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ABSTRACT

PbS and Zn-doped PbS materials, which have many fields of study, stand out
with their applications in electro-optic technology. In this study, pure, 2%, and
4% Zn-doped PbS films annealed at 250 °C annealing temperature were pro-
duced on Indium Tin Oxide substrates by electrodeposition method. Structural,
optical, and morphological properties of these produced films were examined
by broad range analysis methods, and the effect of Zn element doped for various
rates on the films was reported. From the structural features of the films spec-
ified by X-ray diffraction, it was concluded that all of the films were in poly-
crystalline structure. The thickness of the films and the parameters defining
some optical properties (extinction coefficient and refractive index) were stated
by spectroscopic ellipsometer. The thickness values ranged between 245 and
232 nm. According to the measurements determined by the optical method, it
was found that the optical band gaps of all the films were between 1.95 eV and
2.07 eV. The transmittance values of the films at the visible wavelength
(400-700 nm) were determined as low. The surface morphologies and elemental
analyses of the films were obtained by Scanning Electron Microscopy and
Energy-Dispersive X-ray Spectroscopy, respectively. As a result of the investi-
gations, it was concluded that the Zn dopant had a healing effect on the
structural, optical, and surface properties of the films.
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parameters that determine material properties and
performance are not only the composition, but also

1 Introduction

Progress in science and technology are very impor-
tant for the development of new materials. Innova-
tions and discoveries in the field of materials focus on
the production of high-quality materials. Among
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the control of structure and/or microstructure with
appropriate production methods. The importance of
semiconductors in technological applications is quite
large. Advances in electronics and computer
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technology have been possible with better knowledge
of the properties of semiconductors, and thus tech-
nological developments have accelerated [1]. Thin
films are used as high-tech materials in industries
related to optics, electronics, magnetics, chemicals,
and mechanics because they add many properties
that they cannot provide alone when coated on the
surface of bulky materials. In addition, they can be
used as electronic circuit elements, since they behave
like new materials, and they are completely different
from their volume properties, produced in multilay-
ers [2]. Semiconductor thin films, which have an
important place in today’s science and technology,
can be produced with various techniques. The
physical properties of thin films such as structural,
morphological, optical, electrical, and magnetic
properties are of great importance in determining the
usage areas of thin films. For this reason, it is
important to examine the structural, surface, optical,
and electrical properties of thin films in detail and the
experimental methods used for this [3, 4].

Lead Sulfide (PbS), which can be used as an
absorber layer in solar cells, is in the IV-VI semi-
conductor group [5]. Studies have shown that PbS
responds much more to temperature and band gap
changes compared to other IV-VI semiconductors [6].
It is also highly sensitive to grain size compared to
other semiconductors such as Si. These properties
have led to the widespread use of PbS in the pro-
duction of nanostructured devices. PbS semiconduc-
tor films can be prepared by many methods.
Microwave heating [7], SILAR [8], sputtering [9],
spray pyrolysis [10], and chemical bath deposition
[11] methods are some of the methods used in the
production of PbS films.

Most of the aforementioned methods are not suit-
able for large surface coatings, low-temperature
process, and low production cost. In addition, the
materials to be used to cover large areas are quite
expensive. Electrodeposition method, which will be
used in this study, is an interesting method for thin
film production because it is low cost and easy to
implement. By this method, films can be deposited at
the desired density and thickness by controlling the
electric field, pH, and deposition times. It also has
important advantages such as easy control of film
parameters and being applicable in room conditions
without the need for any complex experimental setup
[12, 13].
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Doping plays an important role in obtaining qual-
ity semiconductor materials. It is generally effective
in controlling the grain size, surface morphology, and
crystal structure [14]. For this reason, it is possible to
change the structural, optical, electrical, and magnetic
characteristics of PbS thin films through doping with
miscellaneous elements. There are various reports on
PbS thin films doped with distinctive elements
[15-18], however, choosing the appropriate doping
elements and the best ratio to get high-quality PbS
thin films is still a challenge for researchers.

