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Abstract. This paper describes the preparation and characterization of nanocrystalline Cd,Pb,_,S thin films by
chemical bath deposition method with different Pb and Cd solute ratios. XRD, HRTEM and SAED patterns show the
nanocrystalline nature of films with the co-existence of cubic, hexagonal and tetragonal phases, while micro-Raman
spectra reveals the presence of cubic and hexagonal phases in the films. The average crystallite size of Cd,Pb,_,S
estimated from TEM and XRD methods were nearly same. The chemical bonding present in the films was studied by
FTIR spectral analysis. SEM images show uniformly distributed grains of different sizes over the substrates. Optical
studies show the prominent blue shift in band gap energy (E,) with the increase in Cd content in PbS. The increment of Cd

addition to Cd,Pb;_,S has led to enhance the transmittance as well as band gap energy.
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1. Introduction

The metal chalcogenide-based binary and ternary com-
pound semiconductors are of great interest because of their
relatively easy fabrication process and having their potential
applications in electronic and optoelectronic devices [1]. By
alloying appropriate binary constituents with changes in
their relative concentrations, ternary alloys provide a class
of semiconductors in which lattice parameters, band gap
energy and other parameters could be continuously varied
within specific limits [2]. The II-IV-VI group ternary
semiconductor inorganic compounds, in thin-film form,
have attracted great attention due to their unique physical
properties and wide range of applications [3,4]. Lead sul-
phide (PbS) is a IV-VI group semiconductor with a narrow
band gap of ~0.41 eV [5]. The narrow band gap of PbS
could be used for certain photovoltaic devices with high
sensitivity to the infrared (IR) spectral domain [6]. PbS has
large Bohr radius of ~ 18 nm [7]. These properties of PbS
provide strong quantum confinement of holes and electrons
in nano-sized structure, so that the value of optical band gap
can be controlled by modifying the crystallite size,
according to the effective mass model [8,9]. By altering the
material’s dimensionality, it is also possible to control
electrical as well as optical properties [10]. PbS has been
used in various devices viz. diode lasers, IR detectors,
sensors, transistors, contact rectifiers and solar cells [11].
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Cadmium sulphide (CdS) with direct band gap of ~2.46
eV and Bohr radius of ~2.5 nm, is a kind of II-VI group
semiconductor material which has attracted much attention
because of its application in various optoelectronic devices
viz. solar cells, photo detectors, thin film transistors and
light emitting diodes [12—14]. Owing to high electrochem-
ical stability, high carrier concentration and high absorption
coefficient, CdS is used as an optimize window layer for
CdTe and other chalcopyrite-based solar cells [15-17].
Therefore, mixed nanostructures based on PbS and CdS,
i.e., Cd,Pb;_,S has dealt with immense interest of research.
Because, it offers the advantage of tuning the optical and
optoelectronic properties of both CdS and PbS, viz. band
gap, electrical conductivity and thermoelectric power in a
controlled manner [18]. One of the most characteristic
advantages of Cd,Pb;_,S semiconductor compound is high
irradiation stability, which makes it useful for radiation
hazardous facilities [19]. Tuneable composition of
CdPb,_,S provides a wide range of variations in optical
band gap, and it is possible to widen the spectral window
[20]. Cd,Pb;_,S ternary thin films have been chosen to
enhance the solar energy conversion from ultraviolet (UV)
to near infrared (NIR) spectral region [21]. There are var-
ious deposition techniques for the preparation of CdS and
PbS thin films. Currently, the most used deposition methods
to prepare ternary films are chemical bath deposition (CBD)
[22-25], electro deposition [26-29], flash evaporation
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[30-32], spray pyrolysis [33,34], successive ionic layer
adsorption and reaction (SILAR) [35,36], magnetron sput-
tering [37,38]. Among them, CBD is one of the simplest and
highly efficient method. It has simple routine, low-cost,
homogeneity and reproducibility [39,40].

