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MATERIALS
CHEMISTRY AND
PHYSICS

ELSEVIER Materials Chemistry and Physics 49 (1997) 160-163
Electrodeposition of CdS from non-aqueous bath
S.J. Lade, C.D. Lokhande
Thin Film Physics Laboratory, Department of Physics, Shivaji University, Kolhapur 416004, India
Received 17 June 1996; revised 8 January 1997; accepted 8 January 1997
Abstract

CdS thin films have been prepared from non-agueous solvent using electrodeposition technique. Na,S,0;, CdS0O, and EDTA (ethylene-
diaminetetra~acetic acid tetrasodinm salt) were dissolved in ethylene glycol (EG) and structural and optical properties of CdS films have
been studied. The X-ray diffraction showed that CdS films are polycrystalline in nature, with single hexagonal phase. Optical absorption

showed that bandgap of CdS is 2.45 eV.

Keywords: Electrodeposition; CdS films; Structural properties; Optical propertics; Room temperature

1. Introduction

Cadmium sulphide is a medium bandgap (2.42 eV) sem-
iconductor material, having an absorption coefficient of 10*—
10° em ™!, widely used in solar cells as well as optoelectronic
and photoconductive devices [ 1]. Thin polycrystalline films
of CdS are widely used in the fabrication of various devices
including solar cells. The efficiency of solar cells is found to
be improved with an increase in the conductivity of the CdS
films.

A variety of deposition techniques have been reported in
the literature for the preparation of CdS films, including
anodic oxidation {2,3], cathodic reduction {4], and deposi-
tion from an aqueous solution containing a soluble metal salt
and sulphur compounds. Recently, the cathodic electrodep-
osition of cadmium sulphide from a non-aqueous solution
bath has been developed. CdS films have been prepared by
electrodeposition using elemental sulphur {5-8] or triphen-
ylstibine sulphide [9] as a sulphur source in dimethy] sul-
phoxide (DMSO), dimethyl formamide {(DMF), diethylene
glycol (DEG) or ethylene glycol (EG) as the solvent at bath
temperatures between 100 and 140°C.

The aim of the present work is to study the structural and
optical properties of CdS thin films electrodeposited from a
non-aqueous solution bath consisting of sodium thiosulphate
as a sulphur source in ethylene glycol solution.

0234-0584/97/%$17.00 © 1997 Elsevier Science S.A. All rights reserved
PiIS0254-0584(97)01881-6

2. Experimental

It has been observed that Na,S,0; and EDTA are com-
pletely soluble in ethylene glycol, but CdSO, forms a white
precipitate. When Na,S,0;, CdSO, and EDTA are mixed
together the resultant solution becomes completely transpar-
ent. Before inserting the substrates (stainless steel and tita-
nium) in the electrolyte, which is kept at 90°C in an oil bath,
the substrates were polished with smooth polish paper and
cleaned with doubly distilled water. In order to remove the
oily subsirate surface, cleaned substrates were etched in 10%
H,SO, for 2 min then ultrasonically cleaned with doubly
distilled water. Indium tin oxide (ITO) coated glass sub-
strates were cleaned with boiled chromic acid for 30 min then
cleaned with laboline solution and finally uitrasonically
cleaned with double distilled water.

The CdS films have been prepared from 0.5 M Na,S,0;,
0.05 M CdSO,, 0.1 M EDTA in ethylene glycol solution on
stainless steel, titanium and ITO coated glass substrates.
Good quality CdS films have been deposited at current den-
sities of 0.5 mA cm™? for ITO coated glass substrates,
1 mA cm~? for titanium and 1.5 mA cm ~ 2 for stainless steel
substrates each of size 2X 1 cm using a constant current
source. Graphite of size 2.5 X 2.5 cm was used as the anode.
The deposition bath temperature was 90°C, the pH 8 and the
deposition time 90 min. Deposition potentials were estimated
from polarization curves. Effects of bath temperature on dep-
osition potentials was studied. The optical absorption studies
were carried out with a UV-VIS-NIR spectrophotometer
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Fig. 1. Polarization curves for (1) 0.5 M NayS,0s, (2) 0.05 M CdSO, and
(3) 0.5M (8cm®) Nay$,05+0.05 M (2 em®) CdSO,+0.1 M (5 cm?)
EDTA onto titanium substrates.

(Hitachi, model 330). The XRD patterns were obtained by
using Philips diffractometer model PW-1710. '

3. Results and discussion

3.1. Deposition potential

Deposition potential depends upon the temperature of the
bath, the nature of the substrate, the pH of the solution bath,

Table 1

the complexing agent concentration and the metallic ion con-
centration. The cathodic polarization curves obtained for
0.5M Na,$,0;, 005M CdSO, and 05M (8cm?)
N2,5,0;+0.05M (2 cm®) CdSO,+0.1 M (5 cm®) EDTA
for titanium substrates at 90°C are shown in Fig. 1. Estimated
deposition potentials from polarization curves for different
substrates at 90°C are as shown in Table 1. From Table 1 it
is observed that the deposition potentials of Cd and S are
different for different substrates. Also the deposition potential
of CdS lies between those of Cd and S. Such results have
been explained previously for other metals sulphide systems
[10].

3.2. Effect of temperature

Temperature is a very important parameter for the prepa-
ration of CdS films in a non-aqueous medium by electrodep-
osition, because the quality of the deposit was found to be
independent of sulphur and cadmium ion concentrations, but
the deposit characteristics depend on the bath temperature
[11].

