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ABSTRACT

Lead sulphide (PbS) thin films doped with metals have attracted significant attention for use in next-
generation photovoltaic and optoelectronic devices. This interest primarily arises from their tuneable
bandgap, strong optical absorption, and quantum confinement effects associated with reduced
crystallite size. This review presents recent developments in the synthesis and characterization of
transition-metal doped PbS thin films prepared using solution-based methods. The review focuses on
the influence of key deposition parameters, including precursor concentration, choice of complexing
agent, bath temperature, solution pH, and dopant concentration on the structural, optical,
morphological, and electrical properties of PbS thin films. The reports have shown that metal doping
can significantly modify crystallite size, optical bandgap, carrier mobility, and surface morphology,
thereby influencing the suitability of these films for solar cell absorber applications. However, several
challenges still need to be addressed, including achieving uniform dopant distribution, preventing
secondary phase formation, reducing defect density, and improving long-term stability. By bringing
together recent findings, this review highlights the major material related factors that limit device
performance and discusses possible processing strategies for developing more stable and efficient

solution processed PbS based photovoltaic absorber layers.

1. Introduction

Bulk PbS is a narrow bandgap semiconductor with a direct bandgap of
approximately 0.41 eV at room temperature and an exciton Bohr radius of
about 18 nm [1, 2]. PbS nanocrystals with dimensions comparable to or
smaller than the exciton Bohr radius exhibit pronounced quantum
confinement effects, enabling size dependent tuning of the optical bandgap
[3]. PbS nanoparticles with dimensions comparable to or smaller than the
exciton Bohr radius (~18 nm) exhibit pronounced quantum confinement
effects [4]. This allows one to control the bandgap simply by altering the
particle size [5]. In addition to nanoparticles and quantum dots, PbS thin
films have attracted considerable attention for applications in thin film
solar cells, infrared detectors, and other optoelectronic devices [6]. They
have a lot of potential for use in applications including thin film solar cells
and infrared detectors [6-8]. The optical response of PbS thin films can
extend from the visible to the near infrared region, depending on factors
such as crystallite size, film thickness, stoichiometry, defects, and doping
[6, 9, 10]. Their relatively long exciton lifetimes (0.2-0.8ms) make them
promising candidates for optoelectronic applications [11]. If the right
deposition procedures are used and the working conditions are optimized.
The optoelectronic properties of PbS thin films can be tailored to meet the
requirements of various applications [12]. Chemical bath deposition
(CBD) [9, 13], sequential ionic layer adsorption and reaction (SILAR),
electro deposition [14] and spray pyrolysis [15] are some of the more
common chemical approaches used to deposit PbS thin films. For optimal
optoelectronic performance, these deposition techniques allow for exact
regulation of layer thickness, shape, and crystallinity [16]. Doping PbS thin
films with transition metals may improve their electrical, optical, and
structural properties. Transition metal doping is a technique used to
improve PbS for solar cell applications by modifying its bandgap, carrier
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concentration, and charge transport behaviour [3, 17]. Wet chemical
methods, such as hydrothermal synthesis or hot injection of precursor
solutions, are also employed, providing additional tunability through
reaction parameters and solvent choice, though limited by achievable
reaction temperatures and solubility constraints [18, 19].

The tunable bandgap, high absorption coefficient, and long exciton
lifetimes of PbS thin films make them highly suitable as absorber layers in
solar cells. When integrated into heterojunctions or quantum dot
architectures, PbS films can efficiently harvest light from visible to near
infrared wavelengths, thereby enhancing device performance. Transition
metal doping further improves photovoltaic properties by increasing
carrier mobility, reducing recombination losses, and enabling precise
bandgap engineering to better match the solar spectrum [12, 20, 21]. As a
result, optimized PbS thin films doped with transition metals show a lot of
potential as next generation thin film solar cells that convert more energy
efficiently [22]. PbS thin films doped with various transition metals have
been investigated by numerous authors to modify their optoelectronic
characteristics [23]. Dopant atoms can alter the electronic structure of PbS
by occupying substitutional or interstitial sites, introducing defects,
distorting the lattice, and changing the carrier concentration [24, 25].
These structural and electronic changes depend largely on the type and
concentration of the dopant, which can, in turn, affect the performance of
PbS based semiconductor devices [26, 27]. Using the SILAR technique,
Gulen etal. [28] prepared Fe doped PbS thin films on glass substrates [28].
They observed that the optical bandgap decreased from 1.66 to 1.25 eV as
the Fe concentration increased from 1% to 9%. similarly, Ag doping has
been shown to alter the optical bandgap of PbS thin films, with the
observed blue shift attributed to quantum confinement effects [29].
Doping is an effective approach for tuning the electronic properties of PbS
by partially substituting Pb?* ions with suitable dopants. By carefully
selecting the dopant type and concentration, properties such as carrier
density, electrical conductivity, and band structure can be tailored,
potentially improving the performance of PbS in solar-cell applications