The most recognized manifestation of nanocrystalline
thin films is tunability of band gap with increase and
decrease in crystal size. The narrow band gap of PbS (0.41
eV) semiconductor can be modified by adding different
solute ratios of a wide band gap of CdS (2.4 eV). Nair
et al [1] have investigated the effect of Cd/Pb atomic% on
the structural, optical and electrical properties of CdPbS
films by changing the molarity of the precursors used for
the preparation of the films by CBD technique. Tan et al
[2] have synthesized ternary Cd,Pb;_,S nanocrystal with
clean surface and homogeneous composition by mechani-
cal alloying process [2]. Deo et al [3] have prepared
Cdy sPbgsS thin films by CBD method to investigate the
structural, morphological and optical characteristics as a
function of temperature. Barote et al [4] have fabricated
Cd;_,Pb,S thin films by CBD method at various optimum
parameters to study the growth mechanics and reduction
kinetics. Many of the previous research articles of
Cd,_,Pb,S composition and their thin films were not
exposed to the discussion of the influence of cadmium
concentration on the structural and composition of
Cd,Pb,_,S thin films. Therefore, the motivation of the
present work is to study the influence of cadmium content
on the structural, morphological and optical properties of
Cd,Pb,_,S thin films. In the present work, Cd,Pb;_,S thin
films are grown by cost-effective CBD technique at dif-
ferent solute ratios of (Pb:Cd) and also, to study the
applicability of the prepared CdPb,_,S thin films for
photovoltaic device applications.

2. Experimental

Cd,Pb,_,S thin films were deposited onto chemically
cleaned glass substrates at deposition temperature of 60°C
for 120 min by using CBD technique. First, 3 ml of 0.1 M
lead acetate (Pb(CH3COO),-2H,0) was taken as Pb>" ion
source. To this, 0.1 M cadmium acetate (Cd(CH;COOQO),-
2H,0) solution with different volume (7, 12, 17 and 22 ml)
was used as Cd*" ion source. A 10 ml of 0.5 M thiourea
(CH4N,S) was used as S?* jon source for all the samples in
the bath solution for the deposition of Cd,Pb;_,S thin films.
The pH of the solution was maintained at 12.4 by adding
liquid NH3 and triethanolamine (TEA) was used as a
complexing agent. Deionized water was used as a solvent
throughout the process. The prepared films are golden yel-
low in colour. In this work, four samples were prepared by
changing the solute ratio of Pb and Cd (Pb:Cd) as 3:7, 3:12,
3:17 and 3:22. The samples are coded as S;, S,, S5 and Sy,
respectively. The sample details of the Cd,Pb;_.S thin films
prepared by CBD method are listed in table 1.
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X-ray diffractometer (XRD), model: X Pert Pro, Phillips,
using CuKo radiation (4 = 1.5406 A) as a source is used to
determine the crystal structure of the deposited powder
sample. Fourier transform of infrared (FTIR), model:
IMPACT410, spectra were taken on spectrometer with
software OMNIC E.S.P.5.0, to investigate the chemical
bonding structure of the Cd,Pb,_,S thin films. Raman
spectroscopy (Renishaw basis series with 514 Laser) is used
to perform micro-Raman studies. Surface morphology and
the chemical composition of the prepared films were
obtained by scanning electron microscope (SEM), model:
JEOL JSM IT-300, equipped with energy-dispersive X-ray
(EDX) spectroscopy attachment. High resolution transmis-
sion electron microscopy (HRTEM) and selected area
electron diffraction (SAED) pattern were done by trans-
mission electron microscope (TEM), model: JEM-2100,
JEOL, operated with an acceleration voltage of electron
beam ~200 kV. The thickness of the prepared films was
estimated by Tolansky method using green line (4 = 5461
A) of mercury. For optical studies, absorption and trans-
mission spectra were recorded by UV-Vis spectropho-
tometer, model: Shimadzu UV-Vis 1800, in the wavelength
range of 200-1100 nm.