The effect of bath temperature on deposition potential in
the temperature range 60-110°C using stainless steel, tita-
nium and ITO coated glass substrates as cathodes was studied.
Estimated deposition potentials for different temperatures on
different substrates are given in Table 2. The polarization
curves for stainless steel substrates at different bath temper-
atures are shown in Fig. 2. From Table 2 it is observed that,
as the deposition bath temperature increases, the deposition
potential decreases. Generally a rise in temperature increases
the grain size. The increase in grain size corresponds to a
decrease in polarization potential at higher temperature [ 12].

Estimated deposition potential from the polarization curves for different substrates at 90°C

Sr. no. Bath composition Deposition potential (V/SCE) for the folloWing substrates
Stainless steel Titanium ITO coated glass

1 0.5 M Na,S,0; L -1.13 —-1.40 -1.28

2 0.05 M CdSO, -0.62 ~0.50 —0.45

3 0.5M (8 cm®) Na,S,0;+0.05 M (2 em®) CdSO, +0.1 M (5 cm®) EDTA —-0.94 -1.13 —0.86

Table 2

Effect of bath temperature on deposition potential for bath composition 0.5 M (8 cm®) N2,3,0; +0.05 M (2 cm®) CdSO, + 0.1 M (5 ecm®) EDTA for different

substrates

Temperature (°C) Deposition potential (V/SCE)

Observations

ITO coated glass

Stainless steel Titanium

25 (RT) —1.23 —1.49 -1.23 No deposition

60 —-1.14 —1.38 —1.17 Non-uniform less adherent

70 - 1.07 -1.36 ~1.14 Non-uniform less adherent

80 —1.04 —1.22 —1.00 Smooth very thin non-uniform

90 —0.98 —1.13 —0.88 Uniform yellow adherent
100 -0.92 -1.10 —0.70 Uniform, yellow some visible cracks
110 —0.84 -1.06 —0.66 Very thin visible cracks
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Fig. 2. Polarization curves for 0.5 M (8 cm®) Na,8,0;+0.05M (2 cm®)
CdSO,+0.1 M (5 cm®) EDTA onto stainless steel substrates at different
temperatures. (1) 25°C, (2) 60°C, (3) 70°C, (4) 80°C, (5) 90°C, (6)
100°C and (7) 110°C. .

The increase in temperature dissociates the complex [13]
and hence the concentration of simple ions increases, leading
to the discharge of ions at a lower potential. Also the rise in
temperature of the bath enhances the rate of diffusion and
increases the ionic mobilities and hence the conductivity of
the bath [14]. Table 2 shows that the films deposited below
90°C are non-uniform in nature.

3.3. X-ray diffraction

Electrodeposition of CdS has been carried out from aque-
ous and non-aqueous solution baths. CdS films prepared from
aqueous solation at room temperature (RT) show mixed,
cubic and hexagonal phases [15]. CdS films prepared from
a non-aqueous solution bath at 90-140°C are polycrystalline
in nature with only the hexagonal phase which is necessary
for better results in solar cells.

Structural properties of the CdS films were studied by X-
ray diffraction. Fig. 3(a) shows the XRD of CdS films depos-
ited on stainless steel substrates from the bath 0.5 M
Na,S,0;+0.05 M CdSO, +0.1 M EDTA in ethylene glycol
solution. X-ray diffraction patterns in Fig. 3(a) shows that
CdS films are polycrystalline in nature with orientations along
the (002), (110) and { 105) planes parallel to the substrates.
These peaks correspond to the hexagonal phase. Some peaks
of the stainless steel substrate are also observed which may
be because of the very low film thickness. Fig. 3(b) shows
the X-ray diffraction pattern of CdS deposited on ITO coated
glass substrates. The X-ray diffraction pattern showed that

INTENSITY (CPS)

30 50 70 90

20 (deg)

Fig. 3. X-ray diffraction pattern for CdS film deposited on (a) stainless steel
substrate, {b) ITO coated glass substrate.

CdS films are polycrystalline with (002), (200) and (105)
planes corresponding to CdS hexagonal phase. The hump
may be due to the substrate as the film is very thin.

3.4. Optical absorption

Optical absorption studies of CdS films were carried out
in the wavelength range 350-850 nm employing a UV-VIS-
NIR spectrophotometer { Hitachi, model 330), for CdS films
deposited on ITO coated glass substrate and stainless steel
substrates. In order to estimate the bandgap energy £, of the
CdS, a plot of (ahv)? versus hv is plotied and is shown in
Fig. 4. The direct bandgap of CdS is determined by extrap-
olating the straight line to the energy axis and it is found to

=
bl 42
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- 2.8 2:6
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- ®o
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£ 20 18{:‘
1.2 1.0
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;7

6 2.4 32 40
hy (ev)
Fig. 4. Plot of (h»)? vs. Av for determination of bandgaps of CdS film

deposited on {a) ITO coated glass substrate, (b) stainless steel substrate at
90°C.
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be 2.45 eV, The value is in good agreement with the reported
value [7].

4. Conclusions
From the above study it is concluded that hexagonal CdS

films can be electrodeposited onto various substrates from
non-aqueous bath using ethylene glycol as a solvent at 90°C.
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Abstract

Thin films of CdS have been electrodeposited from an acidic bath using CdSO,, Na,S,0; and EDTA at pH 5 to 6 on to the stainless steel
and fluorine—tin oxide (FTO) coated glass substrates. The structural, optical and photoelectrochemical properties of these films have been
studied. An X-ray diffraction study revealed that CdS films deposited at 70°C are polycrystalline with a single hexagonal phase. The optical
absorption studies showed that the bandgap of CdS is 2.42 eV. In order to increase the conductivity, the as-deposited films were annealed in
a nitrogen atmosphere. CdS films deposited on to stainless steel substrates showed better /. and V. as compared to FTO coated glass

substrates. © 1998 Elsevier Science S.A. All rights reserved.