[30, 31].
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2. Chemical Routes for the Synthesis of PbS Thin Films

A variety of chemical methods are available for fabricating PbS thin
films. Among these, solution-based techniques such as chemical bath
deposition, Spray Pyrolysis and SILAR are particularly popular because
they are simple, cost-effective, and offer good control over the resulting
film properties [32].

2.1 Chemical Bath Deposition (CBD) Technique

Chemical bath deposition (CBD) has gained considerable attention as a
convenient technique for the preparation of thin films because it requires
relatively simple equipment and can be carried out at low cost [32-37].
Thin films made by the chemical bath deposition process can be used to
swiftly and economically create a wide range of materials [38-43]. The
method is also suitable for depositing uniform films over comparatively
large substrate areas [44-50]. In the case of PbS thin films, the
characteristics of the deposited films are strongly influenced by the
deposition conditions, including precursor concentration, bath
temperature, deposition time, pH, and substrate properties [32], as
illustrated in Fig. 1 [9].

Substrate holder

Substrates \

Reaction

Fig. 1 Schematic illustration of the chemical bath deposition process used for the
preparation of PbS thin films [9]

Several studies have investigated the deposition of PbS thin films by
chemical bath deposition (CBD) using different complexing agents such as
triethanolamine, diethanolamine and hexamine as complexing agent for
PbS thin films [51, 52], precursor systems [53], bath temperatures [53]
and solution pH values [54]. Achieving PbS films with large grains, good
crystallinity, and favourable carrier mobility remains an important
objective, although only a limited number of studies have reported
substantial improvements in these properties [12, 55]. CBD grown PbS
films have been widely investigated for infrared photodetector
applications, where high crystallinity, favourable carrier transport, and an
appropriate optical band gap are important material requirements [55,
56]. Carrier mobility is also influenced by crystallite size and grain
boundaries, as smaller crystallites generally result in a greater density of
grain boundaries, which may hinder charge transport [57]. Preetha and
Remadevi investigated the effect of Al doping on the structural and
electrical properties of PbS thin films prepared by CBD. The results
showed that an appropriate amount of Al improved both the crystallinity
and electrical conductivity of the films, with 3 at. % Al producing the most
favourable results. All the films exhibited p-type conductivity, irrespective
of the doping concentration. These findings suggest that Al doped PbS thin
films could be promising for applications such as infrared detectors and
sensor devices [26].

In another study, Siva Senthil et al. [58] investigated PbS thin films were
deposited on glass substrates by CBD using Pb(NOsz),, NaOH, thiourea
[SC(NH2)2], and water under different deposition conditions. The
structural properties of the films were examined using X-ray diffraction,
which confirmed the formation of cubic PbS with a preferred orientation
along the (111) plane. Optical measurements were carried out using UV-
Vis. spectroscopy to evaluate the transmittance, reflectance, and
absorption behaviour of the films. The deposited PbS films exhibited
strong absorption in the ultraviolet and visible regions, while their
transmittance increased in the infrared region. The estimated optical band
gap ranged from 1.88 to 2.10 eV, indicating that the optical properties of
the nanocrystalline PbS films were influenced by the deposition conditions
and nanoscale effects [58].

In another study, Gosavi et al. [59] investigated the optoelectronic and
physicochemical properties of low-cost PbS thin films deposited on glass
substrates at room temperature were investigated at different deposition
times for potential ammonia gas sensing applications. X-ray diffraction
(XRD) analysis confirmed the cubic polycrystalline structure of the films,
with crystallite sizes ranging from 18 to 22 nm. Raman spectroscopy
revealed characteristic peaks at approximately 92 and 143 cm!, while
https://doi.org/10.30799 /jnst.379.26110509

energy-dispersive X-ray (EDX) analysis confirmed the elemental
composition of the prepared films. The films exhibited a flower-like grain
morphology and strong optical absorption, with an estimated optical band
gap of 1.48 eV [59].