3. Results and discussion

3.1 XRD analysis of Cd.Pb;_.S thin films

Figure 1 shows the XRD patterns of samples Sy, S,, S5 and
S4. A comparison of the peak position (20) values of XRD
spectra with JCPDS data shows that the films have mixed
phase structures of cubic, hexagonal and tetragonal,
exhibiting the nanocrystalline nature. The peaks at 26 of
20.65, 34.77 and 41.61° can be indexed to the planes (110),
(211) and (113), respectively, of tetragonal PbS (JCPDS
card no. 20-0596). The peaks at 24.80, 26.50, 43.68, 47.83,
51.82 and 58.27° match with the planes (100), (002), (110),
(103), (112) and (202), respectively, which can be indexed
to hexagonal CdS (JCPDS card no. 41-1049). The diffrac-
tion peaks at 53.45 and 71.03°, which match the planes
(222) and (420), respectively, are indexed to cubic PbS
(JCPDS card no. 05-0592). The intensities and the number
of the peaks decrease considerably with the increase in Cd
contents in Cd,Pb,_,S films. This is attributed to the
increase in disorder with the incorporation of Cd at Pb sites
in PbS [41]. A decrease in lattice spacing d for all the
Cd,Pb,_,S films has been occurred. Due to the smaller ionic
radii of Cd>* (0.91 A) [42] than Pb>" (1.21 A) [43], the
lattice would undergo contraction as Cd>" occupies the
Pb>" sites in the host lattice. Similar works have been
reported for CdPbS thin films and other ternary systems by
other researchers [44—47]. There is an increase in hetero-
geneity of the films for the occupation of Cd into the host
lattice PbS. As a result, the peak broadening occurs in the
films and also, the particle size decreases [48,49]. The
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Table 1. Sample details of all the prepared Cd,Pb,_,S thin films.
Sl. no. Sample code Molarity Solute ratios in ml (Pb:Cd) Thiourea in ml (S)
1 Sy 0.1 M 3:7 10
2 S 3:12 10
3 S3 3:17 10
4 Sy 3:22 10
Tetragonal-PbS induced-broadening of XRD peak arises and is related
4 Cubic-PbS =S, by ¢ ~ fgtan 0 [53]. Williamson—-Hall (W-H) method
6‘8 E v Hexagonal-CdS| | ¢ i like Scherrer’s equation does not obey 1/cos 6 dependency,
gg/ x (112) a S, but varies with tan 0. A simple integral breadth method is
. g § g .S used in W—H method by considering the peak broadening as
= - ? Q q 420)4 a function of 20, where both size- and strain-induced XRD
= 0 ) , v A peak broadenings are deconvoluted [54]. Addition of
% e . R e Scherrer’s equation and ¢ &~ f¢/tan 0, Williamson—-Hall
g [ 'MNJWW* . (W-H) suggested for broadened peaks as [53]:
I S ISV, S
. kA
JCPDS card no: 20-0596 ﬁT cos 0 = 4esin 0 + —= (2)
\| y ¢ v _JCPDS card no: 41-104 D
L A.l(,PI\_)b card no:,05-0592 Equation (2) represents the uniform deformation model
. . . . | . . (UDM), where the strain was assumed to be uniform in all
10 20 30 40 50 60 70 80 the crystallographic directions. For a multiple-ordered
20 (degree) diffraction pattern of a film, for each peak, found at dif-
Figure 1. XRD spectra of Cd,Pb, S thin film samples S,, S,, ferent 20, f values are different. W—H plots for all samples

S; and S,. Green, pink and blue patterns represent standard
phases of tetragonal-PbS, hexagonal-CdS and cubic-PbS peaks,
respectively.

stable crystal structures of PbS and CdS are different.
Therefore, the crystal structure of Cd,Pb,_,S becomes
unstable when Cd** occupies more sites of Pb>" in the host
lattice [50]. To stabilize the Cd,Pb,_,S crystal structure, the
crystallite size is reduced to release the strain [51].

