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Production and Characterization of Electrodeposited
Cadmium Sulfide Semiconductor Films with Different Boron
Content

Erman Erdoğan

In this study, Cadmium Sulfide (CdS) semiconductor films are
electrodeposited on Indium Tin Oxide (ITO) substrates at 80 °C base
temperature for different boric acid (H3BO3) ratios. The effect of boric acid on
these films is investigated. For this, first of all, the structural change of the
films is examined. Among the films obtained with different boric acid ratios,
the optimum film is achieved with 0.06 m boric acid doped. From the basic
absorption spectra (𝜶hʋ) of the obtained CdS:B films, the variation of hʋ is
drawn and it is determined that the CdS:B semiconductor films has a direct
band transition. From the basic absorption spectra of the obtained CdS:B
films, it is observed that the CdS:B semiconductor films has a direct band
transition. In addition, the optical energy bandgap values obtained are in
agreement with the values in the available literatures. The results of the
structural, optical, and morphological properties of the films produced in this
study indicate that among the selected additive ratios, 1% boric acid gives the
best and optimum deposition condition. The thin films obtained are also
found to be useful as absorber layers in photovoltaic solar cells.

1. Introduction

Semiconductor materials are widely used in technology because
their electrical and optical properties can be altered. Thin films
are the most preferred materials due to the use of less mate-
rial and the change in the properties of nano-sized materials.
Thin films are used as materials in advanced technologies due
to their attractive chemical, optical, magnetic, and mechanical
properties.[1] CdS is an II–VI group compound consisting of the
combination of cadmium (Cd) from group II elements and sul-
fur (S) from group VI elements of the periodic table.[2] Binary
compounds of group II-VI are of great importance due to their
applications in various optical and electronic devices. Semicon-
ductor CdS compound has a wide range of uses considering its
desirable electrical and optical properties, especially in devices
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such as solar cells, photodetectors, and
field-effect transistors.[3] CdS, can be
in either cubic or hexagonal structure,
or it is one of the compounds that can
contain both types in its structure.[4]

CdS thin films have a wide range of
applications in solid-state lasers, de-
tectors, solar cells, and photovoltaic
applications.[5] Since their bandgaps are
≈2.42–2.58 eV, they have the property
of emitting light in the green spectral
region.[6] CdS films are used as window
materials in heterojunction solar cells
because of their wide bandgap, high
transmittance, and low-cost techniques.
Research indicated that CdS thin films
have been produced by different deposi-
tion techniques, such as; evaporation,[7]

RF sputtering,[8] spray pyrolysis,[9] chem-
ical bath,[10] pulsed laser deposition [11]

and electrodeposition.[12] Within these
deposition techniques, electrodeposition

is considered one of the low-costmethods for semiconductor thin
film fabrication. Electrodeposition is the deposition of ionic ma-
terials as a thin layer on the surface of a conductive substrate in
a solution of ionic type material.[13]

H3BO3 is the product of the hydrolysis of boron compounds
and is usually produced by acidifying an aqueous solution of
borax. It is used in the glass and ceramics industry, agricul-
ture, nuclear applications, boron alloys, the textile industry, and
manymore applications.[14] The applications of boron to CdS thin
films, which are used as optical windows in solar cells resistant
to ultraviolet rays are not seen much in the literature. However,
it is known that boron is an element that can enter Cd spaces or
intermediate places within the CdS structure and increases the
resistance of the structure to radiation. B+3(2.04) has higher elec-
tronegativity thanCd+2(1.86) and the ionic radius of B+3(41 pm) is
smaller than the ionic radius of Cd+2(109 pm). Since the boron el-
ement has an empty p orbital, it generally behaves as a Lewis acid,
in other words, it easily bonds with electron-rich compounds and
eliminates the need for electrons.[15]

In this study, boron-doped CdS samples were deposited by
electrodeposition technique, followed by doping at different
boron concentrations in mixed cadmium chloride (CdCl2) and
sodium thiosulfate (Na2S2O3) initial solutions. The effects of dop-
ing on optical, structural, and surface morphologies were inves-
tigated.
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Figure 1. Pictures of the pure and boron-doped CdS thin films.

