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1. Introduction

Low-cost synthesis and comprehensive
characterization of Cr** and Sn®* co-doped lead
sulfide thin films for optoelectronic applications

Athar Javed, (2 ** Muhammad Abdul Wahab,?> Muhammad Bashir,”
Mashkoor Ahmad, 2 ¢ Syed Hussnain Haider Sherazi® and Shanza®

This study investigates the microstructural, compositional inhomogeneity and optoelectronic charac-
teristics of Cr®* and Sn®* co-doped lead sulfide (PbS) films. X-ray diffraction reveals that all films are
highly crystalline and possess a cubic structure. FTIR spectra show absorption peaks of Pb-S stretching
with trace impurities like Pb—O, C—H and C-O—-H. Raman spectra reveal vibrational modes of Pb—-S with
extra peaks and/or modes showing minor impurity content of PbO, PbSQO,4, Cr,(SO4)s and SnO. All films
exhibit uniform surface morphology. The Cr and Sn-doped PbS films possess different degrees of micro-
structural features and grain size distribution (in the range 120-325 nm). EDX analysis shows near-
stoichiometric composition of Pb and S. EDX examination reveals that the Cr and Sn-doped PbS films
exhibit 4.7 at% Cr and 4.3 at% Sn content, which is close to the intended (5.0 at%) doping level set dur-
ing chemical synthesis. The un-doped PbS, 5% Cr-doped PbS and PbS film co-doped with 5% Cr + 5%
Sn show hydrophobic surfaces unlike the substrate, whereas the 5% Sn-doped PbS film exhibits hydro-
philic/hydrophobic borderline surface wettability character. The doping of Cr®* and Sn?* ions in PbS
tunes the energy band gap, which is observed to be varied between 1.60 eV and 1.98 eV. Electrical
measurements reveal the improved electrical characteristics of the Cr, Sn-doped films and among the
investigated films, the 5% Sn-doped film possesses the lowest electrical resistivity (1.48 Q cm). The
experimental results show that the Cr, Sn-doped lead sulfide films possess a suitable combination of
structural, chemical and physical properties suitable for optoelectronic applications.

materials are of research interest due to their structural stabi-
lity, tunable optoelectronic characteristics and environmentally

Metal-chalcogenides are an important class of semiconductor
materials because of their suitable characteristics which
include narrow band gap characteristics, high light absorption,
high structural stability and environmentally friendly behavior.">
Binary metal chalcogenides doped with suitable metal and/or
transition metal elements have been studied for the purpose of
band gap engineering and material design according to the
application area.>”® However, tailoring the material’s properties
according to the requirements and fields of application, band
gap engineering remains a great challenge for researchers,
engineers and semiconductor industrialists to integrate semi-
conductor materials in optoelectronic devices.'® Group IV-VI
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friendly behavior."* IV-VI semiconductor materials have appli-
cations in infrared photography,'” photovoltaic devices,'® infra-
red detectors,’* solar control coatings,'® optoelectronics,'
humidity and temperature sensors™ and diode lasers.'® The
phase composition, structural stability, and optoelectronic
properties of IV-VI compounds rely on the nature of the dopant
(metal, transition metal and/or rare-earth element) because the
nature of the dopant significantly alters the phase composition,
chemical stability and morphological features.*® In recent
years, binary lead chalcogenides (such as PbS, PbSe, and
PbTe),"”?* zinc sulfide (ZnS),>* tin sulfide (SnS)** and other
group IV-VI compounds have been studied widely to explore
their optoelectronic properties for applications in modern
devices. PbS is a binary semiconductor compound that belongs
to the IV-VI group.>®™?® Bulk PbS crystallizes in a cubic struc-
ture (space group: Fm3m) and has a direct electronic energy
band gap E, = 0.41 eV.?° In the PbS crystal structure, lead (Pb)
atoms are located at atomic sites with coordinates (0,0,0),
(1/2,1/2,0), (1/2,0,1/2) and (0,1/2,1/2), while sulfur (S) atoms
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attain atomic sites having coordinates (1/2,1/2,1/2), (0,0,1/2),
(0,1/2,0) and (1/2,0,0), respectively. Under pressure (= 2.2 GPa),
its rock-salt type cubic structure converts to an orthorhombic
crystal structure, which further transforms to a cesium chloride
(CsCl) type of crystal structure at a pressure of 21.2 GPa."”

Previous studies on thin films show that thin PbS films
have E; varying in the range of 0.43-2.2 eV depending on the
method and deposition conditions of film preparation.?*3?
PbS in thin film form crystallizes in a face centered cubic (fcc)
structure and exhibits a Bohr exciton radius equals to
~18 nm.” The crystallite size being relatively equal in size
to the Bohr exciton radius (~18 nm) also shows the quantum
confinement effect.”> This paves the way for improvement in
its physicochemical properties to meet desired applications in
the field of optoelectronics.>> Moreover, PbS film has shown
better photoconductivity in the near-infrared (NIR) region as
compared to other chalcogenides.’ As described above, the E,
of chalcogenides can be varied largely through suitable doping
of elements from the periodic table. So far, the effect of
doping of Cd, Sn, Cr, Fe, Ca, Cu and Au on the chemical,
structural, physical and optical characteristics of binary PbS
films has been explored theoretically and experimentally by
different research groups.’”® When PbS film is doped with
metal ions of ionic radius less than the ionic radius of Pb
(1.23 A), the metal-doped PbS film exhibits a crystallite size
that is found to decrease with increasing doping content.?™®
The decreasing crystallite size influences the optical proper-
ties of the PbS films significantly.> ® Also, in most studies, the
E, of the doped-Pbs films is observed to be larger than that of
un-doped PbS films.>**"*” Tin (Sn) has an ionic radius of
1.22 A, which is approximately equal to the Pb ionic radius
(1.23 A).* Studies on Sn-doped PbS films show an increase of
crystallite size with increasing Sn concentration.**® Whereas,
the E, is found to vary over a very narrow range (0.44 eV to
0.43 eV). The engineering of the E, of binary PbS films through
co-doping of suitable metal or transition metal elements is an
alternate approach to enhance the material’s performance
from an applications point-of-view. So far, very limited studies
exploring the effects of co-doping exist in the literature. For
example, PbS films co-doped with Cd and Mn have been
synthesized by the solvothermal microwave irradiation
method.*® PbS films co-doped with Bi, Cd and Er are also
synthesized by chemical bath deposition (CBD) and
characterized.”’ This study shows an increase of E, signifi-
cantly (0.5 eV to 2.3 eV) with an increase in the concentration
of co-dopants.*® Though separate reports exist exploring the
role of Cr and/or Sn concentration on the optoelectronic
properties of Cr-doped and Sn-doped PbS films,>*' according
to our knowledge to-date, no study exists in the literature
studying the effects of Cr and Sn co-doping in PbS films. In
this study, the structural, phase composition, surface mor-
phological, wettability characteristics and optoelectronic
properties of binary PbS, 5% Cr-doped PbS, 5% Sn-doped
PbS and (5% Cr + 5% Sn) co-doped PbS films are system-
atically investigated in-detail by employing experimental
techniques.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1 Cleaning of substrates