In this study, zinc was chosen as an additive to
optimize the optoelectronic characteristics of PbS thin
films. We prosperously designed pure and Zn-doped
PbS films on ITO substrates using electrochemical
deposition, then investigated how Zn doping con-
centration affects the microstructural, morphological,
and especially optical properties of PbS thin films.
When compared with some physical properties of
Zn-doped PbS thin films obtained in literature sur-
vey, obtaining results by using a simple, cheap, use-
ful method that does not require a vacuum
environment, spectroscopic ellipsometer analysis,
and finding dispersion parameters reveal the
importance and novelty of this study.

2 Experimental

All chemical reagents we purchased were of analyt-
ical quality and were used without further purifica-
tion. Optically transparent ITO-coated glasses with a
surface area of 1.65 cm?, a resistance of 25 Q /cm?,
and a thickness of 100 nm were used to produce PbS
semiconductor films. ITO-coated glasses were first
soaked in deionized water (DI). After being kept in
isopropyl alcohol solution for 10 min, it was rinsed in
DI water. Rinsed ITO-coated glasses were dried at
room temperature (25 °C) for 30 min so that no
moisture remained on the surface.

In the solution preparation steps for PbS com-
pound, Pb(NO3), as Pb source, Na,5,0; as S source,
ethylenediaminetetraacetic acid (EDTA) as reaction
accelerator, and potassium chloride (KCl) as sup-
porting electrolyte were used. In the solution prepa-
ration steps for Zn dopant, zinc nitrate hexahydrate
(Zn(NO3),.6H,0) was used. DI water was used as
solvent in film production. In order to avoid pH
difference, the solutions were first prepared as 1 L
and production was carried out by taking 100mL
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from each. 0.01 M (NOs),, 0.05 M Na,5,03, and 1 L of
DI water were poured into a vessel to prepare an
aqueous solution of 0.0025 M EDTA and 0.1 M KCL
After these compounds were added, they were mixed
with a magnetic stirrer for 1 h. The solution pH value
was adjusted to 2.5 for all mixtures. The production
of PbS films by electrochemical deposition method
was carried out with a three-electrode IVIUM VER-
TEX Potentiostat/Galvanostat device which served
as DC supply unit and was set at a constant voltage
of 1.8 V for 100 s.

While performing the electrochemical deposition
process, Ag/AgCl reference Electrode was used. The
standard potential of the selected reference electrode
is 0.222 V at 25 °C. Platinum flat wire was used as the
counter electrode. ITO-coated glass substrates pre-
pared as working electrodes were used. During film
production, WiseStir brand MSH-20D model elec-
tronic magnetic stirrer and heater were used to mix
and heat the solutions. All deposited thin films were
annealed at 250 °C for 5 min.

The surface formations of pure 2% and 4% Zn-
doped PbS thin films deposited on the ITO-coated
substrate were examined by scanning with the ZEISS
Supra 40 VP electron microscope (SEM). The per-
centages of atomic components of these thin films
were determined by the energy-dispersive X-ray
(EDX) system. X-ray system with CuKa radiation
(Ko = 1542 A) was used to detect the crystal struc-
ture of the materials (Panalytical Empyrean). Optical
absorption and reflection spectra were measured
using UV-Vis spectrometer. All of these measure-
ments were carried out at Bilecik Seyh Edebali
University Central Research Laboratory. Film thick-
ness, refractive indices, and extinction coefficient
were determined using a spectroscopic ellipsometer
device. These measurements were carried out in
Nigde Omer Halisdemir University Central Labora-
tory. With the aid of a spectroscopic ellipsometer, the
thicknesses of pure, 2%, and 4% Zn-doped PbS thin
films were determined as 245 nm, 238 nm, and
232 nm, respectively.

3 Results and discussions
3.1 XRD investigations

X-ray diffraction patterns were performed to analyze
the structural properties of the deposited pure and
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Zn-doped PbS thin films at different rates. By com-
paring the obtained diffraction patterns with the
reference JCPDS (Joint Committee on Powder
Diffraction Standards) cards, the miller indices of the
peaks seen on the pattern and their crystal systems
were determined. XRD patterns of PbS:Zn films are
given in Fig. 1.

