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Abstract. In this study, a CdTe thin film was formed on glass/indium tin oxide (ITO) substrate at room temperature

using electrodeposition. The film was then annealed at 300�C to investigate its effect on the film’s optical, morphological,

structural and electrical properties. A CdSe thin film was then electrodeposited at room temperature on the annealed p-

type glass/ITO/CdTe film. The two films were prepared at room temperature without precursors or additives, using very

low concentrations of chemicals. This significantly reduces the cost of production and minimizes its environmental

impact. The as-deposited and annealed glass/ITO/CdTe thin film and glass/ITO/CdTe/CdSe heterojunction thin film were

characterized using UV–vis spectrometer, scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray

diffraction and Hall effect measurement system. The results showed that p-CdTe/n-CdSe heterojunction thin film was

nanostructured and polycrystalline. This film can be important for solar cells due to its charge carrier density

(1.95 � 1020 cm–3), resistivity value (2.42 � 10–3 X-cm), and appropriate optical bandgap (1.64 eV) meeting the solar

spectrum.

Keywords. Electrodeposition; semiconductor thin film; optical properties; electrical properties; structural

characterization.

1. Introduction

Currently, global energy demand stands at 13 TW and is

expected to rise by almost 60% by the middle of the cen-

tury. Owing to the lack of sufficient fossil fuel resources, it

is not possible to satisfy this need. Solar energy is thus an

attractive source as it is readily available and renewable [1].

In recent years, research has focused on improving the

performance of solar cells by using CdTe and CdSe

heterojunction techniques. Heterojunction solar cells have

p–n junctions that combine two regions of a semiconductor

with different concentrations of holes and electrons [2,3].

Semiconductor thin films of II–VI compounds (CdTe,

CdSe, CdS, ZnS, etc.) are important in solar cell applica-

tions due to their absorption in the visible region of the solar

spectrum [4,5]. In particular, CdTe and CdSe semiconduc-

tors with a direct bandgap of 1.45 eV [6,7], 1.72 eV [2,8]

and high absorption coefficient are highly suitable materials

for photovoltaic applications. Just a few micrometres of

semiconductor thin film is sufficient to absorb incoming

light [9,10]. Essential parameters in the manufacture of

photovoltaic semiconductor films include low cost, high

performance and easy applicability over large areas [11,12].

A variety of production techniques have been used to obtain

CdTe and CdSe thin films, such as spray pyrolysis [13],

closed space sublimation [14], thermal evaporation [3,15],

chemical bath deposition [8,16] and electrodeposition

[17,18]. Among these techniques, electrodeposition is an

essential method because the film’s morphological, struc-

tural and electrical properties can be easily controlled by

concentration, pH, temperature, current and potential. In

addition, electrodeposition allows control of nanoparticle

size [11,19]. While a range of techniques has been used to

produce CdTe/CdSe heterojunction solar cells

[2,3,12,14,15,20–22], just a few studies [11,17,23–25] have

used electrodeposition at room temperature.

Cathodic electrodeposition of CdTe in an aqueous med-

ium is performed in acidic conditions [26–28]. The overall

reaction for the formation of CdTe is as follows:

Cd2þ þ HTeOþ
2 þ 3Hþ þ 6e� ! CdTe þ 2H2O

The cathodic electrodeposition of CdSe is performed in

an aqueous medium in acidic conditions [29]. The overall

reaction for the formation of CdSe is as follows:

Cd2þ þ H2SeO3 þ 4Hþ þ 6e� ! CdSeþ 3H2O

In this study, the p-CdTe/n-CdSe heterojunction was

formed using a constant cathodic current density of 1 mA

cm–2 by the galvanostatic method on glass/indium tin oxide

(ITO) substrates at room temperature (25 ± 2�C) without
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any additives. The p-CdTe/n-CdSe heterojunction was then

characterized in terms of its optical, structural, composi-

tional, morphological and electrical properties.