In another study Banerjee and Mitra [60] investigated the effect of Ni
doping on the particle size, optical band gap, dielectric properties, and
electrical conductivity of PbS thin films. PbS films doped with 3%, 6%, and
9% Ni were deposited on glass substrates using the chemical bath
deposition (CBD) method. X-ray diffraction (XRD) analysis confirmed the
formation of cubic, single phase PbS. Ni incorporation influenced both the
particle size and optical band gap of the films, with noticeable changes
observed up to a doping concentration of 6%. The dielectric and electrical
properties were further evaluated wusing complex impedance
spectroscopy. Among the investigated samples, the PbS film containing 6%
Ni exhibited the highest electrical conductivity [60].

2.2 Spray Pyrolysis Technique

The chemical spray pyrolysis method makes it easy to incorporate
various components into thin films in different amounts by simply adding
them to the spray solution. Spray pyrolysis does not require high-quality
targets or substrates, and it does not require a vacuum at any stage, as
illustrated in Fig. 2 [61]. Spray pyrolysis (SP) has several advantages for
thin-film deposition, such as simple equipment, relatively low processing
costs, and good potential for scale-up to industrial production. The
technique is also versatile and can be used to deposit films of metals,
semiconductors, and oxides, including dense and porous films as well as
single- and multilayer structures. The composition and properties of the
deposited films can be tailored by varying the precursor composition and
deposition conditions. This flexibility allows better control over the
morphology and composition of the resulting films. Owing to these
advantages, SP is considered a promising technique for the large-scale
fabrication of functional thin films and nanostructured materials [62].

Precursor
solution

Compressed air

Fig. 2 Schematic representation of the experimental setup for heated plate spray
pyrolysis [61]

It is generally believed that reliable fundamental kinetic data can be
obtained from well-defined film surfaces, provided that the films are
compact and homogeneous and free from substrate related effects [63].
Spray pyrolysis has been widely used to prepare thin films of various
oxides and chalcogenides, including PbS and PbS based ternary alloys such
as PbxZnixS [64] and ZnxPb14S [65], as well as mixed CdS-PbS films [66].
Vidhya et al. [16] investigated the effect of Ce doping on PbS thin films
prepared by the Jet Nebulizer Spray Pyrolysis (JNSP) technique for
photosensor applications [16]. The films were doped with 0, 1, 3, and 5%
Ce. XRD examination, the cubic structure of the films was verified; when
the Ce concentration increases, the crystallite size decreased, suggesting
that Ce was successfully incorporated into the PbS lattice. In FESEM
analysis, the aggregated morphology was shown to be a result of doping.
Doping with Ce increased optical absorbance, which in turn lowered the
bandgap and resulted in a red shift in the absorption spectra, as verified
by XPS.

2.3 The SILAR (Successive lonic Layer Adsorption and Reaction) Process

Successive lonic Layer Adsorption and Reaction (SILAR) is a simple and
cost-effective solution-based method commonly used for depositing thin
films. In this technique, a substrate is alternately immersed in cationic and
anionic precursor solutions, with rinsing after each step to remove loosely
attached ions. During repeated SILAR cycles, the adsorbed ions react on
the substrate surface, gradually forming a thin film of the desired material.
The thickness of the deposited film can be easily controlled by changing
the number of deposition cycles. Since the process is carried out under
relatively mild conditions and does not require complex or expensive
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equipment, it is considered an attractive technique for thin-film
fabrication. Due to its simplicity and good control over film thickness and
composition, SILAR has been widely used to prepare various
semiconductor thin films, including PbS [67, 68].

PbS thin films were deposited on indium tin oxide (ITO) substrates at
room temperature (30 °C) using the successive ionic layer adsorption and
reaction (SILAR) method, as shown in Fig. 3 [69]. Recent studies have
examined SILAR deposited PbS thin films for use in PbS/CdS
heterojunction solar cells [70]. The current density-voltage (J-V)
characteristics of the fabricated devices were evaluated, with the device
prepared using 40 SILAR cycles showing the highest conversion efficiency.
However, no clear relationship between film thickness and device
efficiency was observed [70]. Another study investigated a ZnTe/PbS
structure, where ZnTe served as a buffer layer and PbS acted as the
absorber layer [71]. This study investigated the use of lead sulphide (PbS)
as an absorber layer and zinc telluride (ZnTe) as a buffer layer. Detailed
structural and chemical analyses showed that growth parameters, such as
temperature and reagent concentration, significantly influenced the
interfacial morphology and properties. However, growing PbS thin films
on ZnTe requires careful control because ZnTe can dissolve in the alkaline
solution used during CBD. At higher temperatures, the substrate plays an
important role in determining the orientation relationship, with PbS
growing epitaxially on the textured ZnTe layer. At lower temperatures, the
ZnTe layer tends to deteriorate because of the slow growth rate of the PbS
film, preventing the epitaxial relationship from being transferred to the
subsequent layers.