For film deposition, Corning glass slides (dimension: 75 mm X
25 mm X 2 mm) were used as the substrate. First, the glass
slides were cleaned to remove surface contaminations and
native oxides. The substrate cleaning was done by adopting a
standard procedure and steps as described in ref. 42. In brief,
the glass slides were washed/cleaned with detergent and run-
ning water. After cleaning with deionized water, the glass slides
were placed in hot chromic acid (for 15 min) to remove native
oxides. Ultrasonic cleaning of the substrates was carried-out in
isopropyl alcohol and acetone. Finally, the air dried glass
substrates were used for film deposition.**

2.2 Preparation of bath solution and film deposition

Pure (un-doped) PbS, 5% Cr-doped PbS, 5% Sn-doped PbS and
(5% Cr + 5% Sn) co-doped PbS films are fabricated on clean
glass substrates. Note, 5% doping of Cr and Sn in PbS is done
by mol%. Bath solution of 100 ml volume was prepared by
taking the appropriate amounts of lead acetate [Pb(CH3;COO),],
NaOH, thiourea [SC(NH,),] and dopant ion source. Lead acetate
is a source of Pb** ions, while thiourea provides $*>~ ions. NaOH
is used to adjust the solution pH. It also acts as a complexing
agent and reduces the concentration of free Pb** ions during
chemical reactions.”® For deposition of PbS film (un-doped),
3 ml (1 M) lead acetate [Pb(CH3CO0),-3H,0], 3 ml (1 M)
thiourea [(H,N),CS] and 6 ml (1 M) NaOH were added in
deionized water to prepare a homogeneous 100 ml solution.
The mixture solution was continuously magnetically stirred (for
2 to 4 min). NaOH was added as required to adjust the solution
pH to 12. After preparing the solution, the cleaned substrates
were immersed (which remain slightly inclined) in a glass
beaker containing bath solution. The glass beaker covered with
thin aluminum foil was kept in a laboratory oven (at 70 °C) and
left for film deposition. After about 25 to 35 min, the substrates
with deposition on were taken-out from the oven and washed
with tap water and then dried in air.

During the chemical bath deposition process, the bath
solution undergoes the following chemical reactions:*!

Pb(CH;COO0), + 2NaOH — Pb(OH), + 2Na(CH;CO0O) (1)
Pb(OH), + 4NaOH — Na,Pb(OH)s 2)
Na,Pb(OH); — 4Na + HPbO," + 30H™ + H,0  (3)
SC(NH,), + OH™ — CH,N, + H,0 + SH™ (@)

HPbO," + SH™ — PbS + 20H™ (5)

The 5% Cr-doped PbS, 5% Sn-doped PbS and (5% Cr + 5% Sn)
co-doped PbsS films were deposited by following similar steps.
Briefly, for deposition of the 5% Cr and 5% Sn-doped PbS films,
appropriate amounts of the precursors of the dopants were
added in 100 ml solution before adding thiourea. Note that the
concentration of lead acetate was reduced accordingly. Table S1
summarizes the precursors and their quantities used in the
preparation of a bath solution to deposit PbS, 5% Cr-doped
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Fig. 1

X-ray diffractograms of Cr and Sn-doped PbS films.

PbS, 5% Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS
films. After deposition of all films, it is noted that the appear-
ance of the films is varied a little in their colors and the films
are relatively smooth. Fig. 1a shows a photograph of the PbS
film, 5% Cr-doped PbS film, 5% Sn-doped PbS film and (5% Cr
+ 5% Sn) co-doped film.

2.3 Characterization

An X-ray diffractometer (Model: Panalytical Empyream X'Pert’
MRD) with a copper target (wavelength, 1 = 1.5406 A) was
employed to investigate the crystal structure. To collect X-ray
diffraction (XRD) data, the diffractometer was run (in 6-26
geometry) by applying a tube voltage/current of 40 kV/35 mA.
An FTIR spectrophotometer (Model: Nicolet™ iS50) was employed
to collect FTIR spectra in the wave-number range of 400-
4000 cm ', A Raman spectrometer (MST-4000A/Dong  Woo
Optron Co. Ltd) was used to collect the Raman spectra. The
wettability test was performed by using a Tensiometer (Model:
FTA200). The wettability test involves measuring the water-
contact angle (WCA) at the film surface. Deionized (DI) water
and diidomethane were taken as polar and non-polar (disper-
sive) liquids, respectively. For both liquid (DI water and diido-
methane) droplets, an average sessile volume = 2.0 pl was
taken. The surface free energy was calculated from the mea-
sured contact angles of both liquids (see details later in Section
3.4). A double beam UV-visible spectrophotometer (Model:
U-2800) was employed for optical measurements. The absorbance
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(a) Photograph showing the physical appearance of Cr and Sn-doped PbS films, (b) variation of film thickness of Cr and Sn-doped PbS films and (c)

spectra were collected by operating spectrophotometer with a scan
rate of 2200 nm min ™~ '. Absorbance spectra were taken by setting
a wavelength range (200 nm to 1000 nm) of interest.

A scanning electron microscope (Model: SEM/MAIA3 TES-
CAN) operated at 10.0 kV was used to examine the surface
morphology. To examine electrical characteristics, the current-
voltage characteristic curves of each film were traced by
employing a Keithley 4200-SCS semiconductor characterization
system. The resistivity p was determined using the equation
p = RA/L, where R = sample resistance, which is equal to the
inverse of the slope of the linear portion of the I-V data obeying
Ohm’s law, A represents the film area and L = the spacing
between the two-probes.

The thickness (¢) of each film was calculated by the gravi-
metric method as follows:**

(6)

where m and A represent the mass and area of the film on the
substrate, whereas p is the density of the material. The value of
p taken for PbS was 7.6 g cm ™ >.*® For the PbS, 5% Cr-doped
PbS, 5% Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS
films, the film thickness was found to be 290 + 3 nm, 217 +
3 nm, 100 £ 2 nm and 167 + 2 nm, respectively. With
fixed deposition conditions and tight control over the CBD
parameters (such as solution pH, deposition temperature
and precursor concentration), a synthesis experiment was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed to confirm the reproducibility, adhesion and overall
quality of the films. Each time the film’s quality and adhesion
is found to be better and the thickness is found to vary within
the uncertainty of film thickness data. Fig. 1b shows the change
in film thickness of the PbS, 5% Cr-doped PbS, 5% Sn-doped
PbS and (5% Cr + 5% Sn) co-doped PbS film.