2. Experimental

The deposition solutions used to form the CdTe and CdSe

thin films were prepared with 99% cadmium chloride

anhydrous (Acros) for the Cd source, 99% tellurium(IV)

oxide (Acros) for the Te source, 98% selenium dioxide

(Sigma) for the Se source, 37% hydrochloric acid (Merck)

to adjust the pH, and ultrapure water. No precursors or

additives were used, such as nitrate [30], Na2SO4 [31],

CdCI2 and CdF2 [32–34], 1-butyl-3-methylimidazolium

chloride [35], cetyltrimethylammonium bromide (CTAB)

[36] for electrodeposition of the thin films.

Electrodeposition was carried out at room temperature

using CHI 660D electrochemical workstation with a three-

electrode system by the galvanostatic method. An ITO-

coated glass (surface resistivity 8–12 X sq–1) was used as

the working electrode, a platinum sheet was used as the

counter electrode and Ag/AgCI (3.5 M KCI) was used as

the reference electrode for the electrodeposition set up.

2.1 Electrodeposition of CdTe and CdSe thin films

The CdTe thin film was electrodeposited on the ITO/glass

substrate in a solution of 0.1 M CdCI2 and 0.1 mM TeO2,

pH adjusted to *2 with HCl. A current of 1 mA cm–2 was

used for 1 h for deposition. The electrodeposition was

repeated twice on the same substrate and the electrolyte

was refreshed each time. Before and after deposition, the

substrate was cleaned with ethanol, propanol, acetone, and

ultrapure water, and then dried with an air dryer. Fol-

lowing deposition, the glass/ITO/CdTe thin film was

annealed at 300�C in a normal air atmosphere using a

Protherm Furnace.

The CdSe thin film was deposited on an annealed glass/

ITO/CdTe substrate from a solution of 0.1 M CdCI2 and 0.1

mM SeO2, pH adjusted to *2 with HCl, using a current

density of 1 mA cm–2. The electrodeposition was repeated

two times for an hour on the same substrate and the elec-

trolyte was refreshed each time. Before the electrodeposi-

tion of CdSe on glass/ITO/CdTe, the CdSe films were

fabricated on the glass/ITO substrate to determine the

appropriate electrodeposition conditions.

2.2 Characterization of the CdTe and CdTe/CdSe thin
films

The transmission spectra of all the films were measured using

aUV–visible spectrophotometer (ShimadzuUV-1700)with a

wavelength range of 190–1100 nm. The optical bandgap of

the films was determined from the transmission spectra. The

X-ray diffraction (XRD) patterns were obtained by the

Rigaku Smart Lab X-ray diffractometer using CuKa radia-

tion (k = 1.54 Å). The information on the surface morphology

of the films was recorded with a Zeiss-Supra 55 FE-SEM

(field emission scanning electron microscopy) and the

chemical composition of the films was identified with the

energy-dispersive X-ray spectroscopy (EDX). The resistiv-

ity, carrier concentration and mobility of the films were

determined at room temperature in aVan der Pauw four-point

probe configuration, using gold contacts with a magnetic

induction of 0.54 T by the Hall effect measurement system

(HMS-3000).

3. Results and discussion

3.1 Morphological properties

The surface properties were analysed using a scanning

electron microscope (SEM). Figure 1 shows the SEM

images of the as-deposited and annealed glass/ITO/CdTe

films at various magnifications. From the images of (a) as-

deposited and (b) annealed at 300.00 KX, the grain sizes are

around 20–40 nm. After annealing, the grain boundaries

have become noticeable, while the grain structures have

become more spherical. A smooth, uniform and crack-free

surface with spherical grains can also be seen in the SEM

images of (c) as-deposited and (d) annealed glass/ITO/CdTe

thin films at 50.00 KX magnification. Furthermore,

annealing has not introduced any fractures or cracks. By

EDX analysis, the atomic percentage of the nanosized glass/

ITO/CdTe film was determined. This indicates that the film

is rich in tellurium. The atomic percentages of Cd and Te

were 41% and 59%, respectively.