The presence of more than one peak in the
diffraction patterns given in Fig. 1 indicates that the
deposited films have a polycrystalline structure. It
was determined that the XRD patterns of all the
deposited films were in good agreement with JCPDS
Card No: 98-006-8701. The results showed that the
samples had a orthorhombic structure and were free
of for pure PbS structure to other impurities. How-
ever, minor impurities were present at 2% and 4%
Zn-doped structures and at 20 angles of 21.29° and
48.63°. Similar observation was reported for Ag-
doped PbS structures by M.H. Jameel and his friends
[19]. The XRD patterns indicate that the two high-
intensity peaks corresponding to the (102) at 20
angles of 28.66° and (104) at 20 angles of 31.78° planes
and the low-intensity peak corresponding to (008) at
20 angles of 37.17° belong to the ZnS structure [20].
Full width half maximum (FWHM) values changed
with the increase of Zn content of thin film samples.
This change is related to the change in grain size. The
grain sizes of thin film samples are calculated with
the modified Scherrer plot according to the following
formula [21, 22]:

pure PbS
—— %2 Zn-PbS
« * —— %4 Zn-PbS
i 4 * I n *ZnS
3
s
2 ol
% .
5 l A
= (200) ITO
1 (311)  (400)
(111) (220) l
— 17—
20 30 40 50 60 70 80

20 (degree)

Fig. 1 XRD graph of pure, 2%, and 4% Zn-doped PbS thin film
samples
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0.94 1

lnﬁ:lnﬁﬁ—ln@, (1)
where “D” is the size of crystal, “A” is of the incident
X-ray wavelength (1,542 A), B is the full width half
maximum, and 0 is the angle of the X-ray diffraction
peaks. If we plot the data for In f§ with respect to In
(1/cos 0), a slope with line and a crossing of In 0.94/
D should be existed. Consequently, a single
nanometer-sized D value can be calculated. In view
of the computed average size of crystal values of the
examples from the intersection point of the graph
given in Fig. 2, Table 1, it was comprehended that the
size of crystal changed with increasing Zn amount.
The change in size of crystallite of Zn-doped PbS may
be due to the replacement of smaller zinc ions instead
of large lead ions, because the atomic radius of the
lead atom (1.21 A) is greater than that of the zinc
atom (0.74 A). Similar observation is reported for Zn-
doped PbS thin films for reference number of [23].
The lattice parameters (a, b, and c) are computed via
the following relation:

1wk
dyy @ b

(2)

where dyy is the distance between planes, 4 is the
wavelength of the X-ray source, and 0 is the diffrac-
tion angle. The volume of the crystal is also computed
by multiplying the Ilattice parameters. Table 1
demonstrates the obtained data. As the amount of
dopant increases, the lattice parameters and volume
of the structure also change. The reason for this