3. Results and discussion

3.1 Crystalline phase and structural properties

Fig. 1c displays the XRD scans of the binary PbS film, 5%
Cr-doped PbS film, 5% Sn-doped PbS film and (5% Cr + 5% Sn)
co-doped PbS thin film. XRD scans of all four films show good
crystallinity and the films are polycrystalline in nature. Several
sharp and high intensity diffraction peaks appear in the XRD
scans (see Fig. 1c). In all films, the most intense peaks are
observed to occur at 20 = 26.18°, 30.32°, 43.56°, 51.55° and
53.90° which occur due to diffraction from the (111), (200),
(220), (311), and (222) atomic planes, respectively (Fig. 1c). The
occurrence of sharp peaks indicates that all films possess
polycrystalline nature and this is consistent with ref. 44.
Furthermore, all peaks observed in the XRD scans (Fig. 1c)
are found to match exactly with JCPDS card #05-0592.** However,
with metal (Cr and Sn) doping in the PbS film, peak shifting
towards smaller 26 angles is observed, which is due to homo-
geneous strain occurring due to replacement of Pb ions by metal
(Cr and/or Sn) ions in the host lattice.* It was expected because
when chromium with a smaller ionic radius (0.069 nm) replaces
Pb ions in the lattice, it causes strain due to the change in lattice
parameters.” The analysis of the XRD data (Fig. 1c) confirms that
all four films maintain the fcc structure.** Furthermore, no
diffraction peaks related to impurities (metal sulfides or metal
oxides) are observed in any film. A low content of metal oxide,
metal sulfide and other trace impurities may be present
(in chemically bath deposited films) along with the main cubic
phase, which is impossible to detect in standard XRD measure-
ments due to the detection limit of the X-ray diffractometer. For
all films, the comparison of the relative intensities of all peaks
shows slight variation of the crystallite growth orientation. For
example, for the PbS film, the (111) peak is the highest intensity
peak showing the preferred crystallite growth along the [111]
crystallographic direction. For the 5% Cr-doped PbS film and
5% Sn-doped PbS film, the relative intensity of the highest
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intensity (111) and (200) peaks is found to be varied (with Cr
and Sn doping) as compared to the un-doped PbS film. For the
(5% Cr + 5% Sn) co-doped PbS film, the intensity of the (200)
reflection is higher as compared to the (111) diffraction peak,
which means that for the (5% Cr + 5% Sn) co-doped PbS film,
the preferred growth direction of the crystallites is along the
[200] direction instead of the [111] crystallographic direction.

To quantify and explain the variation of the preferred growth
direction of the crystallites in the metal-doped PbS films, the
texture coefficient (TC) for each film was calculated by using a
method proposed by Harris as follows:*"*®

I [ To

TC(hkl) = I
n Z 1 (l}zlk/) / 1 81/(1)

7)

where Iy and Iy represent the measured and reference
intensity of the crystallographic peaks, respectively, which are
observed in Fig. 1c. Note that () is taken from the JCPDS card.
n = number of diffraction peaks considered in the calculation of
TC. A large value of TC of a specific (kkl) plane indicates the
preferred texture of the film, indicating that more crystallites
grow along that direction.® If TC = 1, then it shows that the
crystallites are randomly oriented and do not have any pre-
ferred growth direction. If TC < 1 for the given (hkl) plane, then
it indicates less random orientation of the crystallites. If TC >
1, then it indicates that the crystallites have a preferred growth
direction along a certain [hkl] direction.”” Calculation of TC
data (Table 1) reveals that the crystallite growth changes from
the [111] to [200] direction for the 5% Cr + 5% Sn co-doped PbS
film. This variation in growth direction is possibly due to the
ionic radii of the dopant ions (rgs+ = 0.69 A and 7,2+ = 1.18 A)
substituted in place of Pb ions (rppz+ = 1.19 A).%®

To calculate the lattice constant, the spacing between the
atomic planes (dpy) is calculated by using Bragg’s diffraction
condition as follows:’

A

2sinf (8)

A =

where 1 = 1.5406 A (the wavelength of Cu-K, line), and dy is
the spacing between the atomic planes, while 6 is a diffraction
angle.>”*8

Table 1 Calculated texture coefficient (TC) and lattice constant of the Cr, Sn-doped PbS films

Film Peak B () f (radian) 20 (°) TC d(A) anu (A) a(A)

PbS (111) 0.26 0.004538 26.3 1.05 3.390 5.871 5.875 £+ 0.004
(200) 0.27 0.004712 30.4 0.84 2.940 5.880

5% Cr:PbS (111) 0.36 0.006283 26.2 0.91 3.400 5.889 5.891 £ 0.002
(200) 0.38 0.006632 30.3 0.78 2.946 5.893

5% Sn:PbS (111) 0.25 0.004363 26.1 1.16 3.408 5.904 5.905 £ 0.001
(200) 0.20 0.003491 30.2 0.97 2.953 5.906

5% Cr + 5% Sn:PbS (111) 0.38 0.006632 26.1 0.93 3.416 5.916 5.917 £ 0.001
(200) 0.35 0.006109 30.2 0.97 2.959 5.918

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The lattice constant (a) of cubic films is determined by

using the following relation:’
ap = dpa/ (B2 + k2 + 12) ©)

Using eqn (8) and (9), the calculated lattice constants are
presented in Table 1. Compared with the PbS film, it is noted
that the calculated value of a is increased with doping of Cr, Sn
and (Cr + Sn) in the PbS film. For the PbS film, 5% Cr-doped
PbS film, 5% Sn-doped PbS film and (5% Cr + 5% Sn) co-doped
PbS film, the calculated average values of the lattice constants
are 5.875 =+ 0.004 A, 5.891 + 0.002 A, 5.905 + 0.001 A and
5.917 %+ 0.001 A, respectively (Table 1). With doping of 5% Cr,
5% Sn and (5% Cr + 5% Sn) in the PbS film, the variation of the
lattice constant (a) exhibits the trend as follows: a@ppsfiim <
Q5%Cr-doped Pbsfilm < As%Sn-doped Pbsfilm <  Q(5%Cr+5%Sn)co-
doped Pbs film- The large value of cubic lattice constant of the
5% Cr-doped PbS film, 5% Sn-doped PbS film and (5% Cr + 5%
Sn) co-doped PbS film as compared to the lattice constant of the
PDbS film indicates that the atoms of the metal dopant (Cr, Sn)
replace lead (Pb) atoms in the Pb,X; ,S system. With doping,
an increase of lattice constant indicates the expansion of the
unit cell and means that doping causes an increase in tensile
strain.® For all films, the average value of crystallite size is also
calculated by using the Scherrer relation as follows:**

kA

pcosl (10)

Dy =
where shape factor k = 0.89, = full-width at half maxima and
0 is a diffraction angle. Calculations reveal that the PbS film has
a relatively large crystallite size (see Table 2). Doping of 5% Cr
in PbS reduces the crystallite size significantly, whereas doping
of 5%Sn in PbS increases the crystallite size (Table 2). The co-
doping of (5% Cr + 5% Sn) in PbS results in a crystallite size
closer to the value of D calculated for the 5% Cr-doped film
(Table 2). In the case of the 5% Cr-doped PbS film, the average
crystallite size decreased from 30 nm to 22 nm. This is
consistent with the literature on Cr-doped PbS films.>*! For
the 5% Sn-doped PbsS film, the crystallite size increases with Sn-
doping. This is also in accordance with the literature.” Thus,
the doping of Cr and Sn (being different in ionic radii) when

Table 2 Calculated crystallographic and microstructural parameters for
the Cr/Sn-doped PbS films

Dy Daye & 0

Film Plane (nm) (nm) (x107%) (x10" m™?)
PbS (111) 31 301 112 0.90

(200) 30
5% Cr:PbS (111) 22 22 +1 1.59 1.87

(200) 21
5% Sn:PbS (111) 32 36 4 0.96 0.65

(200) 40
5% Cr + 5% Sn:PbS  (111) 21  22+1 155 1.79

(200) 24

8590 | Mater. Adv,, 2025, 6, 8586-8601
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replacing Pb atoms in the PbS crystal structure results in
different crystallite sizes.**'