Figure 2 shows the surface images of the heterojunction

obtained by CdSe deposited on the glass/ITO/CdTe substrate

at magnifications of (a) 300.00 KX and (b) 50.00 KX. The

glass/ITO/CdTe/CdSe film grain sizes are*30 nm, while the

film is smoothly covered without any surface pinholes and

there are no cracked or broken areas on the surface. The

atomic percentages of the film, determined by EDX analysis,

are 44%Cd, 53% Se and 3% Te. Figure 3 shows the chemical

composition of the CdTe/CdSe thin film. The film is sele-

nium-rich with a small amount of tellurium.

3.2 Structural properties

The structural characterization of the nanostructured thin

films was determined using XRD. Figure 4 illustrates XRD

patterns of as-deposited and annealed glass/ITO/CdTe

films. The diffraction peaks of the films matched with the

reference cards [37–42] of the Joint Committee on Powder

Diffraction and Standards (JCPDS). They were determined

to be polycrystalline, consisting of cubic (C) and hexagonal
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(H) phases. The characteristic diffraction peaks of the

as-deposited and annealed films show annealing changes in

the structure of the CdTe thin film. Specifically, after

annealing in a normal air atmosphere at 300�C, the (111)

and (200) peaks of the cubic phase disappear, whereas the

intensity of the other peaks increases This increase in

Figure 1. Surface images of (a–c) as-deposited and (b–d) annealed glass/ITO/CdTe thin films at 300.00 and 50.00 KX

magnifications, respectively.

Figure 2. Surface images of glass/ITO/CdTe/CdSe film at (a) 300.00 and (b) 50.00 KX magnification.
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diffraction peak intensity following annealing indicates that

the film’s crystal structure has been improved.

The following structural properties of the films were

investigated: crystallite sizes, dislocation density, the

number of crystallites per unit surface area and strain val-

ues. The crystallite sizes were calculated using the Scherrer

equation,

Dhkl ¼
Kk

bcosh
; ð1Þ

where K is a constant taken as 0.9, b is FWHM (half-

maximum width) in radians, k the wavelength of the X-ray

used, and h the Bragg angle. The XRD data were used to

calculate dislocation density (d ¼ 1=D2
hkl), the number of

crystallites per unit surface area (N ¼ d=D3
hkl, where d is the

film thickness) and strain value (e ¼ bcosh=4). All param-

eters were calculated for the as-deposited and annealed

CdTe film. Table 1 shows the data calculated (220) C

diffraction peaks. The same peaks were also investigated in

the as-deposited and annealed glass/ITO/CdTe films. This

showed that, after annealing, the half-maximum width

(FWHM) decreased while the crystal size increased. Con-

sequently, there were reductions in dislocation density, the

number of crystallites per unit surface area and film strain.

Figure 5 shows the XRD patterns of the electrodeposited

CdSe film on annealed glass/ITO/CdTe. The structure of the

CdTe/CdSe was determined by the XRD pattern that cor-

responded to the JCPDS reference cards [43,44] like a

mixed hexagonal and cubic crystal structure. The glass/ITO/

CdTe/CdSe film’s crystallite size, dislocation density,

number of crystallites per unit surface area, and strain value

were also calculated with the XRD data. Table 1 shows the

determined CdTe/CdSe film parameters using the (002) H

diffraction peak.

3.3 Optical properties

The films’ optical transmission properties were measured at

room temperature in the wavelength range of 300–1100 nm.

Film thicknesses were calculated by determining the

transmission interferences in the transmission spectrum

using the following equation:

d ¼ k1k2
2nðk2 � k1Þ

� �
; ð2Þ

where d is the film thickness, n is the refractive index, and

k1 and k2 are the wavelengths at the two adjacent maxima

Figure 3. EDX analysis results for glass/ITO/CdTe/CdSe thin film.