SILAR CYCLE

I
® 63 e

Glass
substrate

Thin
film

» &
0o

_ / \
8%
K3

o Cations
Anionic ® Anions
solution

solution

Adsorption Rinsing Reaction Rinsing

Fig. 3 Schematic representation of the SILAR technique [69]

3. Techniques for Characterizing PbS Based Thin Films

A variety of characterization techniques are used to investigate the
properties of PbS thin films. X-ray diffraction (XRD) is commonly
employed to determine the crystal structure, phase composition, and
degree of crystallinity of the films. Surface morphology, grain structure,
and particle distribution can be examined using scanning electron
microscopy (SEM) and field-emission scanning electron microscopy
(FESEM), while atomic force microscopy (AFM) provides detailed
information about surface topography and roughness. The optical
properties of PbS thin films, such as the absorption coefficient and optical
band gap, are typically studied using UV-Vis. spectroscopy. Fourier-
transform infrared spectroscopy (FTIR) is useful for identifying chemical
bonds, functional groups, and possible impurities present in the films. In
addition, electrical measurements are performed to determine important
parameters such as resistivity, electrical conductivity, carrier
concentration, and carrier type. Overall, these characterization techniques
provide a comprehensive understanding of the structural, morphological,
optical, chemical, and electrical properties of PbS thin films [72].

3.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to examine the surface
morphology of the undoped and Cr doped PbS thin films, as shown in Fig.
4. The images correspond to (A) pure PbS, (B) PbS-Cr (2%), (C) PbS-Cr
(4%), and (D) PbS-Cr (6%) films. The magnified insets provide a clearer
view of the surface features, while the cross-sectional images in Figs. 4(A)
and 5(D) reveal the film thickness and overall layer structure.

The undoped PbS film exhibits a relatively smooth and continuous
surface composed of small, closely packed grains. With the incorporation
of Cr, noticeable changes in the surface morphology are observed,
suggesting that the dopant influences the nucleation and growth process
of the PbS films. At the lowest Cr concentration, the film still retains a
comparatively uniform appearance, although the presence of some larger
and irregularly shaped grains indicates localized variations in grain
https://doi.org/10.30799 /jnst.379.26110509

growth. As the Cr concentration increases, changes in grain size, particle
distribution, and surface texture become more pronounced. The higher Cr-
doped films show a comparatively heterogeneous granular morphology,
with variations in grain dimensions and a greater tendency for particle
aggregation. These changes may be associated with the influence of Cr
incorporation on the growth kinetics and nucleation behavior of the PbS
films, leading to modifications in grain development and surface packing.

Fig. 4 SEM micrographs of (A) pure PbS, (B) PbS-Cr (2%), (C) PbS-Cr (4%), and (D)
PbS-Cr (6%) thin films prepared by chemical bath deposition. The upper insets show
the corresponding high-magnification surface morphologies, while the lower insets
in (A) and (D) present the cross-sectional SEM images. Reproduced from Ahmed et
al. [73]

The cross-sectional SEM images confirm the formation of continuous
and compact films with good coverage over the substrate. No significant
cracks, gaps, or voids are observed in the examined cross-sections,
indicating good film integrity. Overall, the SEM results demonstrate that
Cr incorporation significantly influences the microstructure of PbS thin
films, particularly in terms of grain morphology, surface texture, and
particle distribution. These morphological changes may subsequently
influence the structural, optical, and electronic properties of the films [73].
A separate study employed field-emission scanning electron microscopy
(FESEM) to examine the surface morphology of undoped and Cu doped
PbS thin films. The FESEM images were recorded at an accelerating voltage
of 10 kV. Figs. 5(a)-(d), obtained at a magnification of 100 x 103 with a
scale bar of 500 nm, reveal the surface features of the films [73]. Fig. 5(a)
shows the morphology of the undoped PbS film, while the Cu doped films
exhibit noticeable changes in their surface structure with increasing Cu
concentration.