2. Experimental Section

The chemicals used during the experiment were Na2S2O3 as
a source of sulfur, H3BO3 as a boron source, and CdCl2 as a
source of cadmium. First, ITO-coated thin glass films were cut
in 1 × 2 cm dimensions, washed with distilled water, and kept
in an ultrasonic vibrator for 10 min. The films were bathed in
acetone, isopropanol, and distilled water successively for 10 min
each. After cleaning, it was quickly dried using nitrogen gas. The
pH value of the solution prepared in a separate container was ad-
justed to 2.5 using hydrochloric acid. The solutions used in the
experiment were prepared in a volume of 100 ml and at a tem-
perature of 80 °C. Ten millimolars of Na2S2O3, 10 mm CdCl2,
and 6 and 10 mm H3BO3 powder were used in the electrochemi-
cal deposition solutions of CdS:B semiconductor thin films. Elec-
trochemical characterization of CdS semiconductor films was in-
vestigated by applying the chronoamperometry (CA) technique.
IVIUM VERTEX Potentiostat/Galvanostat device, which served
as DC supply unit and was set at a constant voltage of 1.8 V for
100 s, was used during the experimental studies. In the system
prepared for the experiment, ITO-coated glasses were used for
the working electrode, Ag/AgCl for the reference electrode, and
platinum wire for the counter electrode. The surface formations
of pure and boron-doped CdS thin films were examined by scan-
ning with the ZEISS Supra 40 VP electron microscope (SEM).
The percentages of atomic components of these thin films were
determined by the energy-dispersive X-ray (EDX) system. X-ray
system with CuK𝛼 radiation (𝜆K𝛼 = 1542 Å) was used to detect
the crystal structure of the materials (Panalytical Empyrean). Op-
tical absorption and reflection spectra were measured using UV–
vis spectrometer. All of these measurements were carried out at
Bilecik Seyh Edebali University Central Research Laboratory. The
pictures of the pure and boron-doped CdS semiconductor thin
films are given in Figure 1.
The thicknesses of the films were calculated using the

gravimetric weight difference method with the formula given
below[16]:

t =
Ms −Mi

A.𝜌
(1)

In this method, first, the ITO substrates were weighed one by
one on a precision balance before deposition (Mi), and then re-

weighed (Ms) after the film was formed. Ms–Mi gave the weight
of the composed film. Here, 𝜌 is the density of the film and A is
the surface area of the ITO substrate. When calculating the film
thickness, the filmwas assumed to be of homogeneous thickness
and the density value for CdS and boron was taken as 4.82 and
2.30 g cm−3, respectively.[17]

Additionally, to support the thickness results, Faraday’s law has
been applied to the electrodeposited film by below formula [18]:

T =
(
JtM

)
(nF𝜌)

(2)

Here T is the thickness, J is the current density (A cm−2), t
is the deposition time (s), M is the molecular mass (g mol−1),
n is the number of electrons required for the deposition, F is
the Faraday constant (96 485 C mol−1) and 𝜌 is the density
(g cm−3).
The thickness values were found to be 222, 224, and 225 nm

for pure, 0.06B, and 0.1B doped CdS films, respectively.

3. Results and Discussion

3.1. XRD Investigations

X-ray diffraction (XRD) is a characterization method used to
determine the crystal structure of a material. By analyzing
the results obtained as a result of XRD measurements, in-
formation about the crystal structure of the material can be
obtained. This technique allows the identification, indexing,
and quantification of the crystal structure of crystalline phases
present in materials. It also provides access to information such
as grain size, orientation, and the deformation of the crystal
network.[19]