Keywords: Electrodeposition; Thin films

1. Introduction

Polycrystalline thin films of CdS have received consider-
able attention during recent years because of their proven and
potential applications in a variety of semiconducting devices
such as solar cells, transistors, light activated valves, etc. [ 1].
The conversion efficiencies of the photoelectrochemical
(PEC) cells with configuration CdS/NaOH-Na,S-S/Chave
been reported {2,3]. The efficiency of these cells were found
to improve with an increase in electrical conductivity of the
CdS films [4,5].

Electrodeposition is an attractive method for the prepara-
tion of thin films, the main advantage being the easy control
of growth rate through electrical quantities. This method has
been successfully employed for the deposition of thin films
of elementary, binary and ternary semiconductors [6].

The aim of the present paper is to electrodeposit CdS thin
films in aqueous acidic solution on to stainless steel and
fluorine—tin oxide (FTO) coated glass substrates, and to
report on structural, optical and photoelectrochemical prop-
erties of the as-deposited and annealed films.

* Corresponding author. Tel.: +91 0231 655591, fax: +91 0231 656133.

0254-0584/98/$19.00 © 1998 Elsevier Science S.A. All rights reserved.
PIIS0254-0584(97)02071-3

2. Experimental
2.1. Sample preparation

Thin films of CdS have been electrodeposited from the
electrolyte containing 0.5 M Na,S,0; as a sulphur source,
0.05 M CdSO, as a cadmium source and 0.1 M EDTA as a
complexing agent. Preparative parameters such as complex-
ing agent, current density, bath composition, temperature and
pH of the bath, etc., are optimized as reported elsewhere [7].
The stainless steel substrates were polished with soft polish
paper, degreased in acetone and ultrasonically cleaned with
double distilled water before use. The FTO coated glass sub-
strates were cleaned in boiled chromic acid for 15 min,
washed with laboline solution, rinsed in acetone and finally
ultrasonically cleaned with double distilled water before use.
A conventional three-electrode cell was used to obtain dep-
osition potential. A saturated calomel electrode was used as
the reference electrode and graphite as a counter electrode.
The CdS films were cathodically deposited on to stainless
steel and FTO coated glass substrates at 9 mA cm™? and
2.5 mA cm™? respectively, using constant current source at
different temperatures. The temperature was constant
(£ 1°C) during each electrodeposition, so the bath was first
thermostatted at the required temperature.
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Table |

Estimated deposition potentials for different composition and substrates at room temperature (27°C)

Sr. No. Bath composition Deposition potentials V/SCE for
Stainless steel substrate FTO coated glass substrate
1 0.5 M Na,S,04 -1.32 —-1.44
2 0.05 M CdSO, -0.80 -0.70
3 0.5M (8 cc) Na,S,0;+0.05 M (2 cey CdSO, —1.08 —-1.38
4 0.5M (8 cc) Na,S,0,+0.05M (2 ce) CdSO,+0.1 M (20 cc) EDTA —-0.68 -1.3%

The annealing treatments to the films are given in a tube
furnace under a nitrogen atmosphere.

2.2. Sample characterization

Deposition potentjals were determined from polarization
curves. The effects of temperature and pH on the deposition
potential were studied. The optical absorption studies were
carried out with a UV-VIS-NIR spectrophotometer ( Hitachi
model-330). X-ray diffraction patterns were obtained using
a Philips X-ray diffractometer model PW-1710. Photoelec-
trochemical cells were fabricated using CdS deposited on to
stainless stee] and FTO coated glass substrates as photoanode,
polysulphide as an electrolyte and graphite as a counter elec-
trode. The cell performance was evaluated by measuring the
open circuit voltage (V) and the short circuit current (/)

under the illumination of 37 mW cm ™%

V,(volt )/ SCE
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3
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3
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1
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Fig. 1. Polarization curves for (1) 0.5 M Na,S,0;, (2) 0.05 M CdSO,, (3)
0.5M (8 ce) Na;S,0;+0.05M (2 cc) CdSO,, (4) 0.5M (8 cc)
Na,$,0;+0.05 M (2 cc) CdSO,+ 0.1 M (20 cc) EDTA. When (a) stain-
less steel substrate (~+~ [, 2, 3, 4) and (b) FTO coated glass substrate
(- =1,2,3,4) respectively were used.

3. Results and discussion
3.1. Deposition potential

In order to determine deposition potentials, the cathodic
polarization curves were obtained for 0.5 M Na,S,0;,0.05 M
CdSO,, 0.5 M Na,S5,0;+0.05M CdSO, and for 0.5 M
Na,S,0;+0.05M CdSO,+0.1M EDTA. Fig. 1 shows
polarization curves for stainless steel substrate. By extrapo-
lating the straight line portion to voltage axis, the values of
deposition potential were determined, and are as shown in
Table 1. As in actual deposition, due to polarization, the
deposition potentials are always more negative than the stan-
dard reduction potential values. Also, inclusion of a com-
plexing agent shifts the deposition potentials in the negative
direction. However, hydrogen evolution starts at a much more
negative potential, therefore thick and uniform deposits were
obtained from the complexed bath. Similarly, the temperature
of the bath was varied between 20-90°C and the cathodic
polarization curves were obtained for reduction of CdS for
0.5M (8 cc) Na,S;0;+0.05M (2 cc) CdSO,+0.1 M (20
cc) EDTA bath. From the polarization curves the deposition
potentials were established and are shown in Table 2. It is
observed that as the bath temperature increases, deposition
potential decreases. According to theory, the deposition of
metals usually increases with increase in temperature, as
polarization decreases. Increase in the temperature of the bath
favours deposition of the materials due to the improved mass
transport of complexed species towards the cathode [8,9].