-3,0
= pure PbS
® %2 Zn-PbS
354 A %4 Zn-PbS
~~~~~~ - linear fit of pure PbS
-~ linear fit of %2 Zn-PbS
404 e linear fit of %4 Zn-PbS
A
-4,5 o B
[<oN
£
-5,0
-5,5 :
®
-]
6,0 +——— o o

— r
0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16
In (1/cose)

Fig. 2 Scherrer plots of pure, 2%, and 4% Zn-doped PbS thin film
samples
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change in the lattice parameters is the displacement
of the Pb cation and Zn cations of any doped PbS
compound into the lattice, the oxidation-reduction
reactions in the doping cations that occur during the
displacement, and the difference in the effective ion
radii between the displaced cations.

3.2 SEM investigations

The morphological properties of a material obtained
in the form of a semiconductor film should be ana-
lyzed in detail. One of the most common techniques
used for this is scanning electron microscopy (SEM).

Morphological examinations of pure, 2%, and 4%
Zn-doped PbS thin film samples were obtained by
taking surface images by SEM. The elemental com-
position of the produced samples was determined
using EDX (Energy-dispersive X-ray spectroscopy)
integrated into the SEM device. SEM graphs of pure,
2%, and 4% Zn-doped PbS thin films are given in
Fig. 3.

When the SEM images of the pure, 2%, and 4% Zn-
doped PbS thin films in Fig. 3 were examined, it was
observed that the film was homogeneously dis-
tributed on the surface and covered every part of the
surface without forming agglomerations. E. A.
Abiodun et al. deposited nanostructured PbS and Zn-
doped PbS thin films and they reported that the
deposited films appear to form regularly, and the
shaped crystallites and particles were evenly dis-
tributed across the substrate surface [24]. No deteri-
oration was observed in terms of homogeneity on the
surface of the PbS thin films produced due to the
increasing Zn dopant ratio.

EDX graphs of pure, 2%, and 4% Zn-doped PbS
thin films are shown in Fig. 4. When EDX graphs are
examined, it is seen that mainly lead and sulfur are
present. In the EDX graphs of 2%, and 4% Zn-doped
PbS thin films, it is seen that there are 2.42% and
3.37% Zn elements atomically, respectively, and these
results are also given in Fig. 4. These results are proof
that the Zn element enters the PbS thin film structure.
M. A. Hussain et al. had similar observation in their
study [25].

The fact that sulfur element has a lower melting
point compared to lead element, and therefore
evaporation of sulfur from the film surface may be
possible, this situation can be attributed to the pres-
ence of different and small amounts of sulfur element
in EDX results [26].
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Table 1 Various parameters
from structural examination (hkl)

dwa Q) a (A)

b(@A) c(A) V(m’) 20() FWHM(®) Dsg_on (nm)

(dpy: interplanar distance,
FWHM: full width half
maximum, Dgg_ o Size of
crystal obtained from plot, a b,
and c are the lattice

Pure PbS  (111) 3.3147
(200) 2.9558
(220) 2.0168
GB11) 1.8175
(400) 1.5469
%2 Zn-PbS (111) 3.3063
(200) 2.9548
(220) 2.0117
(11) 1.8091
(400) 1.5413
%4 Zn-PbS (111) 3.3208

parameters, V: volume of
crystal

11.90 583 5.80

11.28 3.98 4.21

12.88 434 442

402.80  26.09 0.4093 28
30.24  0.1791
4495 0.6140
50.20 0.5117
59.79  0.4093
189.01  26.97 0.6140 22
30.25 0.2047
45.07 0.6140
50.45 0.3582
60.03 0.5117
247.07  26.85 0.3070 24

Pure PbS

“%4' Zn-PbS-

%2 Zn-PbS

Fig. 3 SEM images of pure, 2%, and 4% Zn-doped PbS thin film samples

3.3 Optical investigations

In order to survey the optical features of pure PbS,
2%, and 4% Zn-doped PbS films, transmittance and
absorption spectra were taken, optical energy gaps
were determined. Transmittance and absorption
spectra measurement were obtained at room tem-
perature and in the wavelength range of 300 to
1100 nm, by a spectrophotometer device. The

thickness, refractive indices, and extinction coeffi-
cients of these films were determined with the aid of
spectroscopic ellipsometer device and the change of
refractive indices against wavelength and extinction
coefficients against wavelength were investigated.
Before the measurements were taken, ground cor-
rection was made and thus the radiation passing
through the glass was normalized to 100%. In this
way, the optical transmittance and absorption values
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Fig. 4 EDX graph and cps/eV
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to be read on the films are made independent of the
substrate absorption [27]. Then, the fundamental
optical constants of Zn-doped PbS thin films were
computed using the data obtained from the spec-
trophotometer by the help of some relations.

The absorption spectra of un-doped, 2%, and 4%
Zn-doped PbS thin films are given in Fig. 5. As seen
from the absorption spectra, thin films exhibit high
optical absorption in the visible region but the