Dislocation line density (d), which determines the length of
the dislocation lines/area, is also evaluated for all films. The
estimation of § gives a quantitative measure of the surface
density of imperfections and defects present in the polycrystal-
line materials. For all films, the dislocation line density (6) and
inhomogeneous microstrain (¢) are also determined by a
method proposed by Williamson and Smallman:*

1
5= B (11)
g Poost CZSO (12)

Table 2 presents the calculated values of ¢ and ¢ for the
investigated metal-doped PbS films. From Table 2, it can be
seen that the calculated ¢ and ¢ for the 5% Cr-doped PbS film,
5%Sn-doped PbS film and (5% Cr + 5% Sn) co-doped PbS film
are different from those of the binary PbS film. The calculated
values of ¢ reflect that the doping of different metals results in
different degrees of defects and imperfections. The ionic radii
of Cr**, sn®>" and Pb*' ions are 0.69 A, 1.18 A and 1.19 A,
respectively.*® Higher dislocation density of the 5% Cr-doped
PbS film indicates that the 5% Cr doping induces more defects,
which could be due to the different ionic radii of Cr and Pb.?
Low dislocation density in 5% Sn-doped PbS film suggests that
the 5% Sn doping in PbS film results in less defects, which
could be due to the similar ionic radii of Sn and Pb.*® For the
(Cr, Sn) co-doped film, the dislocation density is almost the
same as that calculated for the 5% Cr-doped PbS film, which is
due to the dominant effect of Cr-doping resulting in defects.
For the PbS film, 5% Cr doped PbS film, 5% Sn doped PbS film
and (5% Cr + 5% Sn) co-doped PbS film, the positive value of
micro-strain (¢) indicates the occurrence of inhomogeneous
tensile strain in all films. Among the investigated films, it has
been noted that the 5% Cr-doping induces a higher degree of
strain, while the 5% Sn-doped PbS films exhibit lower strain.
The different degree of micro-strain in the metal-doped PbS
films is associated with different ionic radii of Pb and the
dopant element. Among the films, the 5% Cr-doped PbS film
experiences larger strain, which is due to the different ionic
radii of Cr** and Pb>". The least micro-strain is seen in the 5%
Sn-doped PbS film, which is due to the similar ionic radii of
Sn>" and Pb>". This is consistent with the findings of Chala-
pathi et al.* The analysis and comparison of the calculated
microstrain for the 5% Cr-doped PbS film and (5% Cr + 5% Sn)
co-doped PbS film indicates that the 5% Cr-doping in PbS leads
to more strain in the lattice due to the significantly different
ionic radii of Cr’* and Pb** because the ionic radii of the Sn**
and Pb*" ions are similar, thus causing a relatively lower strain.

3.2 FTIR and Raman analysis

Fig. S1 displays the FTIR spectra of the PbS, 5% Cr-doped PbS,
5% Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS films.
The FTIR spectra confirm the appearance of absorption peaks

© 2025 The Author(s). Published by the Royal Society of Chemistry
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related to the PbS phase in all films, along with peaks indicat-
ing the presence of different functional groups or impurities.
Peaks in the wavenumber range of 460-480 cm ™ * are related to
Pb-S bond stretching and a similar peak corresponding to Pb-S
bonds has been found in ref. 50 and 51. For the PbS film,
prominent absorption peaks appear at 460 cm ™', 749 cm ™,
860 cm ', and 1381 cm ' (Fig. S). The peak at 460 cm "
indicates the PbS phase.’® In the FTIR spectra, the peak
appearing in the wave-number range 735-750 cm ™" shows the
formation of lead oxide (PbO) and it has also been identified in
PbS films studied by other research groups.’>* The peak that
appeared around 860 cm™ ' gives evidence of bond stretching
related to C-H groups.”® The peak in the wavenumber range
1370-1385 cm ' corresponds to C-O-H (or CH,) bond
stretching.>®® For the 5% Cr-doped PbS thin film, promising
absorption peaks appear at 465 cm ™', 744 cm ™', 859 cm ™, and
1935 cm ™" (Fig. S1). The peak at 465 cm™ "' is an indication of
the PbS phase,”® whereas the peaks at 744 cm ™" and 859 cm ™"
show Pb-O and C-H bond stretching, respectively®> and the
band located at 1935 cm ™' is related to the C=0 vibrational
mode, which shows traces of carbonyl groups.®” For the 5% Sn-
doped PbS thin films, significant absorption peaks located at
456 cm ™Y, 664 cm ™Y, 1025 em ™Y, and 2350 em ™! with minor
peaks at 410 cm ™', 436 cm™ ' and 497 cm " are clearly observed
(see Fig. S1). The low intensity peak at 436 cm™ ' comes from
the substrate due to the low thickness of the 5% Sn-doped PbS
film and it is similar to ref. 58. The peak noticed at 456 cm™"
is related to the main PbS phase. The absorption peak at
664 cm™ ' indicates the formation of tin-oxide (Sn-O) in the
Sn-doped PbS film because in other studies on SnS and/or
Sn-doped PbS films, this peak is observed at 650 cm™ ' and
identified as Sn-O bond stretching.>®®°

The band around 1025 cm ™' is identified and marked to
show C-N bond stretching vibrations.”® The band present at
2350 cm ' indicates atmospheric CO, that adsorbed on the
film due to environmental exposure after deposition.®® For the
(5% Cr + 5% Sn) co-doped PbS thin film, the absorption bands
are observed to be present at 475 cm™ ", 736 cm ™, 849 cm ™,
1639 cm ', and 1954 cm ™ * with narrow bands at 431 em ™%, and
635 cm™ ' (Fig. S1). The peak present at 475 cm ™" is related to
Pb-S bond stretching and represents a peak of the PbS main
phase. The peaks present at 736 cm™' and 849 cm ™' corre-
spond to Pb-O and =C-H functional groups, respectively and
are similar to peaks observed in the 5% Cr-doped PbS film. The
peak at 1639 cm ' is assigned to O-H bonding vibrations.*®
Furthermore, in some studies, the stretching peaks of the C-N
bond are identified in the wave-number range of 1640-
1690 cm ™ '.%% The peak at 1935 cm™ ' appears due to asymmetric
methyl stretching because the band at about 1952 cm™ " has
been indicated and marked as an asymmetric methyl stretching
peak according to ref. 63. For a (5% Cr + 5% Sn) co-doped PbS
film, the prominent peaks are located at 475 cm™*, 635 cm ™ *,
736 cm ™', 849 cm ™', 1639 cm™ ' and 1954 cm ™ '. The peak at
475 cm™ " indicates PbS phase. The peak at 616 cm ™" is related
to Sn-S bond stretching because the band at about 616 cm™ " is
found to be the Sn-S characteristic band, which is possibly
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shifted to higher wavenumber (635 cm™') as a result of co-
doping of 5% Cr + 5% Sn in PbS.”® The peak at 736 cm ™" shows
the metal oxide (PbO) phase. The peak in the region 860-
880 cm ™' indicates the C-H bonding and the peak at 849 cm™*
appeared probably due to C-H bond stretching. The peak in the
wavenumber region 1640-1690 cm ' indicates C=N stretching.
The peak marked at 1639 cm ™" occurs due to C=N bonding. The
peak at 1954 cm ' is likely to be associated with the vibrational
mode of CO bond stretching. The peak identified at 2350 cm ™"
indicates the presence of CO,. Table S2 summarizes the identified
FTIR peaks and corresponding vibrational modes in the PbS film,
5% Cr-doped PbS film, 5% Sn-doped PbS film and (5% Cr + 5%
Sn) co-doped PbS film.