Table 2

Estimated deposition potentials at different temperatures on different
substrates for bath composition 0.5M (8 cc) Na,S,0;+0.05M (2 cc)
CdSO,+0.1 M (20 cc) EDTA

Sr. No. Temperature Deposition potentials V/SCE for
(°C) Stainless steel FTO coated glass
1 20 —1.05 —1.53
2 30 -0.67 - 135
3 40 —0.63 - 1.30
4 50 —-0.60 —-1.28 _
5 60 -0.57 —-1.20
6 70 -0.50 -1.17
7 80 -0.48 - 1.08
g 90 —-045 -1.02
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Table 3

Estimated deposition potentials at different pH values on different substrates
at room temperature (27°C) for the bath composition 0.5M (8 cc)
Na,;S,03+0.05 M (2 cc) CdSO,+0.1 M (20 cc) EDTA

Sr. No. pH values Deposition potentials V/SCE for
Stainless steel FTO coated glass
1 2 -0.19 —-0.60
2 3 -0.42 - 1.25
3 4 -0.61 - 1.30
4 5 —0.66 —1.36
5 6 -0.78 —1.42
6 7 - (.98 - 1.44
7 8 - 1.00 —1.48
8 9 ~1.01 - 1.50
9 10 -1.14 —1.53
10 [1 -1.23 —1.55

The cathodic polarization curves were obtained for the same
bath with different pH values and deposition potentials were
obtained for different substrates. as shown in Table 3. It is
observed that as the pH value of the electrolyte changes from
acidic to basic, the deposition potentials increase negatively
which is attributed to the more stable complex formed with
increasing pH. Similar types of observations are reported for
Sm deposition at different pH values [ 10]. Good quality CdS
films were obtained at pH 5.4 and temperature 70°C.

3.2. X-ray diffraction

X-ray diffraction patterns of the CdS film deposited on to
a stainless steel substrate at 27°C (room temperature), 60°C,
70°C and 80°C are shown in Fig. 2. The XRD spectra of the
CdS films deposited at room temperature show a mixed phase
similar to those reported by other workers [ 11,12]. However,
films deposited at 70°C are polycrystalline with a single hex-
agonal phase. The peaks at 26=26.7° correspond to diffrac-
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tion from (002) planes of CdS hexagonal phase. The
intensity of the same peak has higher values as compared to
CdS films deposited at room temperature, 60°C and 80°C.
As-deposited (at 70°C) CdS films were annealed at 200°C in
a nitrogen atmosphere for different times. X-ray diffraction
pattern of these films are shown in Fig. 3. The XRD studies
also show that the films that were annealed for 30 min has
better crystallinity as compared to the films annealed for 15
and 45 min. Comparison of observed d values with standard
ASTM data showed that the deposited material consists of
polycrystalline CdS films with a single hexagonal phase.

3.3. Optical absorption

Optical absorption studies of CdS films deposited on FTO
coated glass substrates are carried out in the wavelengthrange
350-850 nm, using a UV-VIS-NIR spectrophotometer. In
order to estimate the bandgap energy E, of the CdS film, the
plots (a@hv)? versus hv were plotted, as shown in Fig. 4(a).
The bandgap for CdS is determined by extrapolating the
straight line portion to the energy axis and it is found to be
2.42 eV. These results are in good agreement with the results
reported previously [13]. Fig. 4(b) shows the graph of
(ahv)? versus hv for CdS films deposited on fluorine~tin
oxide coated glass when annealed in a nitrogen atmosphere
at 350°C for 60 min. The bandgap of the annealed film is
2.46 eV. It is concluded that there is no significant change in
the bandgap energy after annealing the film.

3.4. Photoelectrochemical characterization

Photoelectrochemical cells using CdS as a photoanode can
be used as devices for the sustained conversion of low energy
visible light to electricity [14].

In the present investigation the photoelectrochemical cell
was formed using a CdS film that was electrodeposited on to
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Fig, 2. X-ray diffraction patterns of CdS film electrodeposited on to a stainless steel substrates: (a) at 70°C, (b) at 60°C, (¢) at 80°C, (d) at room temperature.
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Fig. 3. X-ray diffraction patterns of CdS films electrodeposited on stainless steel substrate at 70°C and annealed in nitrogen atmosphere at 200°C for (1)

30 min, (2) 15 min, 3) 45 min.
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Fig. 4. Plots of (ahv)? vs. kv for (a) as-deposited CdS films on FTO
coated glass substrates and (b) annealed at 350°C in nitrogen atmosphere
for 60 min.

stainless steel and FTO coated glass substrate as photoanodes,
graphite as a counter electrode and 1M NaOH-+1 M
Na,S+ I M § as electrolyte. The illumination intensity was
37mW em™ 2 CdS films deposited on to a stainless steel
substrate and annealed in nitrogen atmosphere at 200°C for
30 min gives better results (/,=15mAcm~™* and
Ve =260 mV ) compared to CdS films deposited on fluorine-
tin oxide coated glass and annealed at 350°C for I h.