The XRD graphs of pure and boron-doped CdS thin films are
given in Figure 2a. XRD results are in agreement with reference
JPDC 98-015-4186. It is seen that all samples grow in hexagonal
structure and crystal orientations are in (100), (002), (101), (110),
and (112) directions. The peak intensities decreased with the in-
crease of boron dopant ratio. This behavior indicates that boron
doping affects the crystallinity of the thin film. Occupying the in-
termediate regions of the doping atoms causes deterioration in
the crystal structure.[20] As the doping ratio increases, the inten-
sity of the (101) peaks in the diffraction pattern decreases signif-
icantly, (100) and (002) peaks seem to disappear completely with
the addition of 10 mm boric acid. The decrease in peak intensity
indicates that the crystal structure deteriorates with the increase
in boron concentration. Thismay be due to internal stress caused
by the smaller ionic radius of boron compared to cadmium and
sulfur. Additionally, boron diffraction peaks were observed in the
XRD patterns of boron-doped thin films. The reason for this can
be said that boron does not penetrate into the inner pores of CdS,
but shows itself actively on the surface due to its high Lewis acid
feature.[21] In Figure 2b, boron addition shifted the XRD pattern
peak to lower positions. This shift was associated with the incor-
poration (substitution and/or interstitial site) of the doping atom
in the crystal lattice of the CdS thin films, and the lower shifts ob-
served in the peak position were due to the effective ionic radius
of the doped atoms.[22]
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Figure 2. a) XRD patterns and b) peak shifting of pure and boron-doped
CdS thin film samples.

The grain sizes of samples are computed with the modified
Scherrer plot based on the following formula[23]:

ln 𝛽 = ln0.9 𝜆
D

+ ln 1
cos 𝜃

(3)

where, “D” is the size of the crystal, “𝜆” is the wavelength
(1.542 Ǻ) of the incident X-ray, 𝛽 is the full-width half maximum
value and the 𝜃 is the angle of the pattern from X-ray measure-
ment. If the results for ln 𝛽 are plotted relative to ln (1/cos 𝜃), a
line with an approximate slope and an intersection of ln 0.9𝜆/D
can be obtained. From here, a nano-size D value can be deter-
mined. With respect to the computed crystal size values of the
samples determined from the intersection point of the graph
given in Figure 3 and Table 1, with increasing boron addition,
there is a decrease in crystal size. If CdS thin films are doped

Figure 3. Modified Scherrer equation graph of pure and boron-doped CdS
thin film samples.

with atoms of a smaller atomic radius than Cd, the crystal size de-
creases. The decrease in grain size indicates that the grain bound-
aries will increase in size and the crystallization of high boron-
doped films will deteriorate.[24]

From the above results, it was concluded that boron doping
plays an important role in the crystal properties of CdS films and
can effectively change the microstructure of CdS films.

3.2. SEM Investigations

SEM images of pure and boron-doped CdS thin films are given
in Figure 4. SEM images show that the substrate surface is well

Table 1. Getting some structural features of deposited samples (dhkl: in-
terplanar distance, FWHM: full-width half maximum, DSR-ort: crystal size
from modified Scherer plot).

(hkl) dhkl [Å] 2𝜃 [°] FWHM[°] DSR-ort [nm]

pure CdS (100) 3.5976 24.75 0.4605 17.58

(002) 3.1736 28.12 0.5117

(101) 2.9740 30.05 0.4605

(110) 2.0666 43.81 0.4093

(112) 1.8151 50.27 0.4605

0.06 B (100) 3.6293 24.53 0.6140 14.96

(002) 3.1970 27.91 0.5117

(101) 2.9828 29.96 0.6140

(110) 2.0253 44.75 0.6140

(112) 1.8209 50.10 0.4093

0.01 B (100) – – – 13.41

(002) – – –

(101) 3.0083 29.70 0.5117

(110) 2.0401 44.41 0.6140

(112) 1.8267 49.93 0.7164
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Figure 4. SEM images of pure and boron-doped CdS thin film samples.

coated with the nanostructure. Pure CdS SEM images show that
the material is coated on the layer as spheres and is homoge-
neously distributed. Erturk et al. investigated surface properties
of CdS:Zn thin film samples by electrodeposition and they re-
ported enlarged, dense, and uniform thin films, which can be
associated with the nano-sized characteristics.[25] The change
in the morphology of CdS clusters is visible as the amount of
boron dopant amount increases. In general, the formation of
self-evolving nanostructure depends on parameters such as ther-
modynamic environment and crystal growth. Since the radius of
the boron is different from that of the cadmium ion, the crys-
tallization properties of CdS changed depending on the amount
of boron dopant. Similar morphology with flower-like structures
has been reported for tartaric acid-doped CdS films.[26] The size
of the particles decreased with increasing boron contribution.
EDX is a common method used to perform elemental analy-

sis of a sample. X-rays are emitted when the high-energy elec-
tron beams of the SEM device interact with the sample. These
X-rays carry the energies of the elements that make up the mate-
rial. Thus, they provide data on the chemical composition of the
sample.[27]