Figure 4. XRD patterns for as-deposited and annealed

glass/ITO/CdTe film.
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(or minima) [45]. The optical bandgaps (Eg) were deter-

mined by the Tauc equation,

ðahmÞ ¼ Aðhm� EgÞn; ð3Þ

where A is a constant parameter, a is the absorption coef-

ficient, hm is the photon energy and n indicates the type of

optical transitions (n = 1/2 indicates direct transition while

n = 2 indicates indirect transition) [46]. n is 1/2 as CdTe and

CdSe show direct optical transition. From the plot of ðahmÞ2
vs. hm, the optical bandgap energy (Eg) was found where the

linear portions were extrapolated to the energy axis at a = 0.

Figure 6 shows the transmission spectrums of the

as-deposited and annealed glass/ITO/CdTe films. The

thickness of the thin film was calculated to be *360 nm

using equation (2) and figure 6. Figure 7 shows that the Eg

of the as-deposited and annealed glass/ITO/CdTe films were

1.42 and 1.35 eV, respectively. According to the expected

Table 1. Structural properties of the as-deposited glass/ITO/CdTe, annealed glass/ITO/CdTe and glass/ITO/CdTe/CdSe films.

As-deposited glass/ITO/CdTe Annealed at 300�C glass/ITO/CdTe As-deposited glass/ITO/CdTe/CdSe

Crystal structure Cubic Hexagonal

(hkl) (220) (002)

FWHM (deg) 0.15 0.13 0.12

D
(nm)

56.55 65.75 67.91

d
(1014 line m–2)

3.13 2.31 2.17

N
(1022 m–2)

1.28 0.82 1.10

e
(10–4)

6.13 5.27 5.10

Figure 5. The XRD patterns of glass/ITO/CdTe/CdSe.

Figure 6. Graph of transmittance (T%) vs. wavelength for

as-deposited and annealed glass/ITO/CdTe.

Figure 7. a2 vs. photon energy of as-deposited and annealed

glass/ITO/CdTe.
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classic effect, annealing significantly changed the films’

optical properties. This is based on the principle that a

film’s atoms move to where they can reach the most ther-

modynamically stable structure under the effect of anneal-

ing. In addition, annealing can correct other defects in the

solid such as irradiation, surface energy states and voids.

We also observed the expected annealing effects. In par-

ticular, annealing increased film transmittance and

decreased the optical bandgap by about 0.07 eV from the

a2–hm graphs.

We also investigated the optical transmission and optical

bandgap of the glass/ITO/CdTe/CdSe thin film. Figure 8

shows the film’s transmission spectrum. The film thickness

was calculated to be *440 nm using equation (2) and

figure 8. The optical bandgap of the CdTe/CdSe film was

determined to be 1.64 eV from figure 9. This value is close

to the bandgap of 1.74 eV for bulk CdSe thin film.

3.4 Electrical properties

Using the Van der Pauw method, the electrical properties of

the films were investigated at room temperature using a Hall

effect measurement device. The measurements were per-

formed on four corners of the films by producing ohmic

contacts. The magnetic field magnitude and current values

were 0.54 Tesla and 1 mA, respectively. The Hall effect

measurement provided information about film resistivity

(X-cm), mobility (cm2 Vs–1), carrier density (cm–3) values

and carrier type using equation (4). The conductivity of

semiconductors is given by:

r ¼ q nln þ plp
� �

; ð4Þ

where ln and lp refer to the mobilities of the electrons and

holes, and n and p refer to the density of electrons and holes,
respectively. Table 2 shows the resistivity (X-cm), mobility

(cm2 Vs–1), carrier density (cm–3) values and carrier type

for the as-deposited glass/ITO/CdTe, annealed glass/ITO/

CdTe and glass/ITO/CdTe/CdSe films. Following annealing

Figure 8. Graph of transmittance (T%) vs. wavelength for

glass/ITO/CdTe/CdSe.