4. Conclusions

CdS films have been electrodeposited using an aqueous
solution bath on to stainless steel and FTO coated glass sub-
strates. The XRD pattern indicates that CdS films deposited
at room temperatures show a mixed phase, however, films
deposited at 70°C show a single hexagonal phase and its
crystallinity enhances when annealed in a nitrogen atmos-
phere at 200°C for 30 min. The optical bandgap of CdS films
was estimated to be 2.42 eV. The CdS films deposited on to
a stainless steel substrate annealed in a nitrogen atmosphere
shows better photovoltaic activity than the FTO coated glass
substrates.
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Structural, optical and photoelectrochemical
properties of electrodeposited CdSe thin films
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Cadmium Selenide thin films have been electrodeposited from an acidic bath using CdSO, as
a cadmium source and SeO, as a selenium source at pH =3 on to stainless steel and fluorine-
tin oxide coated glass substrates. The CdSe films have been characterized by X-ray
diffraction, scanning electron microscopy and optical absorption. X-ray diffraction spectra
showed that CdSe is polycrystalline with single hexagonal phase. The intensity of the (002)
peak increases remarkably by annealing in nitrogen atmosphere. A microstructural study
revealed that the films were uniform and well covered the substrate. Optical absorption
studies showed that the bandgap of the CdSe is 1.70eV. It is observed that the conductivity of
the CdSe films increases by annealing in nitrogen atmosphere. The photoelectrochemical
activities of CdSe films deposited on stainless steel and fluorine-tin oxide coated glass have
been studied by using CdSe/ 1M NaOH-1M Na,S-1MS / C cell configuration and it is found
that films deposited on stainless steel give better performance, photoelectrochemical (PEC)

studies also reveal that the CdSe has n-type conductivity.

1. Introduction
Among the II-VI compounds, cadmium selenide is a
promising semiconductor material for fabrication of
heterojunction solar cells and photoelectrochemical solar
cells [1]. Because of their suitable bandgap and high
photosensitivity in the visible range of the solar
spectrum, these materials can be advantageously used
for low cost applications. Many workers [2,3] have
studied the growth conditions of thin films for use in
device fabrication. Samarth et al. [4] studied the
crystalline structure of CdSe in the wurtzite form.
Wynands and Cocivera [5] studied the carrier transport
properties of electrochemically grown CdSe using
resistivity and Hall effect measurements. Bawendi et
al. [6] obtained X-ray diffraction patterns of CdSe
nanocrystals and analysed them. Golan et al. [7] recently
reported the epitaxial electrodeposition of wurtzite CdSe
nanocrystals on a (111) gold substrate. A variety of
deposition techniques have been reported in the literature
and among these methods electrodeposition is an
isothermal process mainly controlled by electrical
parameters, which are easily adjusted to control film
thickness, morphology, composition, etc. Also, it is easy
and less expensive being used near to room temperature
and with dilute reagents. In the literature, most of the
CdSe films electrodeposited in aqueous acidic baths
usually contain large concentrations of elemental
selenium [8,9] which weakly crystallizes and micro-
graphs showed a cauliflower-like appearance which
remained unchanged after annealing.

In this study, polycrystalline CdSe thin films are
electrodeposited on stainless steel and fluorine-tin oxide
coated glass substrates from an aqueous acidic bath. The

0957-4522 © 1998 Kluwer Academic Publishers

structural, optical and photoelectrochemical properties of
the as-deposited and annealed CdSe films have been
studied and the results are discussed at length.

2. Experimental

Cadmium selenide thin films were cathodically electro-
deposited from analytical 0.05M CdSO, and 0.01 M
SeO, solutions onto stainless steel and fluorine-tin oxide
coated glass substrates. The pH of the electrolyte was
adjusted with concentrated H,SO, using a LABINDIA
pp controlled pH analyser. The -electrodeposition
potentials were estimated from polarization curves.
All potentials were measured with respect to a saturated
calomel electrode (SCE). The effects of composition,
temperature, pH, etc. on deposition potentials were
studied. Annealing of the films was carried out in a tube
furnace under nitrogen atmosphere. The X-ray diffrac-
tion patterns were obtained using a Philips X-ray
diffractometer model PW-1710. The optical absorption
studies were carried out with a UV-VIS-NIR spectro-
photometer (Hitachi model 330). Microstructural
studies were carried out with scanning electron
micrographs, obtained with a Cambridge Stereoscan
250MK 3 assembly. Photoelectrochemical activities
were studied using a polysulphide electrolyte and
graphite as a counter electrode under 37 mWcm >
light illumination.

3. Results and discussion
Cathodic polarization curves were plotted for reduction
of cadmium, selenium and cadmium selenide using

477



V, Volt/SCE
|
3
~
E 6
%]
~N
<
£
9,
12

Figure 1 Polarization curves for a) 0.05M CdSQOy, b) 0.01M SeO,, ¢)
0.05M CdSO,4 + 0.01M SeO, when stainless steel substrates were
used.

stainless steel and fluorine-tin-oxide coated glass
substrates. Fig. 1 shows polarization curves for 0.05M
CdSOy, 0.01 M SeO, and 0.05M CdSO4 + 0.01M SeO,
when stainless steel substrates were used. Table I
shows estimated deposition potentials for stainless
steel and fluorine-tin-oxide coated glass substrates. It is
observed that the deposition potential of CdSe lies
between the reduction potential of cadmium and
selenium [10].

The effect of electrolyte pH on the deposition potential
of CdSe was studied within the pH range of 2 to 6 at room
temperature. Fig. 2 shows polarization curves for
different pH values for stainless steel substrates. Table
II shows estimated deposition potentials for stainless
steel and fluorine-tin oxide coated glass substrates. It is
observed that as the pH changes from 2 to 6 the

V,Volt/SCE

-04 -08  -12  -1§
3]
" 6
9]
~
<<
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Figure 2 Polarization curves for 0.05M (5cc) CdSO4 + 0.01M (Scc)
SeO, for different pH values (a=2, b=3, c=4, d=5, e=6) when
stainless steel substrates were used.

deposition potentials increase negatively. As the pH of
the bath increases, the complex becomes strong, there-
fore a higher potential is required to gain the ions for the
deposition. Similar results have been reported for other
semiconducting materials [11].