The EDXmeasurement results of the percentages of elements
in the structure of the pure and boron-doped CdS semiconductor
thin film are shown in Figure 5. The peaks in the spectrum cor-
respond to the characteristic emission energies of the elements
in the structure. The percentages of Cd, B, and S elements in the
structure can be seen from the EDX analysis results. The result
is in agreement with similar compositional analysis for selenous
acid-doped CdS thin films.[28]

3.3. Optical Investigations

3.3.1. Absorbance, Transmittance, and Optical Bandgap

When a photon (light beam) of different frequencies arrives on
any semiconductor, an interaction occurs between the electrons
of the atoms and the incident photon, and depending on the
type of this interaction, the optical properties of materials such
as absorption, transmittance, and reflection emerge.[29] The ab-
sorbance of a material is determined by the intensity of radiation
absorbed by a material, by the amount of incident radiation in-
tensity. In order to examine thin film; reflection, absorption, and
transmission are themost important properties that help to know
the behavior of materials and media when attracted by light.[30]

The absorbance spectra of pure and boron-doped CdS semi-
conductor thin films are given in Figure 6. It is seen that all
electrodeposited films have low absorption in the wavelength
range of 550–1000 nm and the sharp increase in absorbance val-
ues for all films is realized at wavelengths less than 550 nm. By
comparing the absorbance diagrams of pure and boron-doped
CdS, the sharpness of the peak at low wavelengths is reduced
by adding boron. This decrease in the sharpness of the peak con-
tinues with an increase in the amount of boron due to the de-
crease in crystallinity. Similar absorbance behavior was observed
in neodymium additives in cadmium sulfide thin films.[31]

According to the transmittance spectra of pure and boron-
doped CdS semiconductor thin films shown in Figure 7, the films
in the visible area have a very transparent structure. An average
transmittance of 55%, 78%, and 81% was determined for pure
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Figure 5. EDX graph and compositions of pure and boron-doped CdS samples.
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Figure 6. Optical absorption spectra of the CdS films with boron dopant.

CdS films, 0.06 B and 0.1B doped CdS films, respectively in the
range of 550–1000 nm. The doping rate had a significant effect
on the optical transmittance of the films. This result can be at-
tributed to the reduction of the voids in the film and the healing
of the homogeneous structure with uniformly distributed parti-
cles, thereby increasing the optical scattering. In addition, as can
be seen from the SEM images, the decrease in surface rough-
ness and the resulting increase in transparency as a result of the
uniform condensation of the grains between each othermay also-
play a role in increasing the optical transmittance. C. Liu et al. in-
vestigated the transmittance of the Ta-doped InTe thin films and
they reported that the transmittance is nearly 84% in the trans-
parence region and the value of transmittance increases after Ta
doping.[32]

The optical bandgap of the pure CdS semiconductor thin films
was calculated as 2.14 eV. Optical bandgap values of 0.06 and
0.1 m boron-doped CdS semiconductor thin films were found

Figure 7. Optical transmittance spectra of the CdS films with boron
dopant.

Figure 8. (𝛼h𝜐)2-h𝜐 spectrum of CdS films with boron dopant.

to be 2.51, and 2.43 eV respectively. (See Figure 8). As the boric
acid concentration increases up to 0.06 m, the value of the opti-
cal bandgap energy increases, resulting in the deterioration of
crystallization. Another reason for the decrease in the optical
bandgap energy of the films after a 0.06 m boron doped CdS with
the increasing amount of dopant can be interpreted as the result
of the intermediate energy states formed by the impurities in the
structure formed at high speed.[33] Yücel and Kahraman reported
a reduction in optical bandgap values of both the coated and an-
nealed coumarin-doped CdS films by chemical route with rising
doping concentration.[34]