Figure 9. a2 vs. photon energy of glass/ITO/CdTe/CdSe.

Table 2. Hall effect measurements of as-deposited glass/ITO/CdTe, annealed glass/ITO/CdTe and glass/ITO/CdTe/CdSe films.

Glass/ITO/CdTe Glass/ITO/CdTe Glass/ITO/CdTe/CdSe

Annealed temperature (�C) As-deposited 300 As-deposited

Eg (eV) *1.42 *1.35 *1.64

Carrier density (cm–3) 2.15 9 1019 2.65 9 1020 1.95 9 1020

Mobility (cm2 Vs–1) 5.47 9 102 4.55 9 101 5.35 9 101

Resistivity (X-cm) 5.32 9 10–4 5.17 9 10–4 2.42 9 10–3

Carrier type n p n
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at 300�C, the carrier type of the as-deposited CdTe changed

from n-type to p-type because the film’s atoms adopted a

more thermodynamically stable structure, as explained

above in the section on optical properties. Table 2 also

shows that annealing increased the carrier density of the

glass/ITO/CdTe but reduced resistivity and mobility. The

resistivity of the as-deposited and annealed films were 5.32

9 10–4 X-cm and 5.17 9 10–4 X-cm, respectively, which

was very low compared to previous [11,24,47] studies.

Previous studies report n-type single-crystal CdTe carrier

concentrations ranging from 6 9 1014 to 2 9 1018 cm–3,

depending on high purity and doped [11,48–50]. For high-

efficiency solar cells, the carrier density value should be

higher than 1020 cm–3 [51]. In this study, annealing

increased the carrier density values for the glass/ITO/CdTe

film from 2.15 9 1019 cm–3 to 2.65 9 1020 cm–3. The glass/

ITO/CdTe/CdSe thin film was determined as n-type, thus

obtaining the p–n heterojunction. This is a desirable out-

come because we aimed to build a p–n heterojunction with

the p-CdTe/n-CdSe film.

4. Conclusions

In this study, room-temperature electrodeposition was

used to create glass/ITO/CdTe and glass/ITO/CdTe/CdSe

thin films of *360 and *440 nm, respectively. The SEM

images indicated that the grain sizes of the films were in

the range of 20–40 nm with smooth, uniform and crack-

free surfaces comprised of spherical grains. The mor-

phological investigations indicated that the CdTe and

CdSe nanoparticles were Te-rich and Se-rich, respec-

tively. The films were formed smoothly on the surface

without cracks or fractures. The glass/ITO/CdTe thin film

obtained by electrodeposition was n-type. The effect of

annealing on the CdTe thin film was investigated.

Annealing at 300�C in a normal air atmosphere had

numerous effects. It converted the film’s conductivity

from n-type to p-type. In addition, the Eg of the film

changed from 1.42 to 1.35 eV, carrier density increased

from 2.15 9 1019 to 2.65 9 1020 cm–3, and the poly-

crystalline structure changed. Finally, the half-maximum

width decreased and, the crystal size increased, which

decrease the dislocation density, the number of crystal-

lites per unit surface area, and strain. To form the CdTe/

CdSe heterojunction, a CdSe thin film was electrode-

posited on the glass/ITO/CdTe film. The CdSe thin film

was n-type according to electrical measurements. Thus,

the p-CdTe/n-CdSe heterojunction was formed and the

resistivity of CdTe/CdSe heterojunction thin film was

measured as 2.42 9 10–3 X-cm. While the Eg of the film

was 1.64 eV, which is close to the bandgap of 1.74 eV for

bulk CdSe thin film. Taken together, these results

demonstrate that a glass/ITO/CdTe/CdSe heterojunction

thin film obtained by room-temperature electrodeposition

method is a significant material for solar cells with its

cost and environmental benefits.
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