Fig. S2 shows the Raman spectra of the un-doped PbS film,
5% Cr-doped PbS film, 5% Sn-doped PbS film and (5% Cr + 5%
Sn) co-doped PbS film. For consistency and comparison, the
Raman data of each film are measured and presented covering
the Raman shift range 0-1200 cm™* where most of the Raman
peaks are observed. For the PbS film, the Raman peaks at
133 ecm™%, 205 cm™ Y, 429 em™Y, 600 cm™!, 825 cm™ ' and
961 cm™ ' are observed (Fig. S2). For the PbS film, a sharp
Raman peak occurring at 133 cm™ ' corresponds to the main
PbS phase and represents active phonon modes. Note, the
overlapping of the peaks of transverse optical (TO) and trans-
verse acoustic (TA) phonon modes (if active) is also observed
around 133 cm™'.°%®®> A shoulder peak observed at 205 cm™*
corresponds to the LO phonon mode. The peak observed at
about 429 cm™ ' is due to the second overtone of the LO (2LO)
phonon mode.®*®® The peak that appeared at 600 cm ' is
assigned as the third overtone of the LO (3LO) phonon
mode.®® A metal oxide peak usually appears at 824 cm . The
peak at 825 cm ' indicates the oxidation of the film and is
related to PbO, whereas the peak around 970 cm™ ' indicates
the formation of lead sulphates (PbSO,). Such peaks related to
PbO and lead sulphates have also been observed in other
studies.®® Thus, in our films, a peak noticed at 961 cm ' is
assigned to lead sulphates. For the 5% Cr-doped PbS film,
Raman peaks at 133 ecm™ ', 189 cm™', 441 cm™ ", 581 cm ™},
824 cm™ ', 970 cm ' and 1087 cm ™' are observed (see Fig. S2).
The peak at 133 cm ™" is a combination of TA and TO phonon
modes and is a characteristic of the main PbS phase.” The peak
at 189 em™ " could be a combination of LO and TO modes.*”
The peak at 441 cm™ " is observed due to the second overtone
(2LO) of the LO phonon mode.” The Raman peak at 581 cm™ " is
attributed to the third overtone (3LO) of the LO phonon. This
peak is similar to that seen at 600 cm " for the PbS film and it
is shifted towards a higher Raman shift due to 5% Cr-doping in
PbS. The presence of a peak at the Raman shift of 824 cm™*
indicates the formation of CrO.°® The peak positioned at the
Raman shift of 970 cm™' might have appeared due to the
amorphous phase of lead sulphates and/or lead oxide.®
According to ref. 70, this peak could be a sign of PbCr;_,S,0,4
as a minor impurity phase. The presence of the peak at about
1087 cm ™" indicates the formation of chromium sulfide as an
impurity phase.”® For the 5% Sn-doped PbS film, the peak at
133 cm ™! corresponds to the main PbS phase. The peak located
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at 265 cm ™ is due to the 2TO phonon mode of PbS. The peak
noted at 265 cm ™ is a signature of the PbO phase and a similar
PbO peak at 263 cm ' has been identified in ref. 71. Some
studies mark this peak, which corresponds to minor/impurity
traces of PbSnS, and this peak is expected to appear at about
256 cm™".”> The peak observed at 426 cm ™" occurred due to the
second order overtone (2LO) of the LO phonon mode as
reported in ref. 66. Whereas, the peak positioned at 963 cm ™ *
shows the presence of lead sulphate or tin sulphate.®® For the
(5% Cr + 5% Sn) co-doped PbS film, Raman peaks appear at
135, 196, 429, 602, 966 and 1106 cm ™" (see Fig. S2). The peak
positioned at 135 cm ™" indicates the main PbS phase, while a
peak positioned at 196 cm ™" appears due to the surface phonon
mode and a similar peak related to the surface phonon mode
has been reported in ref. 65. The peaks noticed at 135 cm ™,
429 cm ™, 602 cm™ ' and 966 cm ™' in all films have already
been discussed above. However, the additional peak at
1106 cm " indicates the $-O stretching mode.”®

3.3 Elemental composition and surface morphology

EDX analysis of the PbS film, 5% Cr-doped PbS film, 5% Sn-
doped PbS film, and (5% Cr + 5% Sn) co-doped PbS film was
also performed in order to examine the element composition in
the obtained films. Fig. S3 displays the EDX spectra of the PbS
film, 5% Cr-doped PbS film, 5% Sn-doped PbS film, and (5%
Cr + 5% Sn) co-doped PbS film. In the EDX spectra of all the
films (Fig. S3), Pb and S are found as the main elements along
with minor content of other elements as an impurity. For
example, in the PbS film, the silicon (Si) peak as expected
comes from the glass substrate. In the 5% Cr-doped PbsS film,
the Cr peak is detected, which indicates and confirms the
addition of Cr in PbS. Similarly, the Sn peak in the 5% Sn-
doped PbS film shows the presence of Sn in PbS. In the (5% Cr
+ 5% Sn) co-doped PbS film, the Cr and Sn peaks are obvious
along with the main Pb and S peaks. Thus, the EDX spectrum of
the PbS film co-doped with 5% Cr + 5% Sn (Fig. S3) confirms
the successful co-doping of Cr and Sn in the PbS film. However,
minor concentrations of some impurity elements (such as Si,
Ca, Mg, Si and Na) are also detected in all films. These peaks
mainly come from the glass substrate and are also observed in
ref. 74. Similar EDX analysis results identifying the elemental
composition in PbS and metal-doped PbS films are reported in
ref. 4 and 5. Furthermore, the presence of a peak related to
oxygen (O) indicates the oxidation of the films. The surface of
the films can be oxidized due to exposure to the environment.
Also, a trace of oxygen can come from the glass substrate or
from precursors used during the chemical synthesis of the
films. Quantitative analysis of the EDX data gives the elemental
composition (in at%) of each element.

Table 3 presents the elemental composition of each film
quantified in atomic percentage (at%). Analysis of the EDX data
shows that after doping of 5% Cr in PbS, the achieved Cr
content in the deposited film is 4.7 at% Cr (see Table 3),
whereas the doping of 5% Sn in PbS gives a concentration of
about 4.3 at% Sn. For the (5% Cr + 5% Sn) co-doped PbS film,
3.3 at% Sn and 3.7 at% Cr are found by EDX. EDX analysis
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Table 3 Elemental composition (in at%) of the Cr and Sn-doped PbS films
obtained by EDX analysis

Obtained atomic percent of elements

Film Pb S Cr Sn C (6] Na
PbS 48.2 40.8 — — 6.7 3.2 1.1
5% Cr:PbS 42.6 41.4 4.7 — 5.0 5.3 1.0
5% Sn:PbS 441 40.7 — 4.3 6.2 3.0 1.7

5% Cr + 5% Sn:PbS  36.3 43.0 3.7 3.9 6.8 4.4 1.9

confirms the successful doping of Cr and Sn in PbS and the
elemental composition of the doped element is close to the
actual concentration of the dopant as expected. However, some
elements as minor impurities are also detected along with the
main (Pb, S, Cr, Sn) elements (Table 3).