3.2 Crystallite size and strain

3.2a  Scherrer’s method: The average crystallite size (D)
of the films is estimated by using Scherrer’s equation (1)
[52]:
_ KZ
~ BcosO

(1)

where K is a constant equal to 0.99, f the full width at half
maxima (FWHM) and 6 the Bragg’s diffraction angle. The
average crystallite sizes of samples S, S,, S; and S, are
found to be ~24, 20, 15 and 12 nm, respectively. The
crystallite size decreases with the increase in Cd content in
Cd,Pb,_,S thin films, and are shown in table 2.

3.2b  Williamson—Hall method: Owing to the crystal
imperfections and  distortions, the  strain (&)

Si, S5, S5 and S, are shown in figure 2a—d. The average
values of crystallite size (D) and strain (¢) are estimated
from intercept and slope of the linear fitted W-H plot,
respectively. The values of D and ¢ of the different films are
summarized in table 2. The average value of crystallite size
is found to decrease with the increase in Cd content in
Cd,Pb,_,S, while strain is increased.

3.2c Size—strain plot method: W-H plots showed
isotropic line broadening. However, a better evaluation of
the size—strain parameters can be obtained in case of
isotropic line broadening by considering an average size—
strain plot (SSP) [53,55]. Accordingly, one can obtain [53]:

(dhia Py €08 0)*= K/D(dgqPra cos0) + (g/2)*. (3)

In SSP plot, (dnafhk cos 0)* is plotted with respect to
(daaPria cos 0) for all the orientated peaks of Cd.Pb,_.,S
thin films. SSP plot for samples S;, S,, S; and S4 are shown
in figure 3a—d. The values of the crystallite size and the
strain are determined from the slope and the square root of
the y-axis intercept of linearly fit data. The obtained values
are listed in table 2. From these plots, it is observed that
with the increase in Cd content, the average crystallite size
decreases and average strain increases. The variation in the
estimation of crystallite size by Scherrer’s, W-H and SSP
methods is due to different average particle size distribution
[56].



225 Page 4 of 12

Bull. Mater. Sci. (2021)44:225

Table 2. Estimated average crystallite size and average strain of the Cd,Pb;_,S thin films.

Scherrer’s method W-H analysis (UDM) SSP method
Crystallite size, Strain Strain
Sample code D (nm) Crystallite size, D (nm) e x 1073 Crystallite size, D (nm) e x 1073
M 24 39 2.01 20 6.87
S, 20 33 6.53 18 11.29
Ss 15 24 8.03 11 17.91
S4 12 21 9.40 7 25
0.020 0.020
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Figure 2. 'W-H plots of Cd,Pb;_,S thin film samples prepared at different solute ratios of (Pb:Cd) assuming UDM:
(@) S; (3:7), (b) S5 (3:12), (¢) S3 (3:17) and (d) S4 (3:22), respectively.

3.3 FTIR characteristics of Cd.Pb;_,S thin films

To study the molecular arrangements present in the sample,
FTIR spectra of samples S;, S,, S3 and S, are recorded in
the wavenumber range of 1100400 cm™', as shown in
figure 4. The frequency bands at ~1032 and 1074 cm™'
correspond to the C-O stretching vibration due to acetate
group present in the sample [57-59]. The peaks at ~ 850
and 900 cm™' are assigned to C—S bond due to sulphide
group present in thiourea for all the samples [60,61]. In
addition, other strong characteristics for Cd-S stretching

vibrations occurred at ~651 and 680 cm~! [62-64]. The
characteristic absorption peaks for weak Pb—S vibrational
bond of all the samples are identified at ~419 cm™! [7].