The effect of bath temperature on the deposition
potentials of CdSe at pH =3 and volume ratio 1, was
studied from room temperature to 90 ‘C. Table III shows
estimated deposition potentials for stainless steel and
fluorine-tin oxide coated glass substrates. It is observed
that as the bath temperature increases the deposition
potential decreases. The rise in bath temperature
enhances the rate of diffusion and increases ionic
mobilities and hence the conductivity of the bath. Also,
the increase in temperature dissociates the complex and
hence the concentration of simple ions increases which

TABLE I Estimated deposition potentials from polarization curves for different compositions and substrates

Bath composition

Deposition potentials (V/SCE)

Stainless Steel substrate

Fluorine tin oxide

substrate
0.05M CdSO,4 -0.60 -0.62
0.01M SeO, -0.69 -0.72
0.05M CdSO4 + 0.01M SeO, -0.58 -0.60
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TABLE II Estimated deposition potential at different pH values for
different substrates

pH value Deposition potentials (V/SCE)
Stainless steel substrate Fluorine-tin oxide substrate
2 —-0.56 —0.64
3 -0.59 -0.60
4 —-0.60 -0.57
5 —0.68 -0.54
6 -0.74 -0.52
TABLE III Estimited deposition potentials at different

temperatures for different substrates

Temperature (C) Deposition potential (V/SCE)

Stainless steel substrate Fluorine-tin oxide substrate

30 -0.58 —-0.60
40 -0.56 -0.57
50 -0.52 -0.58
60 —0.48 -0.52
70 -0.46 -0.50
80 -0.44 —0.44
90 -0.40 -0.40

produces the discharge of ions at low potential. Similar
results are reported for alloys and semiconducting
compounds [12].

3.1. Photoelectrochemical study

During the last few years, photoelectrochemical (PEC)
processes at semiconductor-electrolyte interfaces have
found new interest because of their solar and non-solar
applications [13]. In the present work, the films of
different compositions were obtained on stainless steel
substrates and their photoactivity was tested by noting
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Figure 3 Plots of a) short-circuit current and b) open-circuit voltage
versus cadmium to selenium volume ratio, respectively, when CdSe is
deposited on stainless steel substrates.

the short-circuit currents and open-circuit voltages. From
the polarity of the open-circuit voltage and short-circuit
current, it is seen that electrodeposited CdSe is an n-type
semiconducting material. Fig. 3 shows the variation of
short-circuit currents and open-circuit voltage as a
function of cadmium sulphate to selenium dioxide
volume ratio. It is observed that as the Cd:Se volume
ratio increases, short-circuit current and open-circuit
voltage increase and attain maximum values at a 1:1
volume ratio, above which the open-circuit voltage and
short-circuit current decrease [14]. The increase in
photovoltage and photocurrent at a 1:1 volume ratio
may be due to the better stoichiometry achieved at this
volume ratio.

The CdSe films deposited on stainless steel and
fluorine-tin oxide coated glass substrates were annealed,
in a nitrogen atmosphere for different times and
temperatures. Fig. 4 shows the variations of short-circuit
current and open-circuit voltage as a function of
annealing time. It is observed that for annealing time
up to 30 min., short-circuit current increases and then
decreases with further annealing time, however, a small
variation of open-circuit voltage was observed. The
increase in short-circuit current may be attributed to the
improved crystallinity of CdSe films after annealing.
Films electrodeposited on fluorine-tin oxide coated glass
substrates were annealed at 350°C for 60min in a
nitrogen atmosphere show an increase in short-circuit
current, however, these results are poor compared to
results obtained for a stainless steel substrate.

3.2. X-ray diffraction

X-ray diffraction patterns of as deposited and annealed
CdSe films on stainless steel and fluorine-tin oxide
coated glass substrates were obtained. Fig. 5 shows X-ray
diffraction patterns of as deposited and annealed CdSe
film on stainless steel substrates. The peak of 260 =25.40°
corresponds to diffraction from (002) planes of
hexagonal CdSe phase, the stable structure of CdSe at
room temperature is normally the hexagonal wurtzite
[15]. Some peaks of stainless steel substrates were also
observed due to the very small film thickness (0.22 pm).
The intensity of the (002) peak increased remarkably
when as-deposited CdSe films were annealed in nitrogen
atmosphere at 200 ‘C for 30 min. indicating an increase in
the crystallite size. This result supports the observations
obtained from photoelectrochemical studies. The CdSe
films deposited on fluorine-tin oxide coated glass exhibit
the weakest indication of diffraction from the (111)
plane of CdSe cubic phase. As-deposited CdSe film
annealed at 350 'C for 60 min shows the diffraction peak
of a (002) plane, but the intensity of the same peak is
low compared to film deposited on stainless steel
substrates.

3.3. Optical absorption

Optical absorption studies of CdSe film deposited on
fluorine-tin oxide coated glass substrates have been
carried out in the wavelength range of 350 nm to 850 nm
employing a UV-VIS-NIR spectrophotometer (Hitachi
model — 330). As CdSe is a direct bandgap semi-
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Figure 4 Variations of a) short-circuit current and b) open-circuit voltage as a function of annealing time for the CdSe electrodeposited on stainless

steel substrates.

conducting material, the plot of (ochv)2 versus v gives a
straight line, extrapolation of the plot to the energy axis
gives the bandgap. As-deposited films were annealed in a
nitrogen atmosphere at 350 ‘C for various times. Fig. 6
shows the plots of (ahv)? versus v for deposited and
annealed films. The estimated bandap values from the
plots for as-deposited and annealed films are 1.83 eV and
1.70 eV, respectively. It is found that bandgap decreases
after heat treatment, which may be attributed to the
improved crystallinity of the films, as discussed
previously.