Fig. 2 depicts the SEM micrographs of the PbS, 5% Cr doped
PbS, 5% Sn doped PbS, (5% Cr + 5% Sn) co-doped PbS film. The
polycrystalline nature of all films can be seen from the surface
SEM micrographs (Fig. 2). The polycrystalline character of the
films is consistent with the XRD results discussed above, which
also show the polycrystalline structure of all films. Grains of
pyramidal shape are observed from Fig. 2(a)-(d) for the PbS and
metal-doped PbS films. The formation of pyramidal shaped
grains has been reported for chemically synthesized PbS films
and our findings of surface morphological features are consis-
tent with ref. 41. Furthermore, analysis and comparison of the
SEM images indicate that all films have different grain size with
clear grain boundaries (Fig. 2a-d). Furthermore, PbS and metal-
doped PbS films have a dense microstructure showing film
deposition free from cracks and voids. The comparison of the
micrographs (in Fig. 2a-d) clearly shows that the doping of
different metal elements (Cr, Sn) in PbS results in different
microstructural features. The white blobs seen in the SEM
images (Fig. 2b and d) are also analyzed by EDX and are
identified as a cluster of lead-rich PbS in Cr-doped PbS films.
Probably, the cluster formation occurs due to inhomogeneity
during the chemical synthesis or deposition process.’

Furthermore, the doping of different metal elements can
alter the rate of chemical reaction, which can affect the homo-
geneity of the final solution used to deposit metal-doped PbS
films. In CBD grown films, the dopant can alter the growth
process and ultimately the nucleation of the depositing species
due to a different rate of precipitation occurring during the film
deposition.*® By analyzing the SEM micrographs, the average
grain sizes of all films are also calculated using image] soft-
ware. Histograms showing the grain size distribution in all
films are shown Fig. 2e-h. Histograms plots (Fig. 2e-h) provide
in-depth insights to see the effects of doping elements on the
grain size distribution. From Gaussian fitting to grain size
distribution data, the average grain size of each metal-doped
PbS film is also determined with uncertainty. It is noted that
the PbS film has a grain size of 219 £ 94 nm. For the 5%
Cr-doped PbS, the average grain size reduces and it is found to
be 120 £ 45 nm. For 5% Sn-doped PbS, the average grain size is
quite large and its estimated value is 325 4 133 nm, whereas for
(5% Cr + 5% Sn) co-doped PbS, the grain size is 150 + 40 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM micrographs of the (a) PbS film, (b) 5% Cr-doped PbS film, (c) 5% Sn-doped PbS film, (d) (5% Cr + 5% Sn) co-doped PbS film, and (e)-(h)
histograms showing the variation of the grain size in the Cr and Sn-doped PbS films.

3.4 Wettability behavior

In thin solid films, the stability of the film’s surface depends on
the film-substrate and film-air interface. In metallic and semi-
conductor films, the passivation, environmental exposure, sur-
face roughness, composition and anti-aging properties alter the
film’s wetting characteristics.”>’® Thus, the hydrophilic or
hydrophobic nature of the films is also investigated by perform-
ing the wettability test on all films. Surface wetting behavior is
studied by measuring the contact angles of a non-polar (dis-
persive) liquid (diidomethane) and a polar liquid (water)
because both these liquids have known values of surface
tension. Diidomethane is used because its surface tension is
relatively higher than the surface tension of many other organic
liquids and it helps to form a droplet shape and contact angle
at most solid surfaces. Basically, a mathematical model
employed for surface energy calculation requires two probe
liquids with known values of surface tension and contact angle.
Diidomethane facilitates determining the dispersive compo-
nent of total surface energy. According to the Owens-Wendt
model,”” the surface energy (s = 7§ + 79) of a thin solid film is

determined by solving the following equation for 7 and y:”778

(1+cos )y = 24/98 +24/997] (13)

where y, 7P and 7¢ represent the surface tension, and polar and
dispersive components of the liquids, respectively. The surface
energy is calculated by solving the above equation for two
values of contact angle of the two probe liquids (water and
diidomethane).”® For water (polar liquid), the values of y;, 7P
and y¢ are taken as 72.8, 51.0 and 21.8 mJ m 2, respectively;
whereas for the nonpolar (dispersive) liquid, the values of yy, yP
and 7¢ are taken as 50.8, 2.3 and 48.5 mJ m 2, respectively.”’

© 2025 The Author(s). Published by the Royal Society of Chemistry

Photographs of de-ionized (DI) water drops forming contact
angles (CAs) at the surface of PbS, 5% Cr-doped PbS, 5% Sn-
doped PbS and (5% Cr + 5% Sn) co-doped PbS films are
displayed in Fig. 3a-d. Table 4 summarizes the water contact
angle (WCA) and surface free energy measured at the surface of
the un-doped PbS, 5% Cr-doped PbS, 5% Sn-doped PbS and co-
doped with 5% Cr + 5% Sn PbS films. All films (except 5%
Sn:PbS film) represent hydrophobic surfaces having water
contact angle >90°. A 5% Sn:PbS film exhibits hydrophobic/
hydrophilic boarder-line wetting behavior because its WCA =
89° (see Fig. 3 and Table 4). Similar wettability behavior of
metal doped films has been reported in ref. 80. However, the
un-coated substrate shows a hydrophilic behavior with the
lowest contact angle (CA) of 48°. A wettability test reveals that
the PbS film deposited with 5% Cr-doping has the highest value
of CA (119°). Thus, a 5% Cr-doped PbS film exhibits the highest
degree of hydrophobicity. Semiconductor films with hydropho-
bic character are applicable for anti-corrosion coatings and self-
cleaning surfaces. Hydrophobic semiconductor films with a
suitable combination of optical properties when integrated in
optical devices have the additional advantage of protecting the
film from degradation and improving optical device stability.””

Fig. 3e presents the variation of the CAs and surface free
energy of the un-doped PbS, 5% Cr-doped PbS, 5% Sn-doped
PbS and PbS co-doped with 5% Cr + 5% Sn film. With 5% Cr
doping in PbS, the DI water contact angle of the 5% Cr-doped
PbS film is increased as compared to the PbS film. For the 5%
Sn-doped PbS film, the water contact angle is decreased when
compared with the 5% Cr-doped PbS film and even lower as
compared to the contact angle of the PbS film. For the co-doped
PbS film with 5% Cr + 5% Sn, the contact angle is increased but
lower than that of the 5% Cr-doped PbS and un-doped PbS film.
Whereas, the surface free energy is increased to its maximum
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Fig. 3 Demonstration of DI water contact angles on the surface of the (a) PbS film, (b) 5% Cr-doped PbS film, (c) 5% Sn-doped PbS film and (d) 5% Cr +
5% Sn co-doped PbS film, and (e) the variation of the water contact angle and surface energy in the Cr, Sn-doped PbS films.