3.4 Micro-Raman characteristics of Cd.Pb;_,S thin films

In case of wurtzite CdS, there are six observable Raman
active modes, E, at 43 cm™', A, transverse optical, A{(TO)
at 234 cm™ !, E, at 256 cm™', E{(TO) at 243 cm™ !, A,
longitudinal optical, A;(LO) at 305 cm™' and E,(LO) at



Bull. Mater. Sci. (2021)44:225

Page 5 of 12 225

0.0008 0.0008
(a) y=0.00748x+0.0000473036 (b) y=0.01224x+0.00000659818
0.00074 0.0007-
. 0.0006- « |~ 0.0006
g g
é 0.0005 - 8 0.0005 -
$0.0004 <0.0004-
0.0003 0.0003.
0.0002 1 0007
0.0001
T T T T T T T T T 0.0001 T T T T T T T T
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
dzﬁCose dZBCose
0.0008 (c) 0.02023x+0.000320867 0.008 (d) 0.02372x+0.000659593
C =(). x+0. =U. XTU.
0.0007 a 0.007+ d
. 0.0006- . 0.0064
2 0.0005 g 00057 -
0 Q 0.0041
Z0.0004- =S
2 = 0.0031
0.0003- 0.002]
0.0002 0,001 .
0.0001 4 . 0.0004 = "
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.030.060.090.120.150.180.210.240.27

dZBCose

dZBCose

Figure 3. SSP plots of Cd,Pb;_,S thin film samples prepared at different solute ratios of (Pb:Cd): (a) S; (3:7), (b) S,

(3:12), (¢) S5 (3:17) and (d) S4 (3:22), respectively.
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Figure 4. FTIR spectra of Cd,Pb,_,S thin film samples prepared
at different ratios of (Pb:Cd): S; (3:7), S, (3:12), S5 (3:17) and S,
(3:22).

307 cm™! [65]. TO and LO modes of cubic modification
coincide with E{(TO) and E;(LO) of the hexagonal modi-
fication. Figure 5a—d shows the Raman spectra of all sam-
ples Sy, S, S3 and Sy, respectively. The prominent Raman
peaks of samples S;, S,, S3 and S, are at ~303, 302.3,

302.4 and 302 cm™', respectively. These peaks are attrib-
uted to either cubic 1LO phonon or hexagonal A;(LO)/
E,(LO) phonons, whereas 2 and 3 cm ™! are the respective
shifts from 305 cm™" of the single crystal CdS [66]. All the
films have least shifts indicating that the films have better
crystal structure [67]. Another characteristic peak, 2LO
phonon is barely noticeable at about ~612.5-610.1 cm ™'
Also, in the spectrum, some tiny peaks are observed. The
peaks observed at ~266.7 (S;), 268.4 (S,), 267.4 (S;) and
266.7 cm~ ' (S,) are the E, peaks of hexagonal CdS
[68-70]. However, the peaks observed at ~276-287 cm ™!
are attributed to either the TO peak of cubic CdS or E{(TO)
peak of hexagonal CdS [65,71,72]. Both the cubic and
hexagonal phases of CdS are observed in the samples. All
the observed Raman peaks are listed in table 3.

A Gaussian fit is applied to the 1LO peak observed at
~302-303 cm™' for all samples Sy, S,, S3 and S, are
shown in figure 6a—d, respectively. The observed peaks
have FWHM of ~21.7, 22, 24.5 and 27.8 cm™! for Si, S,,
S3 and Sy, respectively. It shows that FWHM of the pre-
pared samples increases with the increasing Cd content in
Cd,Pb,_,S films and indicates a diminution in film crys-
tallinity [66,67]. This result is consistent with the XRD
results.
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Figure 5. Micro-Raman spectra of Cd,Pb;_,S thin film samples prepared at different ratios of (Pb:Cd): (a) S; (3:7),
(b) S5 (3:12), (¢) S5 (3:17) and (d) S4 (3:22), respectively. Inset shows the magnified area of the micro-Raman spectra
in Raman shift range of 260-340 cm ™! corresponding to the samples.