3.3.2. Optical Constants (n,k) and Skin Depth

The refractive index of a substance is the coefficient showing how
slow the light or other electromagnetic waves traveling through
that substance move compared to the light traveling ina vacuum.
The graphs of the change of refractive indexes of pure and boron-
doped CdS thin films with wavelength are given in Figure 9. The
refractive index was obtained using the below equation[35]:

n = 1 + R
1 − R

+
√

4R
(1 − R)2

− k2 (4)

where R is the reflection coefficient and k is the extinction coef-
ficient.
When Figure 9 is examined carefully, the refractive indexes of

the pure, 0.06, and 0.1m boron-dopedCdS thin films in thewhole
spectrum (400–1000 nm) are 2.37, 1.75, and 1.63, respectively.
The refractive index n decreases exponentially as the wavelength
increases. It was seen that the refractive index values of the boron
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Figure 9. The variation of refractive index with wavelength for pure and
boron-doped CdS.

dopant reduced in comparison with the pure CdS thin film. The
decline in the value of the refractive index is because of the op-
tical dispersion behavior of the material.[36] Also, the refractive
index of boron-doped CdS films is less than that of the pure CdS
film. A similar observation was reported for PbS/PVA nano poly-
mer composite.[37] The reason for this may be that the presence
of boron elements in the CdS structure reduces the polarization
ability of the electrons.
One of the important parameters used to describe the optical

properties that determine how light interacts with a material is
the extinction coefficient. The extinction coefficients were calcu-
lated using the equation below[38]:

k = 𝛼𝜆

4𝜋
(5)

where 𝛼 is the absorption coefficient and 𝜆 is the wavelength. The
graphs of variation of extinction coefficients of pure and boron-
doped CdS thin films with wavelength are given in Figure 10. It
can be seen from Figure 10; that as the wavelength increases, the
extinction coefficient k decreases exponentially. The value of k for
pure and doped-CdS agrees well with the literature refs. [39, 40]
The extinction coefficients were observed to vary in the range of
1.25× 10−9–5.26× 10−10 values. It is therefore observed that there
is a partial decrease in the extinction coefficient with an increase
in the amount of boron dopant. The low value of the extinction
coefficient in the spectrumdemonstrates the surface smoothness
and high transmittance of the films. This is fully consistent with
the images obtained from SEM and the transmittance spectrum.
The amplitude of the electromagnetic wave decreases after

penetrating a certain unit thickness; this is called the skin depth
(𝛿). More simply, the surface depth value provides an estimate of
the distance at which light passes through a semiconductor. The
skin depth of thin films of different thicknesses was evaluated by
the following relation:[41]

𝛿 = 1
𝛼
= 𝜆

2𝜋k
(6)

Figure 10. The graphical representation between the extinction coefficient
of pure and boron-doped CdS thin films and photon wavelength.

where 𝜆 is the wavelength of the photon and k is the extinc-
tion coefficient. Skin depth versus photon energy of thin films
is shown in Figure 11. It was found that 𝛿 values of thin films de-
creased with increasing photon energy. The same behavior was
observed as the skin depth increased with increasingNiO content
in NiO:Fe2O3 thin films prepared by spray technique.[42] This is
due to the inverse correlation between the skin depth and the ab-
sorption coefficient.

3.3.3. Dielectric Properties

The polarizability of a solid is related to the density of states
within the forbidden bandgap. The complex dielectric function
(𝜀*) of the solid is as follows[43]:

𝜀∗ = 𝜀1 + i𝜀2 = (n + ik)2 (7)

Figure 11. Pure and boron-doped CdS skin depth graph on ITO substrate.
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Figure 12. The real part of the dielectric constant for pure and boron-
doped CdS.

here 𝜀1 is the real part of the dielectric constant, that is, the energy
stored in the solid and 𝜀2 is the imaginary part of the dielectric
constant associated with the dispersion energy in the solid. From
Equation (6), it can be obtained the following relations:[44]

𝜀1 = n2 − k2 (8)

𝜀2 = 2nk (9)

The 𝜀1 and 𝜀2 values for thin films were calculated using the
above equations and plotted as a function of 𝜆. 𝜀1 and 𝜀2 values
change with 𝜆 for all films in the same way. Figures 12 and 13
show the variation of the imaginary and real parts of the dielec-
tric constant of the pure and boron-doped CdS films against the
wavelength, respectively. As can be seen from the figures, the real
part of the dielectric constant was found to be higher than the
imaginary part. Similar results were observed for Cu-doped CdS