3.4. Scanning electron microscopy

Scanning electron microscopy is a convenient and
versatile method to study microstructure of the film and
to determine the grain size. The micrographs of as
deposited and annealed CdSe films on stainless steel
substrates for different magnifications are as shown in
Fig. 7. It is observed that the films have a homogenous,
uniform surface without cracks or holes and well cover
the substrate. The grain size of the film increased when
annealed in nitrogen atmosphere at 200°C for 30 min.
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This results also supports the observations from X-ray
diffraction and photoelectrochemical studies.

4. Conclusions

Electrodeposition of CdSe on stainless steel or fluorine-
tin oxide coated glass substrates is composition,
temperature as well as pH dependent. The crystallinity
of as-deposited films have been improved by appropriate
annealing in a nitrogen atmosphere. An X-ray diffraction
study revealed that the CdSe is a polycrystalline, single
hexagonal phase with preferential orientation along
(002) planes. An optical absorption study showed that
CdSe is a direct bandgap material having a bandgap
energy of 1.70eV. The microstructural studies showed
that annealing improves the crystallinity of the films. The
photoactivities for as-deposited and annealed films were
compared and it is found that annealed films on stainless
steel substrates give better performance than as-
deposited or annealed films deposited on FTO coated
glass substrate. From PEC studies it is also seen that
CdSe is an n-type material.
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Figure 5 X-ray diffraction patterns of a) as deposited CdSe on stainless Figure 6 Plots of (0. hv)? verses hv for a) as deposited CdSe on fluorine-
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Figure 7 Scanning electron micrographs of CdSe film on stainless steel substrate (bath composition 0.05M (5cc CdSO,4 + 0.01M (Scc) SeO,);
a) as-deposited b) annealed in nitrogen atmosphere at 200 C for 30 min.
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Abstract

Cadmium telluride thin films have been prepared by galvanostatic electrodeposition method using ethylene glycol bath onto differer
substrates at deposition temperature of@0The films were characterized by X-ray diffraction, optical absorption, scanning electron
microscopy and photoelectrochemical techniques. The effect of CdTe film annealing in nitrogen atmosphere on structural, optical ar
morphological was studied. X-ray diffraction study showed that films are polycrystalline with hexagonal phase. Optical absorption study
revealed that CdTe is a direct band gap material with band gap of 1.52 eV. Scanning electron microscopy study revealed that the films ¢
homogeneous without cracks or holes. No significant changes in crystal structure, optical bandgap and crystallinity were observed aft
annealing. From photoelectrochemical studies, it exhibited n-type conductivity. ©2000 Elsevier Science S.A. All rights reserved.

Keywords:Electrodeposition; Thin films; CdTe films

1. Introduction furnace. Pandey et al. in his earlier reports [9] have demon-

strated the advantage of ethylene glycol based baths over
The growth of high quality CdTe is important because of aqueous acidic baths. It was shown that, one can deposit

their potential applications in solar energy, X-ray detection, compact, coherent and stoichiometric layer of CdTe from

gamma ray detection etc. Thin films of CdTe are fabricated non-aqueous bath [10].

by a variety of methods, such as vacuum evaporation [1,2], In the present paper polycrystalline thin films of CdTe

metal-organic chemical vapour deposition [3], anodic and are electrodeposited at different temperatures on different

cathodic deposition [4,5] etc. Among these methods elec- substrates using non-aqueous (ethylene glycol) bath. The

trodeposition is an attractive method which has successfully structural and optical properties of as-deposited, annealed

been employed for the preparation of elemental, binary, in- and etched films are studied.

termetallic and ternary compounds. It is an isothermal pro-

cess, mainly controlled by electrical parameters, which are

easily adjusted to control film thickness, morphology, com- 2. Experimental

position etc. [6].

Non-aqueous baths for semiconductor electrodeposition Thin films of CdTe were electrodeposited from 0.05M

are interesting since they have attractive features and yet carCdSQ, 0.01M NaTeO; and 0.1N HCIQ in ethylene

be operated at lower temperatures. They do not suffer fromglycol solution onto different substrates. It is observed

hydrogen evolution. Gore et al. [7] have electrodeposited that Ng@TeO; and HCIQ are completely soluble in ethy-

CdTe film on nickel plates at 16@ from CdC}, Kl and lene glycol but CdS@ forms a white precipitate. When

TeCly in ethylene glycol. The CdTe films were nearly stoi- NaTeOs-HCIO; and CdSQ are mixed together the re-

chiometric and uniform with a cubic crystalline phase. Ghe- sultant solution becomes completely transparent. Before

orghita et al. [8] electrodeposited CdTe films at 95105  inserting the substrates (stainless steel and titanium) in the

using non-agqueous solution of 106 mM tebutylphosphine  electrolyte, the substrates were polished with smooth (zero

telluride (BPT) and 6 mM lithium perchlorate as a support- grade) polish paper and cleaned with doubled distilled wa-

ing electrolyte. In order to improve crystallinity and adher- ter. In order to remove the oily substances from the surface,

ence, the CdTe films were annealed under argon at@00 cleaned substrates were etched in 10866, for 2 min and

for 60 min, followed by 400C for 10 min in a Lindberg tube  ultrasonically cleaned with double distilled water. Fluorine
doped tin oxide (FTO) coated glass substrates were boiled