Fig. 5 FESEM micrographs of PbS thin films with different Cu doping concentrations:
(a) undoped PbS, (b) 3.15% Cu doped PbS, (c) 6.25% Cu doped PbS, and (d) 12.5%
Cu doped PbS. The measured dimensions of selected surface features are indicated
in each micrograph. Adapted from Ramay and Aldosary [73]

The undoped PbS film in Fig. 5(a) exhibits a compact surface composed
of irregularly shaped and closely packed grains. With Cu doping,
noticeable changes in the surface morphology are observed. Figs. 5(b)-(d)
show the formation of larger and more distinct grains with irregular, plate-
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like, and elongated structures. The grain dimensions vary with Cu
concentration, indicating that Cu incorporation significantly influences the
nucleation and growth of the PbS films. The interconnected grains and
relatively dense surface morphology suggest good film coverage [73].

Depending on the type and concentration of the dopant, PbS thin films
may exhibit a wide range of surface morphologies, including fine or coarse
granular structures [74], spherical, cubic [75, 76], plate-like, rod-like, and
irregularly shaped particles [77, 78], as well as cauliflower-like [79],
flower-like, dendritic, and porous features [80, 81]. In some cases, particle
agglomeration, cracks, or pinholes may also be observed [82, 83]. The
incorporation of transition metal dopants can significantly influence the
nucleation and growth processes, leading to changes in grain size, particle
shape, surface roughness, porosity, and the degree of agglomeration [84,
85]. As a result, the doped films may develop either a smoother and more
uniform surface or a rougher and more porous morphology, which can
subsequently affect their structural, optical, electrical, and
photoelectrochemical properties [27, 86].

3.2 Fourier Transform Infrared (FTIR)

In order to determine the molecular interactions, chemical structure,
vibrational bands, functional groups, and other characteristics of pure and
transition metal doped PbS nanoparticles [87], Study reported that the
spectra of pure PbS, 5% Cr doped PbS, 5% Sn doped PbS, and PbS films Co
doped with 5% Cr and 5% Sn were largely similar [87].

FTIR spectroscopy was used as shown in Fig. 6. The FTIR spectra of
pure PbS and the PbS-CdO composite show several characteristic
absorption bands associated with different vibrational modes and
chemical bonds. Following the incorporation of CdO, noticeable shifts in
band positions and changes in their intensities are observed, suggesting
modifications in the local chemical environment and possible interactions
between PbS and CdO within the composite structure [88]. The Fourier
transform infrared (FTIR) spectra of the films showed characteristic peaks
associated with the PbS phase, along with additional peaks that may
indicate the presence of impurities or functional groups. The absorption
bands observed in the wavenumber range of 460-480 cm'! were attributed
to Pb-S bond stretching vibrations [88].

27652400
~1

3508 2L 1554

— PbS-CdO composite
——PbS

Transmittance %

4000 3600 3200 2800 2400 2000 1600 1200 300 400
Wavenumber (cm™)
Fig. 6 FTIR spectra of PbS thin films Adapted from Suganya et al. [88]

3.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique commonly used
to study the crystal structure and phase composition of materials [89].
According to Shokr et al. [90], the XRD patterns of (PbS)1-«(Zn)x was shown
forx=0,0.01,0.03, 0.05 w.t.%. were examined All diffraction observed for
the undoped film (x=0) correspond to PbS, indicating high purity of the
film [90]. In a similar way, in their study, Rajashree and Balu examined PbS
films doped with varying Ni concentrations (0, 2, 4, 6, and 8 at.%) and
found that the face-centered cubic (fcc) structure characteristic of PbS was
maintained across all samples regardless of doping level. Interestingly,
while the undoped sample exhibited a dominant orientation along the
(200) plane, the introduction of Ni shifted this preference toward the
(111) plane an observation suggesting that Ni doping influences the way
crystallites form and grow within the film [86].

Cheraghizade et al. [91] used X-ray diffraction (XRD) to examine the
structural properties of undoped, Zn doped, and Se doped PbS thin films.
As shown in Fig. 7(a), all the films exhibited a polycrystalline structure
with the characteristic cubic phase of PbS [91]. A closer look at the (311)
diffraction peak in Fig. 7(b) showed a noticeable shift in its position after
Zn and Se doping, indicating changes in the PbS lattice. These results
suggest that both cationic and anionic dopants can influence the crystal
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structure and introduce local lattice distortions without altering the
fundamental cubic phase of PbS. Collective examination of the XRD
patterns reveals that transition metal doping induces measurable
modifications in the PbS crystal lattice, while the characteristic cubic rock-
salt structure is generally retained. Dopant-dependent shifts in peak
positions and variations in peak broadening indicate changes in lattice
spacing, crystallite size, and microstrain, reflecting differences in the
incorporation of metal ions into the PbS lattice. At higher dopant
concentrations, the appearance of additional diffraction peaks may further
suggest structural instability and the possible formation of secondary
phases [92].
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Fig. 7 X-ray diffraction (XRD) patterns of undoped, Se doped, and Zn doped PbS thin
films: (a) full diffraction patterns showing the characteristic crystallographic
reflections and (b) enlarged view of the (311) diffraction peak, illustrating the
variation in peak position with dopant incorporation. Reproduced from
Cheraghizade et al. [91]