absorption increases as the wavelength decreases. In
the visible region, it seems that the absorption
decreases, inversely to the increase in the transmit-
tance spectra. In addition, it seems that the absorp-
tion of photons with wavelengths greater than
700 nm in all thin films is quite low, and as a result,
the absorption edge is clearly formed. From this, it
can be said that deep and shallow trap levels with
different energy levels localized within the optical
energy gap may be more intense, and therefore, low
energy absorptions may be more. As can be seen in
Fig. 5, the absorption edges of the Zn-doped films are
shifted towards lower wavelengths compared to the
pure PbS films. The cause of this event may also be
blue shift. Similar observation has been seen in the
study conducted by E. Veena et al. [28].

In addition, when the absorption spectra of all the
films were examined, it was observed that there were
improvements and recovery in the band edges with
the Zn dopant compared to the pure film. This may
be due to the reduction of band sagging at the
absorption edges with Zn dopant.

Optical transmittance spectra of un-doped, 2%, and
4% (wt.) Zn-doped PbS thin films, respectively, are

3.5

==t pure PbS
%2 Zn-PbS
=t %4 Zn-PbS

2.0+

1.5

Absorbance (%)

1.0 4

0.5+

0.0

v 1 v ] v 1 v 1 v L] v 1 v L] v 1
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 5 Absorbance graph of the PbS films with various Zn content
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given in Fig. 6. When the figure was examined, it was
observed that all Zn-doped thin film samples had
better optical transmittance than the pure PbS sam-
ple. The highest optical transmittance was observed
in PbS thin film sample with 4% Zn doped. Further-
more, it is seen that the optical transmittance values
of PbS samples increase with the increase of Zn
dopant ratio. M. Liu et al. examined the transmittance
properties of PbS thin films and they found according
to the transmittance spectrum that the value of
transmittance of Zn-doped PbS films is higher than
pure films [29]. As seen in Fig. 6, while each thin film
exhibits very low transmittance in the visible region,
it seems that the transmittance increases towards
longer wavelengths. In addition, the improvement in
the structural characteristics of the films with the
increase in Zn dopant is effective on this increase in
optical transmittance.

During the film formation, due to the inhomo-
geneity of the surface and its roughness, when the
light falls on the surface of the film, the increase in
optical scattering occurring on the surface causes a
decrease in transmittance. Therefore, the Zn dopant
may have increased the transmittance by reducing
the optical scattering occurring on the surfaces or
inner regions of the films. A. E. Adeoye et al. exam-
ined and revealed that pure PbS thin film has the
lowest transmittance in the UV-Vis-NIR regions. The
transmission of the films ordinarily rises with
increasing Zn doping [30].

The optical band gaps of the films were determined
by plotting the (¢hv)> value against the photon

60

=== pure PbS
== %2 Zn-PbS
50 =t %4 Zn-PbS

40 -

30 <

20 <

Transmittance (%)

v 1 T T T 1 v 1 7
300 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 6 Transmittance graph of the PbS films with various Zn
content
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energy (hv), using the thickness measured by the
spectroscopic ellipsometer device and the absorption
spectra measured by the UV-Vis spectroscopy [31].

Furthermore, the optical band gap of the pure PbS
semiconductor thin films is calculated as 1.95 eV.
Optical band gap values of 2 and 4% Zn-doped PbS
semiconductor thin films were found to be 1.99 eV
and 2.07 eV, respectively (see Fig. 7). S. Ravishankar
and A.R. Balu reported that un-doped PbS film has a
band gap of 2.12 eV, which is a higher value com-
pared to that in this study. They also reported that
the band gaps of 2%, and 4% Zn- doped PbS films
were found to be 2.16 eV and 2.07 eV, respectively
[32]. When the obtained data are examined, it is seen
that the optical band gaps of the semiconductor thin
films increase as the Zn doping ratio increases. This
change is the expected effect of Zn addition to the
thin film structure. It is seen that the band gap of the
precipitated thin films is considerably higher than the
band gap (0.41 eV) of the bulk PbS material.

When the studies in the literature are examined, it
is stated that the optical band gap of PbS thin films
consisting of nano-sized crystals is larger than the
value in bulk form due to the quantum size effect,
and the crystal size and the optical band gap change
inversely [33, 34]. We think that the high optical band

8x107%

1 —=—pure PbS Eg=1.95eV
7x107 4

%2 Zn-PbS Eg=1.99 eV
6x10%?{ ==t==%4 Zn-PbS Eg= 2.07 eV

5x107%*

4x107%* 4

@hv)ZevZem2

3x107%2 4

2x10%

1x10% 4