View Article Online

Paper
() 130 T T T T
120 0
110 NE
o; -29 ?
9 100 —e— DI Contact Angle g
2 —A- Diido Contact Angle 28 5
< 909 —m- Surface Energy o
-
3] w
S 80 -27 ©
: :
O 70- t
-26 0
60 -
50 L— . r — 25
Pure PbS 5% Cr 5% Sn  5%Cr +5%Sn
PbS Films

Table 4 Contact angles (CAs) and surface free energy of the 5% Cr and 5% Sn-doped PbS films

Average contact angles (°)

Film DI water Diidomethane Dispersive (m] m ?) Polar (mJ] m™?) Surface energy (m] m ?)
Glass substrate 48 65 17.65 33.18 50.83
PbS 108 65 26.97 0.19 27.15
5% Cr:PbS 119 72 24.17 1.38 25.55
5% Sn:PbS 89 58 28.29 1.59 29.88
5%Cr + 5%Sn:PbS 929 60 28.67 0.08 28.74

value (29.88 mJ m >) for the 5% Sn-doped PbS film. This
increase in the surface energy is attributed to variation in the
film’s homogeneity and the chemical composition of the polar
bonds between different molecular species. Furthermore, the
change in surface free energy could be associated with the
variation in surface morphology (grain size, grain boundaries
and surface roughness).?*%'

3.5 Optical characteristics

In order to elucidate the optical properties of the PbS film, 5%
Cr-doped PbS film, 5% Sn-doped PbS and (5% Cr + 5% Sn) co-
doped PbS film, optical measurements (absorbance and trans-
mittance) were also carried-out by using a UV-visible spectro-
photometer. Fig. 4a and b show the absorbance (4) and
transmittance (7) behavior of the PbS film, 5% Cr-doped PbS
film, 5% Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS film.
For all films, the absorbance shows a decreasing trend with
increasing wavelength (Fig. 4a). This kind of decreasing absor-
bance trend has also been observed in studies reported in ref. 7
and 82. Furthermore, the comparison of the absorbance spectra
(in Fig. 4a) shows that the PbS film exhibits the lowest absor-
bance as compared to 5% Cr, 5% Sn and (5% Cr + 5% Sn) co-
doped films. The absorbance plots of the PbS film and 5% Sn-
doped PbS film show low intensity excitonic peaks in the range
of 350-450 nm. These peaks are expected in polycrystalline

8594 | Mater. Adv., 2025, 6, 8586-8601

semiconductors. These peaks are expected in thin films or in
nanomaterials where the particle size is <18 nm or at least
comparable with the Bohr radius.®* The absorbance spectra of
the PbS film doped with 5% Cr and co-doped with 5% Cr + 5%
Sn show clear excitonic peaks in the wavelength range of
400-550 nm. Furthermore, it is noted that PbS films doped
with 5% Cr, 5% Sn and 5% Cr + 5% Sn show an increase of
absorbance as compared to the PbS film (Fig. 4a). This is consistent
with earlier reports, which also show that the doping of different
metals and/or transition metals in the PbS film enhances the
absorbance of light as compared to un-doped PbS films.> %%

The transmittance behavior of the doped PbS films demon-
strates that the doping of 5% Cr, 5% Sn and (5% Cr + 5% Sn)
results in the decrease of %T (Fig. 4b). The decrease of %T in
the 5% Cr, 5% Sn or 5% Cr + 5% Sn doped PbS film is due to the
increase in light scattering losses.®* However, for all films, %T
is observed to be low (in visible region) and it increases with
increase of the wavelength (Fig. 4b). As the analysis of the phase
composition by FTIR and Raman spectroscopy described above
show the formation of metal oxides and/or minor traces of
other impurities along with the main PbS phase, the doping of
Cr, Sn and Cr + Sn creates different degrees of crystal defects.
These defects in the host PbS crystal lattice serve as scattering
centers, causing the incident light to disperse resulting in a
decrease of %T.%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots of (a) absorbance, (b) transmittance and (c) absorption
coefficient for Cr and Sn-doped PbS films.

Using absorbance (4) data, the coefficient of optical absorp-
tion () is also calculated using the following relation:®¢

2.3034
o= ;

(14)

where ¢ is the film thickness and A denotes absorbance.

Fig. 4c demonstrates the absorption coefficient variation
with incident wavelength. For all films, the absorption coeffi-
cient («) tends to decrease with increasing wavelength and all
four films have « > 10° cm™ " over the range of wavelength. The
doping of 5% Cr and 5% Sn results in an increase of « and
follows a similar decreasing trend with wavelength. Comparing
the absorption coefficient plots of all four films (Fig. 4c), it is
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noticed that the PbS film exhibits a low absorption coefficient
as compared to the Cr and Sn-doped PbS films. Among the
films, the PbS film co-doped with 5% Cr + 5% Sn exhibits a
higher value of o in the visible region. Thus, a significant
increase in o is observed for the (5% Cr + 5% Sn) co-doped
PbS film suitable for most optoelectronic devices to improve
device performance and efficiency.

To investigate the transition behavior of an electron from
the valence to the conduction band and the nature of the band
gap (direct or indirect), the electronic energy band gap E, is
determined by the Tauc method.>® For each film, the E, is
determined from the (ohv)> versus energy (hv) plot according to
the following equation:>®

(ahv)" = B(hv — Eg)

(15)

where n = 2 (direct transition).

Fig. 5 depicts the Tauc plots of the PbS film, 5% Cr-doped
PbS film, 5% Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS
film. The energy band gap E, is estimated from the linear fit to
the data as shown in Fig. 5. The PbS film exhibits E, = 1.98 eV.
With doping of 5% Cr in PbS, the E, of the 5% Cr-doped PbS
film is decreased to E, = 1.60 eV. With doping of 5% Sn in PbS,
the E; of the 5% Sn-doped PbsS film is increased to E, = 1.90 eV.

The PbS film co-doped with (5% Cr + 5% Sn) exhibits E, =
1.64 eV (Fig. 5). Comparison of the Tauc plots (in Fig. 5) and E,
(in Fig. S4) indicates that the doping of metal elements (Cr, Sn) in
PbS has a significant effect on E,. For the films investigated here
(Pbs film and Cr, Sn-doped PbS films), the E, is found to be varied
in the range of 1.98 eV and 1.60 eV (Fig. S4). The wavelength
corresponding to this range of E, lies in the visible part of the
electromagnetic spectrum. For the thin film photovoltaic device,
the E, of the absorber film should ideally match with the solar
spectrum. Taking into account thermalisation and transparency
losses, the E; should lie in the range of 1.1-1.5 €V to achieve
maximum device efficiency.*” Among the films studied here, the
5% Cr-doped PbS film is a suitable material for thin film photo-
voltaic applications because its E, matches with the solar
spectrum.®® Comparing the E, of the PbS film with Cr, Sn-
doped films, the change in E; could be due to the Moss-Burstein
effect causing red-shift in the optical E, with doping.>* The Moss-
Burstein effect demonstrates that the metal (Cr**, Sn**) ion
doping induces additional electron states in CB causing a
decrease of E, as compared to the binary PbS film. During
electron transition from VB to CB, the filling of energy states in
the CB causes a change in AE in the E, of a semiconductor
material.** Also, the red-shift might occur due to structural
variation because of dopant ion (Cr**, Sn**) addition in place of Pb
ions.® The optical properties (absorption coefficient and E,) of
the Cr and Sn-doped PbS films demonstrate that the PbS film and
metal (Cr, Sn)-doped PbS films could be suitable materials for
optoelectronic devices such as thin film photovoltaic applications,
IR and visible photodetectors and gas sensors.