Table 3. Estimated peak position, FWHM and phase assignment from micro-Raman characteristics.
Hexagonal phase Cubic phase

Sample
code E(LO) A (LO) E|(TO) A(TO) E, 1LO TO 2LO FWHM (cm™")
Sy 303 303 285 — 266.7 303 285 612.5 21.7
S, 302.3 302.3 287 — 268.4 302.3 287 610.4 22
S; 302.4 3024 278.8 — 267.4 302.4 278.8 610.9 24.5
S4 302 302 276.4 — 266.7 302 276.4 610.1 27.8

303 303 303

3.5 Surface morphology and compositional analysis
of Cd,Pb;_.S thin films

The surface morphology of all the Cd,Pb,_,S thin films
deposited at different solute ratios (Pb:Cd) with the mag-
nification of x5000 is shown in figure 7. The morphology
of the samples represents layered type structure in samples
S| and S,, as shown in figure 7a, b, respectively. By
increasing the Cd content in Cd,Pb,_,S, more cabbage like
structures are observed in samples S; and S,;, which are
shown in figure 7c, d, respectively. In each sample, the

surface is composed of largely compact interconnected
grains with different sizes and sharp edges. Grains are
uniformly distributed over the glass substrates without any
visible microscopic defects, like cracks or pinholes. The
average grain sizes of samples Sy, S,, S; and S, are deter-
mined by Image J software and found to be ~92, 86, 72 and
63 nm, respectively. It is observed that the grain size of the
samples decreases with the increase in Cd content in the
deposited films. This confirms that the disordering increases
with the increase in Cd incorporation in host lattice and
results in a small grain growth [44]. This result is
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Figure 6. Deconvolution of cubic 1LO or hexagonal A;(LO)/E{(LO) peak of Raman spectra for the
samples: (a) Sy, (b) S,, (¢) S3 and (d) Sy, respectively.

Figure 7. SEM images of Cd,Pb,_,S thin films prepared at different solute ratios of (Pb:Cd): (a) S
(3:7), (b) S, (3:12), (¢) S5 (3:17) and (d) S4 (3:22), respectively.
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corroborated by the XRD results. The grain size in SEM
images is greater than those of calculated from XRD as
SEM shows an aggregate image of composed small grains
or crystals [73].

Quantitative analysis of the Cd,Pb;_,S thin films is car-
ried out using EDX spectroscopy to study the stoichiometry
of the films. The EDX analysis confirms the presence of Cd,
Pb and S in all the prepared films along with Si, C and O.
Figure 8 shows the EDX spectra of Cd,Pb,_,S thin films for
all samples S;, S,, S; and Sy, respectively, along with the
atomic% ratio S/(Cd+4-Pb) of the films listed at the upper
right corner of the respective EDX images. The presence of
carbon is due to the carbon adhesive tape used to mount the
samples. The presence of oxygen in the prepared Cd,Pb,_,S
thin film samples can be attributed to the glass substrates
where the thin films are fabricated and also, due to the
deionized water solution from which the samples are syn-
thesized. Si is attributed to only glass substrates. It is
observed that the element Pb shows a decreasing trend,
whereas Cd content shows an increasing trend in the sam-
ples. Similar results have been reported for PbS thin films
with Ni doping by Rajashree and Balu [74]. This confirms
that there is more Cd in the overall sample as expected,
since Cd:Pb ratio in the films was higher. The atomic% ratio
of S/(Cd+Pb) for samples S|, S,, S5 and S, are 0.83, 0.86,
0.95 and 0.98, respectively. The results show that all the
films show a consistent stoichiometry as atomic% ratio of S/
(Cd+Pb) increases from 0.83 to 0.98 and approaches to
stoichiometric ratio 1 with the increasing Cd in the depos-
ited films.