o - -)WWN“M‘“-“—-‘ LML L LI L LI
10 1.2 14 16 18 20 22 24 26 28 3.0
hv (eV)

Fig. 7 Changes of optical band gap values of PbS films with Zn
content
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gap values of polycrystalline PbS thin films precipi-
tated in this study may be related to the crystal size of
the thin films. However, considering that the pre-
cipitated thin films are formed in polycrystalline
form, we think that the crystal size distributions
should be taken into account to evaluate the change
in the optical band gap range because the materials
are composed of many crystals of different sizes in
different orientations rather than uniform crystals
[35].

3.4 Spectroscopic ellipsometry
investigations

Spectroscopic ellipsometry is based on the principle
of measuring the reflection effect of polarized light on
the material. In spectroscopic ellipsometer measure-
ments,  and A spectra are recorded at each wave-
length and angle of incidence. The ¢ and A
parameters depend on the fresnel coefficients and are
the parameters related to the optical and structural
properties of the sample and are expressed by the
following equation [36]:

p = tampe™™ = Ry/Rs. (3)

In this equation, Rp and Rs are defined as the
complex reflection coefficients of light polarized
parallel (p) and vertically (s) to the plane of incidence,
respectively. A reflects the change in phase difference
between incident and reflected waves for the p-po-
larized and s-polarized components. Tan¥ is
expressed as the ratio of the reflection coefficient
polarized parallel to the incident plane to the reflec-
tion coefficient polarized perpendicular to the inci-
dent plane, and p is defined as the complex
reflectance ratio.

Incidence angle of light used for the measurements
was 70°, for the measured spectral range of
300-1000 nm. A and ¥ values against wavelength of
pure, 2%, and 4% Zn-doped PbS films are shown in
Fig. 8a, b. As can be seen from this figure, there are
deviations from the theoretical and experimental
values in the spectra. The MSE values of pure, 2%,
and 4% Zn-doped PbS films are found to be 2919,
2729, and 2644, respectively. The MSE values both A
and ¥ for HfO, films were found to be smaller than
our values, which is about 1.42 for reference of [37]. It
is thought that the factors affecting these deviations
are due to the method used in the coating, the surface
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properties, and the grain boundaries of the films and
the reflection of light from the glass substrates [38].

In order to design semiconductor devices properly,
the dispersion of refractive indices should be inves-
tigated. Knowing the optical dispersion and other
optical parameters of the material in device design is
important for many integrated device studies where
the refractive index is important, such as filters,
switches, and modulators. The refractive index of an
optical medium is quantity without dimension that
defines the propagation of the beam through that
medium. The refractive index determines how fast
light passes through an object [39].

From Fig. 9 it is understood that the refractive
indices values of pure and Zn-doped PbS thin films
vary in the range of 0.6-1.8 in the visible region.

100

(a) —— PDbS model fit
. ----PbS exp ¥ 70°
ol —— %2PbS model fit

) ----%2 Zn-PbS exp ¥ 70°
%4PbS model fit

- ==-%4 Zn-PbS exp ¥ 70°

¥ in degress

— 7
300 400 500 600 700 800 900 1000
Wavelength (nm)

300

(b) — PbS model fit
] ----PbS exp A 70°
” —— %2PbS model it
- -===%2 Zn-PbS exp A 70°
— %4PbS model fit
----%4Zn-PbS exp A 70°
@ 100
o
o e
[0} 1 ]
1
N E
Yy
-100 <
200

—
300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 8 Model and fitting results of ellipsometric data of PbS films
for a Psi (?), b Delta (A)
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When the refractive indices were searched, it was
observed that the refractive indices values of Zn
dopant decreased compared to the pure PbS thin
film. This decrease in the value of the refractive index
is due to the optical dispersion behavior of the
material. It is also seen that the refractive indices of
Zn-doped PbS films are slightly less than that of the
pure PbS film. The reason for this may be that the
presence of Zn element in the PbS structure reduced
the polarization ability of the electrons. L. N. Ezen-
waka et al. reported high value of the refractive index
demonstrated by the films and they attributed it to
the high absorbance of the films [40].

The extinction coefficient is related to the absorp-
tion property of the material, and is a measure of the
portion of the beam lost as it passes through the
medium. Radiation loss is a result of scattering and
absorption per unit distance of the medium [41]. It
can be seen from Fig. 10 that the values of the
extinction coefficients varied between 0.75 and 1.2 for
all semiconductor thin films, and they were in a