3.4 Optical Characterization of Pure and Doped PbS Thin Films

The optical properties of the films were evaluated by measuring their
absorbance and transmittance to investigate the effect of doping. With
increasing Sb doping concentration, the absorption edge shifted toward
longer wavelengths (red shift), accompanied by a decrease in the optical
band gap from 1.69 eV to 1.59 eV [93]. The absorption spectra of materials
can vary significantly depending on their optical properties and energy
band gaps. Mn doped nanocrystalline PbS thin films exhibited strong
absorption in the UV-visible region. The optical band gap increased from
1.90 eV to 2.28 eV as the crystallite size decreased from 21 nm to 11 nm.
These band gap values are considerably higher than the bulk PbS band gap
of approximately 0.40 eV, which may be attributed to quantum
confinement effects [94]. As the crystallite size decreased from 21 nm to
11 nm, the optical band gap increased and exceeded the bulk PbS band gap
value of approximately 0.41 eV. The linear relationship between (ahv)?
and (hv) confirmed the direct allowed transition in the PbS thin films. The
study reported that the optical band gap of PbS films increased with
increasing Mn dopant concentration [94]. In another study the energy
band gap of Ni doped PbS thin films increased from 1.4 to 2.4 eV, whereas
that of Cd doped PbS thin films increased from 0.5 to 1.5 eV [95].

4. Comparison of Different Transition Metal Dopants in PbS Thin
Films

In a study by Nazir et al. [96] PbixMnxS nanoparticles with Mn
concentrations ranging from x=0 to 0.06 were synthesized using a
chemical co-precipitation method. The effects of Mn doping on the
structural, morphological, optical, electrical, and vibrational properties of
the nanoparticles were investigated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Raman spectroscopy. The
crystallite size ranged from 11.93 to 14.33 nm, while XRD analysis
confirmed the formation of a single-phase face-centered cubic (FCC)
structure without detectable impurities. SEM images revealed distinct
morphological changes with Mn doping, showing flower-like structures
for pure PbS, stone-like structures for 4% Mn-doped PbS, and rod-like
structures for 6% Mn doped PbS. Raman spectroscopy showed an increase
in peak intensity for the 6% Mn doped sample. As the Mn concentration
increased, the optical band gap decreased from 1.48 eV for pure PbS to
1.42 eV [96].

Electrical measurements indicated a drop in resistivity from 1.3 x 10¢
to 2.1 x 103 Q-cm and an increase in conductivity from 7.69 x 107 to 4.76
x 10-* S-cm'! with greater Mn content, indicating the potential of both pure
and Mn doped PbS nanoparticles for low-temperature electronic
applications [96]. Chemical growth onto glass substrates at 80 °C
produced nanocrystalline thin films of PbS and Cd doped PbS, as described
by AUTHOR et al. [95]. Morphological measurements showed that Cd
doping changed the substrate granules random orientation to irregular.
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Table 1 Different metal dopants in the PbS thin film and different synthesis methods

Table 2 Photovoltaic performance of pure and doped PbS absorber layers

Dopant Doping Synthesis Effects on Properties Ref.
Concentration Method
Zn 0-6 wt. % Chemical Bandgap tuned from 0.53 [97]
spray to 1.65 eV increased carrier
pyrolysis concentration
Cu 0-5wt.% Microwave-  bandgap 1.02 + 0.01eV to 1.37 + [98]
assisted 0.01 eV; Cu doping improves
chemical dielectric and electrical properties,
synthesis making doped PbS samples
valuable in optoelectronics.
Ni 0-8 wt. % Chemical Face-centered cubic with (111) [86]
Spray orientation shift; red-shifted
pyrolysis bandgap (2.26 to 2.06 eV);
increased transparency and
conductivity; smaller crystallite
size
Mn 0-6 wt. % Co- band gap decreased from 1.48 to [96]
precipitation 1.42 eV; and conductivity
Technique increased from 7.69 x 10-7to
4.76x10-* Q-1cm-1 with Mn
content.
Cd - Chemical Band gap value of the PbS thin
Bath films increased from 2.12 eV to [95]
Deposition 2.65 eV; The crystallite size of the
method films decreased from 74 nm to 64