Figure 13. The imaginary part of the dielectric constant for pure and
boron-doped CdS.

reported by reference of.[45] The dielectric parameters depend on
the refractive index values increase due to improved film crys-
tallization and reduction of interatomic plane distances, as well
as lessening voids and crystal defects. A similar observation was
reported for sprayed Gd-doped CdS thin films.[46] It was evalu-
ated that the dielectric constants of the films could be changed
with the boron dopant. M. Shkir et al. investigated imaginary
and real parts of dielectric constants for pure and Pr-doped CdS
films over a broad wavelength range. They reported that these
constants showed oscillatory behavior in the higher wavelength
region.[47]

4. Conclusion

In this study, boron-doped and pure CdS semiconductor thin
films prepared by the electrodepositionmethodwere synthesized
and the structural and optical properties of these films were in-
vestigated. In light of the analysis carried out, it was observed that
the structural and optical properties of the films were strongly
dependent on the boron concentration. According to X-ray re-
flection peaks in different planes, the films were polycrystalline
over the entire examined boron additive concentration range. The
density of the peaks and their crystal orientation depend on the
boron dopant concentration. There is a decrease in the grain size
of the films in addition to boric acid concentration. According to
the absorption spectra of pure and boron-doped CdS films, it is
seen that the films have low absorption in the 550–700 nm wave-
length range. The films in the visible area have a very transpar-
ent structure. Micrographs show a uniform film structure with
distinct grain boundaries. The boron atoms can affect the grain
size. The surfacemorphology of the films is largely dependent on
the boric acid concentration. EDX pattern for films contains cad-
mium, sulfur, and boron.With these spectra, it has been seen that
there are expected elements in solid films. By using the absorp-
tion spectrumof CdS:B semiconductor films, the optical bandgap
energies of the films were determined. Since the particle size of
the films decreased with the excess of boron doping, the optical
bandgap of these films increased. It has been determined that
the optical bandgap of the excessively boron-doped CdS films is
wider than that of the pure CdS films. These results emphasize
the importance of the effect of dopant concentration on optical
behavior. The wide bandgap is important for the window layer
in solar cell applications. Consequently, the use of boron-doped
CdS semiconductor thin film will be important in solar cell ap-
plications.
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[23] E. Erdoğan, Indian J. Phys. 2019, 93, 1313.
[24] B. Lohitha, S. Thanikaikarasan, S. R. Marjorie, Mater. Today: Proc

2020, 33, 3068.
[25] K. Erturk, M. Isik, M. Terlemezoglu, N. M. Gasanly,Opt. Mater. 2021,

114, 110966.
[26] D. Boosagulla, S. Mandati, R. Allikayala, B. V. Sarada, Thin Solid Films

2022, 741, 139011.
[27] A. M. Elbarbary, M. Bekhit, F. I. A. El Fadl, R. Sokary, J. Inorg.

Organomet. Polym. Mater. 2022, 32, 383.
[28] J. Maricheva, S. Bereznev, N. Maticiuc, O. Volobujeva, J. Kois, Elec-

trochim. Acta 2017, 242, 280.
[29] A. S. Hassanien, A. A. Akl, Appl. Phys. A 2018, 124, 752.
[30] E. Erdogan, Surf. Rev. Lett. 2021, 28, 2150081.
[31] K. V. Chandekar, M. Shkir, T. Alshahrani, A. Khan, S. AlFaify, Chin. J.

Phys. 2020, 67, 681.
[32] C. Liu, Y. Yuan, X. Zhang, J. Su, X. Song, H. Ling, Y. Liao, H. Zhang,

Y. Zheng, J. Li, Nanomaterials 2020, 10, 1887.
[33] A. J. Jebathew, M. Karunakaran, R. Ade, N. D. Jayram, V. Ganesh,

Y. Bitla, S. Vinoth, H. Algarni, I. S. Yahia, Opt. Mater. 2021, 117,
111177.

[34] E. Yücel, S. Kahraman, Ceram. Int. 2015, 41, 4726.
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