suitable range for the absorber layer. Additionally,
the Zn dopant caused a decrease in the extinction
coefficient. B. Touati et al. reported that the values of
extinction coefficients are slightly lower than in this
study [42].

In general, the dielectric constants are highly con-
tingent upon the electronic structure of the material
and can be said to be exactly relevant to the state
density in the band gap, which have an impact on the
electromagnetic radiation passing through the mate-
rial. The values imaginary and real and dielectric

24

—m—pure PbS
—— %2 ZN-PbS

=t %4 Zn-PbS

2.0 4

1.6 4

1.2 4

0.8 4

0.4 — 17
300 400 500 600 700 800 900 1000
A (nm)

Fig. 9 Changes of refractive index as a function of wavelength for
pure and Zn-doped PbS
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Fig. 10 The graph of extinction coefficient of pure, 2%, and 4%
Zn-doped PbS thin films

constants were determined using the following rela-
tions [43, 44]:

e =n> — K (4)
€ = 2nk (5)

In Figs. 11 and 12, it was seen that the imaginary
and real dielectric constant values of pure and Zn-
doped PbS thin films increased with the increase of
wavelength and it was compatible with the refractive
index graphs. Real dielectric constant values show a
sharper increase in the wavelength range of
400-700 nm. It is also seen that, the Zn dopant caused
a decrease in the dielectric constants. V. V. Jadhavar
and B. S. Munde reported that the Cr-doped ZnS
nanoparticles have a higher dielectric constant, which
decreases as the Cr concentration increases [45]. In
addition, when the graphs are examined, it is
observed that the real and imaginary dielectric con-
stant values for all nanostructured thin films vary
significantly in the visible region. It is seen that the
mean &, values are higher than ¢; in all samples. This
difference between the real and imaginary parts is
related to the state densities in the energy band gaps
of the films. Similar observations are reported by
references of [46] and [47].

The energy loss function has an important place in
optoelectronic device applications. The total power
loss (volume and surface energy) transferred across
the dielectric is important. Dissipation factor (tan (5))
is a precious term in the reviewing of structure and
defects in materials and also symbolizes the phase

@ Springer
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Fig. 11 Changes of real part of dielectric constant as a function of
wavelength for pure and Zn-doped PbS
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Fig. 12 Changes of imaginary part dielectric constant as a
function of wavelength for pure and Zn-doped PbS

difference in the materials due to energy loss. The
perfection of the dielectric as an acceptable feature is
characterized by low values of the dissipation factor.
In a loss modulus system, the loss factor is related to
the rate of loss of tan § power. Tan (J) depends on the
real and imaginary part of the dielectric constants as
follows [48]:
tand = 2. (6)
€1

Here, ¢ is the complex dielectric constant and
comprises of real and imaginary parts &; and ;. (real
€1, imaginary &,).
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Figure 13 shows the graph of wavelength versus
tan (6). An almost constant dependence is observed
for all wavelength values within the graph for pure
and 2% Zn-doped PbS thin films and strong depen-
dence is observed between 500 and 650 nm wave-
length range for 4% Zn-doped PbS thin films. This is
due to the sudden increase in the absorption coeffi-
cient. For Ge addition Pb-Se films, dielectric loss
tangent showed higher values in the lower wave-
length region (500-700 nm) for all samples in their
investigations, and the energy losses decrease with
the increase of Ge [49].

3.5 Dispersion parameters

The dispersion of optical parameters has an impact
on materials research because of its importance in
electro—optical device and communication. It is well
known that the refractive index and hence the
dielectric constant in any material changes with the
photon energy and this change is described by dis-
persion expressions [50]. The variation of refractive
index of many semiconductor materials with incident
photon energy can be simply described with the help
of the single-oscillator model proposed by Wemple-
DiDomenico. This model is based on a fairly simple
semi-empirical relation and is given as follows
[51, 52]:

EoE,

2) = 14—
() E — (l)?

(7)

16

=== pure PbS
%2 ZNn-PbS
=t %4 Zn-PbS

) M 1 v ] v ) v ) v
500 600 700 800 900 1000
Wavelength (nm)

Fig. 13 Dissipation factor vs. photon wavelength for pure, 2%,
and 4% Zn-doped PbS thin films
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Here, I is Planck’s constant; Ey is the single-oscil-
lator energy, v is frequency, and E4 is the dispersion
energy, which is defined as a measure of the average