»

nm

5. PbS Based Solar Cell Applications

PbS thin films have attracted considerable interest since the early
development of chemical deposition techniques, which were established
for PbS film preparation in the late 1940s. Later, PbS thin films were
investigated for solar energy applications, including photothermal
conversion, either as single layers deposited on metallic substrates or as
multilayer structures such as PbS-CdS-PbS and (PbS)1.<(CdS)x composites.
PbS thin films have also been explored for solar-control and other
optoelectronic applications. Yeon et al. [99] developed depleted multi
junction solar cells using PbS thin films, in which two band-aligned
absorber layers were stacked and fabricated by chemical bath deposition
method [99]. The structure of the suggested device is shown in Fig. 8(a).
It consists of several layers of PbS with bandgaps of 1.61 eV and 0.92 eV,
respectively. Light of longer wavelengths is absorbed by PbS with a small
bandgap, as shown in Fig. 8(b), while light of shorter wavelengths is
absorbed primarily by PbS with a high bandgap. A broader absorption
spectrum led to an improvement in the device's power conversion
efficiency (PCE), as shown in Fig. 8(c), from 3.10 to 4.03%.
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Fig. 8(a) A schematic depicting the final device's layers and their respective bandgap
diagrams. (b) Transmittance spectra of CdS/FTO/Glass show distinct values,
whereas PbS thin films with band gaps of 1.61 eV exhibit absorption coefficients with
varied values. (c) Graphs showing the potential energy output of solar cells with and
without stacked layers of PbS Adapted from Yeon et al. [99].

Tables 1-3 summarize how different doping approaches, transport
layers, and interface-engineering strategies influence the structural,
optical, electrical, and photovoltaic properties of PbS based materials and
devices. Overall, the results show that careful selection of dopants and
appropriate device or interface engineering can significantly affect charge
transport, energy band alignment, and ultimately the overall performance
of PbS based optoelectronic devices.
https://doi.org/10.30799/jnst.379.26110509

PbS Dopant Window Device structure (V) Jsc FF PCE Ref.
absorber /modific /ETL (mA/c (%)
layer ation layer m2)

PbS thin  Pure CdS Glass/ITO/CdS/ 0.2 14.00 0.36 1.63 [100]

film PbS PbS/graphite 90
PbS thin  Pure PbS Glass/Sn0z/CdS - - - 1.668[5]
film PbS /PbS/HgTe
PbS thin  Pure Cds TO/CdS/PbS/Ag 1.0 12.44 0.39 4.85 [101]
film PbS
PbS/CdS PbS/CdS ZnO Zn0-based 5.59 [102]
heteroju double  nanorod PbS/CdS
nction absorber s/CdS heterojunction
PbSthin Cdz*dop In203 FTO/ 0.6 1236 032 2.50 [29]
film ed PbS In203(n)/Cd:PbS 35

(p)/Al

Table 3 Photovoltaic performance of PbS quantum dot solar cells with ETL and
interface modifications

PbS Dopant/ Window Device V) Jsc FF PCE Ref.
absorber modificati /ETL Structure (mA/cm?) (%)
layer on layer
PbS Pure PbS  ZnO ITO/ZnO/P  0.55 24.20 0.61 8.20 [103]
CcQD CcQD bS CQDs/Au
PbS Mg doped Mg:ZnO PbS - - - 9.46 [104]
CQD  ZnOETL CQD/Mg:Zn0
ETL device

PbS Mg:ZnO + MgZnO ITO/Mg 0.56 26.72 0.471 7.09 [105]
CcQD ZnO NC /Zn0 Zn0/Zn0 2

interface  NC NC/PbS

layer CQDs/Au

PbS CsMg- CsMg:Zn PbS CQD 0.61 23.25 0.578 8.40 [106]
cQD doped 0 device with
ZnO ETL CsMg ZnO
ETL
PbS Pbs- Zn0 ITO/ZnO/P - - - 6.50 [107]
CcQD TBAI/PbS- bS-
EDT ligand TBAI/PbS-
engineering EDT/Cr/Ag