3.6 TEM, HRTEM and SAED pattern analysis
of Cd,Pb;_.S thin films

TEM and HRTEM image analyses are carried out to
investigate the size of the particle and crystallographic
orientation of the prepared thin film. TEM image and the
corresponding particle size distribution histogram of sample
S; are shown in figure 9a and b, respectively. The average
size among 24 particles is ~ 13 nm. The result is in good
agreement with the result obtained from XRD method for
sample S3. Figure 9c shows the bright field image of the
sample Sj3 corresponding to SAED pattern and the SAED
pattern reveals the polycrystalline nature of the film. The
lattice planes (002) and (202) are corresponding to hexag-
onal CdS phase (JCPDS: 41-1049), the lattice plane (211) is
corresponding to tetragonal PbS phase (JCPDS: 20-0596),
and the plane (420) is corresponding to cubic PbS phase
(JCPDS: 05-0592). Highly ordered and parallel lattices are
observed in respective HRTEM images, which are shown in
figure 9d. This suggests that the film’s crystallization with
lattice spacing ~0.334 nm, which is associated with (002)
lattice plane of hexagonal CdS phase (JCPDS: 80-0006).
This result is confirmed by XRD and SAED pattern anal-
yses. For sample Sj, the interplanar spacing along with
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crystal planes observed in HRTEM and SAED pattern are
listed in table 4.

3.7 Estimation of optical band gap energy

The transmission spectra of the Cd,Pb;_,S thin films at
different solute ratios of Pb:Cd is shown in figure 10 and the
inset shows photographs of samples S;, S,, S; and S4. All
the films have good transmittance in the visible light range
with an average transmittance of >70%, indicating good
optical quality of the deposited films with low scattering or
absorption losses. When Cd content increases in Cd,Pb;_,S,
the films become more transparent in wavelength >500 nm.
The blue shift of the absorption edges is observed as
compared to the band gaps of bulk CdS ~2.4 eV [12] and
bulk PbS ~0.41 eV [5].

From the transmission data, the absorption coefficient « is
calculated by equation (4) [75]:

1
o=-- In(T), (4)
where ¢ is the thickness and was estimated by Tolansky

method using equation (5) [76]:

‘= (%) 22, (5)

where L is the fringe width or spacing and AL/L the frac-
tional discontinuity of the fringe system. The calculated
values are listed in table 5. The film thickness decreases
with the increase in Cd content due to the varying rates
of Cd*" ions generation with different Cd additions in
Cd,Pb,_,S thin films, which affects the growth rate of the
films [77]. In addition, the difference in solubility values
between Cd(OH), and Pb(OH),, also affects the film
thickness [78].
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Figure 10. Plot of transmittance vs. wavelength of Cd,Pb;_,S
thin film samples prepared at different solute ratios of (Pb:Cd): S,
(3:7), S5 (3:12), S3 (3:17) and S, (3:22), respectively. Inset shows
the photograph of prepared thin film samples S;, S,, S; and S,.
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Table 4. Structural parameters of Cd,Pb;_,S thin films estimated from TEM, HRTEM images and SAED pattern.

Interplanar spacing,

Sample code Solute ratio Average particle size (nm) d (nm) (hkl) planes Phase assignment

S3 3:17 ~13 0.334 (002) Hexagonal-CdS
0.256 (211) Tetragonal-PbS
0.157 (202) Hexagonal-CdS
0.131 (420) Cubic-PbS

Table 5. Estimated thickness and optical band gap of Cd,Pb,_,S
thin films.

Sample code Thickness, ¢ (nm) Band gap energy, E, (eV)

S, 207 2.8
S, 198 2.82
S, 187 3

S4 174 342

The optical band gap (E,) value of the Cd,Pb,_,S films is
estimated by equation (6) [75]:

ahy = A(hv—E,)" (6)

where A is the Tauc’s slope, hv the photon energy and
m the transition probability. CdPbS semiconducting thin
films show the direct band gap nature [1,66—68]. For direct
band gap semiconductor, m = 1/2. Therefore, the (ochv)2 Vs.
hv plots for samples S;, S,, S; and S,, are shown in
figure 1la. The calculated values of band gap are esti-
mated in table 5. The optical band gap values for samples
Si, S,, S3 and S; are ~2.8, 2.82, 3 and 3.42 eV,
respectively. Alloying of bulk PbS (E, ~ 0.41 eV) with
bulk CdS (E, ~ 2.46 V) is expected to vary the optical
band gaps between 0.41 and 2.46 eV. The values of band
gap increase with the increase in Cd content in Cd,Pb;_,S