3.6 Electrical properties

The electrical behavior of the PbS, 5% Cr-doped PbS, 5% Sn-
doped PbS and (5% Cr + 5% Sn) co-doped PbS films was also
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Fig. 5 Tauc plots of the Cr and Sn-doped PbS films.

studied by measuring the current-voltage characteristic curves.
Fig. 6 displays the current-voltage characteristic curve of the
PbS, 5% Cr-doped PbS, 5% Sn-doped PbS and (5% Cr + 5% Sn)
co-doped PbS film. For a sweep voltage —25 V to +25 V, the
characteristic curve of the PbS film and co-doped (with 5% Cr +
5% Sn) PbS film indicates almost similar behavior over this
voltage range. These two films show semiconducting behavior
in the range of +15 V. Under similar bias conditions (in the
sweep voltage range —15 V to +15 V), an increasing slope of the
I-V characteristic curve of the 5% Cr-doped PbS film indicates a
relatively better current flow (Fig. 6). This film shows semicon-
ductor behavior between +10 V. Whereas the 5% Sn-doped PbS
film shows semiconductor behavior for low sweep voltage range
(£#£2.5V). For V > 2.5V, the 5% Sn-doped PbS film exhibits
metallic nature because the I-V data meets the Ohmic behavior
conditions and thus films behave like a resistor. From the -V
characteristic curve of each film (Fig. 6), the electrical resistivity
(p) of each film is determined (as described in Section 2.3) by
taking the slope of the linear part of the /-V data.

For the investigated films in this study, the calculated values
of resistivity p are presented and compared with the literature
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in Table 5. Comparison of the I-V curves (in Fig. 6) and
resistivity data (in Table 5) shows that the 5% Cr-doping in
the PbS host lattice causes a decrease in p as compared to the
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Fig. 6 [-V characteristic curves of the Cr and Sn-doped PbS films.
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Table 5 Electrical resistivity (p) of the films calculated from the /-V data

Film Deposition method  p (Qcm)  Ref.

PbS CBD 141 This work
PbS CBD 16 90

5% Cr:PbS CBD 34.62 This work
5% Cr:PbS CBD 1.32 91

5% Sn:PbS CBD 1.48 This work
3% Sn:PbS CBD 1.49 4

5% Sn + 5% Cr:PbS CBD 60.83 This work

un-doped PbS film. This is because, on Cr-doping, the Cr atoms
replace Pb atoms in the PbS lattice and each Cr atom adds one
more electron to the host (PbS) crystalline solid due to the
difference in oxidation states of Cr and Pb ions.®” As a result, an
increasing number of electrons contributing to the flow of
electrical current causes a decrease in resistivity. Similarly,
due to the difference in oxidation states of Sn and Pb, the
replacement of Pb by an Sn atom in the PbS lattice contributes
two additional electrons per Sn atom, causing a significant
decrease of p due to the increase in electron number density.
For the PbS film co-doped with 5% Cr + 5% Sn, the p is
increased (as compared to 5% Cr-doped and 5% Sn-doped
PbS films) and its value is found to be 60.83 Q cm (Table 5).
This significant increase in p of the (Cr, Sn) co-doped film is
due to the variation in crystallite size and chemical inhomo-
geneity.”"*> The resistivity of semiconductor films (even films
of the same material and composition when compared with
films deposited by a similar route as in Table 5) can differ
because of the difference in (i) crystallite size, (ii) degree of film
oxidation and/or (iii) degree of formation of secondary phases.
The resistivity is higher, if the crystallite size is lower and vice
versa. Because due to small crystallite size, the carrier scattering
by grain boundaries is large and thus, a smaller mean free path
occurs, which results in higher resistivity.”® Furthermore, the
resistivity values of the PbS and 5% Cr:PbsS films are found to be
higher as compared to their values reported in ref. 90 and 91.
This is because of different use of the precursors in the
deposition of films by CBD. In most studies, the difference in
electrical and optical properties is seen to arise due to different
use of precursors and starting materials in the deposition of
films.»**°! For example, in ref. 4, the lead nitrate [Pb(NOs),] is
used as the Pb source; whereas in the present study, the lead
acetate [Pb(CH3COO0),-3H,0] is used as a Pb source. In chemi-
cally bath deposited films, the use of different precursors leaves
different effects on film properties due to different degrees of
phase formation, secondary phases, impurities and inhomo-
geneity (such as seen in the comparison of this study and ref.
4). For the 5% Sn:PbS film (this study), the resistivity value
matches with 3% Sn:PbS film studied in ref. 4 because of
negligible impurities or inhomogeneity due to the low compo-
sition of Sn. Furthermore, in ref. 4, the doping effect of tin (Sn)
up to 3% only is studied and no variation in band gap value
occurred due to the low doping concentration. According to
ref. 4, the calculated band gap values of PbS and 3% Sn doped
PbS are quite low (0.43-0.44 eV). A 5%Sn:PbS film (this work)
exhibits a band gap of 1.90 eV, which is quite large and an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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improved value as compared to ref. 4. The resistivity values are
higher when compared to the resistivity values of our films
of similar composition with ref. 90 and 91 deposited with a
similar method. This difference in resistivity values could be
due to the difference in crystallite size, grain boundaries, lattice
defects and imperfections, because carrier scattering and thus
mean free path is largely affected by grain boundaries. Less
carrier scattering occurs, which leads to a decrease in resistivity
if the crystallite size is large and vice versa. The combination of
experimental results presented above indicates that among the
investigated films, the 5% Sn:PbS film possesses a suitable
combination of optical properties with the lowest p =1.48 Q cm
and structural stability for optoelectronic applications.

4. Conclusions

In conclusion, the microstructural and compositional analysis,
surface wetting (hydrophobic/hydrophilic) character and opto-
electronic properties of un-doped PbS, 5% Cr-doped PbS, 5%
Sn-doped PbS and (5% Cr + 5% Sn) co-doped PbS films are
investigated experimentally. All films are polycrystalline and
retain their cubic structure on Cr and Sn doping like the un-
doped PbS film. No peaks of impurities/secondary phases are
detected from the XRD spectra. The FTIR spectra show stretch-
ing peaks of Pb and S bonds with a signature of impurity peaks,
indicating the formation of Pb-O, C-H and C-O-H bonds. The
Raman spectra show peaks of PbS phase with some impurity
peaks. A uniform surface morphology with different grain size
distributions is seen from the SEM micrographs. EDX analysis
shows composition of Pb and S near-stoichiometry. The sur-
faces of the doped films are hydrophobic with water contact
angle >90° except for the 5% Sn-doped PbS film. The PbS films
doped with 5% Cr, 5% Sn and (5% Cr + 5% Sn) show high
optical absorption coefficient. With 5% Cr and 5% Sn doping in
PbS, the band gap varies in the range of 1.60 eV to 1.98 eV.
Among the films, the 5% Sn-doped PbS film exhibits low
resistivity (1.48 Q cm). The combination of optical and elec-
trical properties with structural stability shows the promising
characteristics of the Cr, Sn-doped lead sulfide films for optoe-
lectronic devices.
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