6. Challenges and Future Recommendations

One of the main challenges in the chemical doping of PbS thin films is
achieving precise control over dopant incorporation, distribution, and
reproducibility. Several studies have reported a reduction in the crystallite
size of PbS following the incorporation of transition-metal dopants. For
example, the crystallite size of Cr doped PbS films decreased significantly
with increasing dopant concentration [108]. This reduction in crystallite
size is often associated with increased lattice strain and dislocation
density, indicating lattice distortion and structural defects. Such defects
may include dislocations, grain boundary defects, and possible non-
uniform dopant distribution. These defects can act as recombination
centres or charge-carrier scattering sites, thereby hindering charge
transport and reducing the potential benefits of doping [85]. Another
challenge associated with transition metal doped PbS thin film solar cells
is their long-term stability. Further research is required to address the
stability issues of solid-state quantum dot-based solar cells. Additionally,
significant challenges remain in developing low-cost, environmentally
friendly, stable, and high-efficiency PbS-based solar cells [109, 110]. The
stability of solar cells is compromised when lead sulphide (PbS) quantum
dots are exposed to ambient conditions because they are easily oxidized
[111]. How stable PbS quantum dot (QD) solar cells are during oxygenated,
continuous light exposure depends on the ligands used [112]. According
to PbS colloidal quantum dot (CQD) solar cells, achieving the required
efficiency in very stable devices has been an ongoing issue in the
development of solution-processed photovoltaic technology [112].
Additionally, there is a relation between band-gap and charge transport.
Many dopants that broaden or shift the absorption also make it harder for
carriers to move around (by increasing scattering or making deep traps),
which may lower the device's current and fill factor even when the
absorptance improves. The chemical methods may create secondary
phases or uneven (surface vs. bulk) dopant distributions that make it hard
to understand spectrum data and photovoltaic metrics unless they are
backed up by rigorous depth profiling using TEM/EDS/XPS. When it
comes to using solar cells in real life, there are issues with stability,
scalability, and the environment. Transition metal dopants have the
potential to accelerate surface oxidation or corrosion when exposed to
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light or air, which may oxidize PbS. Long term device stability must be
shown on a large scale, and lead is hazardous, so it has to be encapsulated
and handled properly at the end of its life. Given these challenges, the
development of transition-metal doped PbS films for photovoltaic
applications requires careful optimization of the chemical bath deposition
conditions, detailed structural and electronic characterisation, effective
trap passivation, and accelerated ageing studies to assess their long-term
stability and reliability. Addressing these factors is essential for
developing photovoltaic devices with improved efficiency and sustained
operational stability. Future investigations into transition metal doped
PbS thin films produced using chemical techniques should emphasise
improved control, repeatability, and optimization for practical
applications. Important methods include setting precise doping windows
for uniform doping without secondary phase formation by methodically
optimizing chemical bath parameters. These factors include precursor
concentration, complexing agents, pH, and deposition temperature.
Technically advanced characterization methods such as time resolved
photoluminescence (TRPL), high-resolution transmission electron
microscopy (HRTEM), and depth-resolved X-ray photoelectron
spectroscopy (XPS) are required to comprehend the effects of dopants on
a material's microstructure and optoelectronic characteristics and to
accurately measure the distribution of dopants, defect states, and carrier
lifetimes. To further reduce trap states and enhance charge transfer, post
deposition procedures such surface passivation and thermal annealing in
controlled environments could be considered. For thin film technologies
to be sustainable, it is important to find scalable deposition methods, such
as continuous flow chemical bath deposition or spray assisted chemical
deposition.

7. Conclusion

Transition metal doped PbS thin films prepared by chemical deposition
methods have significant potential for photovoltaic and optoelectronic
applications due to their tunable structural, optical, and electrical
properties. The reviewed studies demonstrate that dopants such as Cu, Ni,
Cd, Mn, Zn, and Co can modify crystallite size, lattice parameters,
morphology, optical band gap, carrier concentration, and electrical
conductivity, thereby influencing light absorption and charge-carrier
transport.

CBD and SILAR methods provide simple, low-cost, and versatile routes
for controlling film properties through parameters such as precursor
concentration, pH, temperature, deposition time, and deposition cycles.
However, excessive doping may lead to dopant inhomogeneity, secondary-
phase formation, lattice distortion, strain, and defect states, which can
increase carrier trapping and recombination. In addition, the oxidation
and environmental instability of PbS remain important challenges for
long-term device applications.

Future research should focus on optimizing dopant concentration and
deposition conditions while establishing clear relationships between
dopant incorporation, defect chemistry, material properties, and
photovoltaic performance. Surface passivation, interface engineering,
suitable charge-transport layers, and effective encapsulation can further
improve carrier extraction and device stability. Overall, controlled
transition-metal doping offers a promising strategy for developing low-
cost and tunable PbS thin films for future photovoltaic and optoelectronic
technologies.
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