest value, as
highlighted in Figure 6.

Figures 8 and 9 illustrate the optical conductivity and band gaps of
antimony-doped and undoped PbSe. In Figure 8, the undoped
PbSe exhibits the highest optical conductivity, reaching 80.4
Mmho's at A = 340nm, with the annealed undoped PbSe closely
following. The undoped PbSe shows nearly uniform conductivity
across the entire spectrum. Conversely, the antimony-doped PbSe
(Pb6) displays lower optical conductivity, decreasing towards the
infrared (IR) regions. It is observed that doping with Antimony
results in reduced optical conductivity, and the annealing process
similarly diminishes conductivity, this is in agreement with (Jena et
al., 2023, Leem & Yu, (2011), Nasser et al., 2019).

The square absorption coefficient versus photon energy graphs for
thin films of both Antimony-doped and undoped PbSe exhibit
typical band gap curves. The optical band gap values were
determined by analyzing the fundamental absorption,
corresponding to electron excitation from the valence band to the
conduction band and is as displayed in figure 9. In the as-deposited
state, the Pbs (PbSe/Sb) sample displayed the largest band gap at
2.2 eV. However, annealing the sample at 573 K resulted in a
reduction of the band gap to 2.0 eV. Similarly, the undoped PbSe
sample initially had a band gap of 1.96 eV, which also decreased
to 1.80 eV upon annealing at 573 K. This indicates that the process
of doping PbSe with Antimony and annealing the films leads to a
reduction in their band gaps.

Conclusion

Using the spray pyrolysis technique in an elevated temperature
chamber, we successfully synthesized both Antimony-doped and
undoped thin films of lead selenide. Spectrophotometric analysis
revealed notable reduction in band gap values through Antimony
doping and that annealing holds significant implications for tailoring
the optical properties of PbSe films, particularly in the Near
Ultraviolet (NUV) to Infrared (IR) range. The observed inverse
relationship between reflectance and absorbance suggests that the
introduction of Antimony does not significantly impact reflectance,
while annealing enhances it, offering avenues for optimization in
optoelectronic devices. The increasing trend in transmittance in the
IR region for Antimony-doped PbSe indicates its potential for
achieving higher transparency compared to undoped PbSe,
although careful consideration is required during optimization.
These enhancements position PbSe/Sb as a promising material for
applications such as solar cell fabrication and anti-reflection
coatings, particularly beneficial in cold climate regions. Given these
distinctive characteristics, it can be concluded that Antimony-doped
PbSe thin films are excellent candidates for thermal control window
coatings, especially effective in cold climates.
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