intensity of the optical transitions between the bands.
The dispersion energy is basically a quantity nearly
relevant to the charge distribution in the unit cell, and
to chemical bonding. To determine the dispersion
parameters E; and E4 in the Wemple-DiDomenico
model, the related equation can be arranged as fol-
lows [53]:

1 Ej— ()*  Eo ()

= e . 8
ny — 1 EdEO Ed EdEo ( )

In order to calculate the E; and E4 values, firstly,
the graph of the change of 1/(n*~1) with respect to
(hv)* was drawn in Fig. 14.

As expected from this graph, a linear region was
obtained for all materials. The point where this linear
curve intersects the vertical axis gives the ratio E,/Eq,
and its slope gives the value 1/EoEq. The Ey and Eq4
dispersion parameters for pure, 2%, and 4% Zn-
doped PbS films from the calculations in the graph
were found and tabulated in Table 2. In the Wemple—
DiDomenico model, it is known that Ej is related to
E; and empirically changes to Ey ~ 1.5 Eg for many
materials. It has been observed that the E; single-
oscillator energy for pure PbS, 2%, and 4% Zn-doped
PbS films is Ey ~ 0.5 E,. This relationship was
obtained from the study conducted by A. S. Has-
sanien and A. A. Akl [54] and was found as almost
equal to 2. For pure and Zn-doped CdO thin films, E,
and E4 dispersion parameters were found between

1.6
—=— pure PbS
—e— %2 Zn-PbS
—a— %4 Zn-PbS

7 Mﬁé

“
= 0.8+
0.4 4 = —
v T v T v T v
1.50 1.75 2.00 2.25 2.50

hv2 (eV)?

Fig. 14 Plot of (n*— 1)~ " against (hv)® for pure, 2%, and 4% Zn-
doped PbS thin films
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Table 2 Calculated some
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optical values of the pure, %2, Some optical values of PbS film samples pure PbS %?2 Zn-PbS %4 Zn-PbS
and %4 Zn-PbS thin films Ey(eV) 1.95 1.99 207
Eo(eV) 0.53 1.11 1.30
Eq4(eV) 11.08 4.77 2.71
M_, 20.90 4.29 2.08
M_; 74.40 3.48 1.23
f(eV) 5.87 5.29 3.52

2.00 and 2.81 eV and 1.42-2.30 eV, respectively, in
another study [55].

M_q
E2="= 9
0 M_3 ( )
and
M3
2 -1
Ed - M,3 (10)

M_ ;and M_ 3 values for pure PbS, 2%, and 4% Zn-
doped PbS films are calculated and tabulated in
Table 2. These values are measures of the average
bond strength. Optical moment values are related to
the amount of macro coverage in the investigated
materials, such as the effective dielectric constant and
the number of effective valence electrons. A. M.
Alsaad et al. reported that in ZnO thin films, as the
boron concentration increases, the optical moment
values increase, indicating that the B-doped thin
films are highly polarized [56].

The optical oscillator power (f) in optical transi-
tions is the absorption of the photon by the electron
during the transition. Oscillator power is a measure
of how the optical material interacts with radiation,
and f is given by the formula [57]:

f=Eo Eq (11)

This value calculated for all semiconductor thin
films is given in Table 2.

4 Conclusion

In this study, pure PbS and Zn-doped PbS films,
whose value is increasing day by day in many
optoelectronic and solar cell applications, were pro-
duced by electrodeposition method on ITO sub-
strates. According to the XRD results used to
determine the structural properties of the films, the

@ Springer

shifts in the distances between the diffraction angles
and lattice planes of the films due to the ionic radius
difference between the Zn element and the Pb ele-
ment are evidence that the Zn element affects the
structure. When the thickness values of the films
determined by the spectroscopic ellipsometer device
were examined, it was determined that they were
close to each other. We think that these slight dif-
ferences occur due to small deviations between the-
oretical and experimental delta values, which are
equation parameters used during spectroscopic
ellipsometer measurement. The optical properties of
the films in this study, in three different devices,
respectively, the absorption, transmittance, refractive
index, and extinction coefficient values were taken
against the wavelength. By using the absorption
spectra and thickness values, the optical band gaps of
the films were found from the graphs by optical
method. In addition, it has been determined from
these graphs that all of the films are direct bandpass
films. When the optical transmittance spectra of pure,
2%, and 4% Zn-doped PbS semiconductor thin films
were examined, it was determined that all Zn-doped
thin film samples had better optical transmittance
than the pure PbS sample. From the SEM images, it
was determined that the films were properly coated
on the substrates. As a result, considering the crystal
structures, surface images, optical and dispersion
properties of pure and Zn-doped-PbS semiconductor
thin films, it can be said that they have a high
potential to be used as layer materials in solar cells.
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