2.5

(2)

2.0

(chv)’ (eV/em)
1
0]

0.5

0.0 R T —
2.8 3.0 32 3.4 3.6

hv(eV)

thin films and which are greater than the value of bulk
CdS and PbS. This can be explained with Burstein—-Moss
effect [79]. In this effect, the Fermi level and its position
depend on the concentration of the free electrons present
in the conduction band [80]. In n-type Cd,Pb;_,S semi-
conductor, according to Burstein—Moss effect, the prox-
imity of the conduction band will form additional carrier
electrons leaving the Fermi level of PbS in the conduction
band. The transition process will occur above the Fermi
level rather than in the bottom of the conduction band
because the gap between the bottom of conduction band
and Fermi level will be filled with electrons [81]. There-
fore, the energy band gap is associated with the excitation
of the electrons from the valence band to Fermi level. The
Fermi level which lies on the conduction band causes the
absorption side to increase in energy and hence, results in
widening of the band gap energy. Zhao and Li [81] syn-
thesized Eu-doped PbS quantum dots and confirmed that
band gap of Eu-doped PbS is bigger than both EuS and
PbS. Yilmaz et al [82] synthesized Al-doped ZnO thin
films and observed band gap values were greater than pure
ZnO. These changes are similar to that observed in
Cd,Pb,_,S thin films. The variation in the optical band
gap as a function of Pb:Cd ratios is shown in figure 11b.
The large modification in E, confirms the formation of
ternary Cd,Pb;_,S thin films [83]. So, it is concluded that
by changing the Cd content in Cd,Pb;_,S films, the band

>
o
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Figure 11. (a) Plots of (cxhv)2 vs. hv. (b) Variation in band gap energy (E,) as a function of different solute ratios of
(Pb:Cd) for Cd,Pb;_,S thin film samples Sy, S,, S3 and S,, respectively.
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gap as well as transmittance of the films can be enhanced.
Due to this property, the nanocrystalline Cd,Pb,_,S films
are suitable for photovoltaic cells as a window layer.

4. Conclusions

Nanocrystalline Cd,Pb;_,S thin films are fabricated on
glass substrates by CBD method as a function of different
Pb:Cd ratios. The XRD studies indicate the mixture of
cubic, hexagonal and tetragonal phase structures of
Cd,Pb;_,S thin films. The line broadening was analysed by
Scherrer’s formula, W-H analysis and SSP method. From
the result, it is observed that lattice strain increases and
crystallite size decreases with increasing Cd content in
Cd,Pb;_,S thin films. The film crystallinity is relatively
good when the Cd content is low and deteriorates its crys-
tallinity with increase in Cd content as confirmed by XRD
spectra. Existence of different peaks of CdS and PbS
nanoparticles in FTIR revealed the formation of Cd,Pb;_,S
and the presence of different functional groups in the films.
Micro-Raman spectra show the phase transition in all the
prepared Cd,Pb,_,S thin films, due to variation in the Cd
content in the films, where modes of cubic and hexagonal
phases were observed. An increase in FWHM of cubic 1LO
or hexagonal A;(LO)/E{(LO) peak with increase in Cd
content in the films is observed, which implies an increase
in lattice damage. SEM image analysis confirms that all the
films have uniform surface morphology with layered type
structure. EDX confirms the presence of Cd, Pb, S in the
prepared Cd,Pb;_,S films. The TEM image analysis shows
an average particle size of ~ 13 nm. The TEM result was in
good agreement with the result of XRD method. HRTEM
and SAED analyses reveal that Cd,Pb;_,S thin film exhibits
polycrystalline nature with co-existence of hexagonal CdS,
tetragonal and cubic PbS phases. The optical band gap
energy values increase with the increase in the Cd content in
the Cd,Pb,_,S films. The band gap energy values are
greater than that of bulk value of both CdS and PbS.
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