* Corresponding author. in chromic acid for 30 min and ultrasonically cleaned with

0254-0584/00/$ — see front matter ©2000 Elsevier Science S.A. All rights reserved.
PIl: S0254-0584(99)00183-2
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double distilled water and dried with hot air. The deposition
potentials for Cd, Te and CdTe were estimated from polar-
ization curves. All potentials were measured with respect
to saturated calomel electrode (SCE). The effects of bath
composition and temperature on deposition potentials were
studied. Annealing of the films was carried out in tube fur-
nace in nitrogen atmosphere. Annealed films were etched in
3% HClI solution for 3 s and then rinsed with double distilled
water. The X-ray diffraction patterns were obtained using
Philips X-ray diffractometer model PW-1710. The optical
absorption studies were carried out with a UV-VIS-NIR
spectrophotometer (Hitachi-model 330). Scanning electron
micrographs were obtained with Cambridge Stereoscan
250-MK-3 assembly.

Photoelectrochemical characterization was carried out by
forming photoelectrochemical cell consisting of CdTe film
as the cathode, graphite as the anode and 1 M polysulphide
(NaOH-N&S-S) as the electrolyte.

00 2 & 6, & 10 u
I(mA/cm’)

Fig. 1. Polarization curves for reduction of Cd from 0.05M CdSQ),
3. Results and discussion reduction of Te from 0.01 M N&TeO; (O), reduction of Te from 0.01 M
(10cc) NaTeOs; +0.1N (10cc) HCIQ (©) and reduction of CdTe from
0.05M (10cc) CdS@®+0.01M (10cc) NaTeO; +0.1N (10cc) HCIQ

3.1. Deposition potentlals (@) for stainless steel substrates.

The cathodic deposition potentials depend upon bath ] ] ] -
temperature, nature of substrate, metal ion concentration,Material and substrate gives different values of deposition
complexing agent and its concentration, etc. The cathodic pptentlals. In'addltlon, the .a}fflnlty of ;ubstrate material is
polarization curves were obtained for 0.05M CdSO different for different depositing material [11,12].
0.01M NaTeOs;, 0.01M NaTeOs+0.1N HCIQy and
0.05M CdSQ+ 0.01 M NaTeOs; + 0.1 N HCIQy solutions 3.1.1. Effect of bath temperature on deposition potential
for stainless steel, FTO coated glass and titanium substrates. The temperature of the bath was varied between 60 and
Fig. 1 shows polarization curves on stainless steel substratel00°C and cathodic polarization curves were obtained for
at bath temperature 8Q for the reduction of Cd, Te and @ solution of 0.05M CdSQ 0.01M NaTeO; and 0.1N
CdTe from their solutions. The estimated deposition po- HCIOq4 in ethylene glycol solution for different substrates.
tentials for Cd, Te and CdTe on various substrates and atFig. 2 shows the polarization curves for stainless steel sub-
different deposition temperatures are shown in Table 1. It Strate at different temperatures. The deposition potentials
is observed from the Table 1, that the deposition potentials were estimated by drawing tangential line to the curve and
of Cd, Te and CdTe are different for different substrates. taken intercept of it along voltage axis. The estimated depo-
The substrates are polycrystalline (as evidenced from XRD sition potentials from polarization curves are shown in Table
studies) and their orientations are varied from substrate to1l. It is observed that as the bath temperature increases the
substrate. The deposited material gets deposited so as téleposition potential decreases. Generally, rise in bath tem-
attain the closest symmetry with the surface morphology of perature increases the grain size of deposited material and
the substrate. The order of matching between the depositedhe increase in grain size results to a decrease in polariza-

Table 1
Estimated deposition potentials for different compositions, substrates and temperatures

Sr. No.  Bath composition TemperatureC)  Deposition potentials (V, vs. SCE) for

Stainless steel Titanium FTO coated glass

1 0.05M CdSQ 80 —0.62 —0.48 —0.40
2 0.01M NaTeGs 80 —-0.76 —0.56 —0.40
3 0.1M NaTeOG;+0.1M HCIOs 80 —0.50 —0.58 —0.62
4 0.05M (10cc) CdS@+0.01 M (10cc) NaTeO3 +0.1N 10cc HCIQ 80 —0.48 —0.68 —-0.54
5 0.05M (10cc)CdS@+0.01M (10cc) NaTeO; +0.1N 10cc HCIQ 60 —0.52 -0.75 -0.72
6 -do- 70 —-0.51 -0.71 —0.69
7 -do- 90 —0.42 —0.60 —0.53
8 -do- 100 —0.38 —0.48 —0.48
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time, the film thickness decreased to 0:48—*cm for
the 60 min. This is attributed to the increase in the rate of
dissolution than the rate of deposition after attaining the
maximum thickness [17].

-20

3.3. X-ray diffraction

X-ray diffraction patterns of CdTe film electrodeposited
from 0.05M CdSQ+0.01M NaTeOs+ 0.1N HCIQy at
80°C for different substrates were obtained. Fig. 4 shows
the X-ray diffraction pattern of CdTe film deposited on FTO
coated glass substrates. CdTe film deposited on FTO coated
glass was polycrystalline with (110), (202), (210), (105)

2 planes hexagonal phase of CdTe. As-deposited film was an-
1,(mA/cm®) nealed at 350C for different time durations in a nitrogen
Fig. 2. Polarization curves for reduction of CdTe from 0.05M (10cc) atmosphere. No sign?ficant increase in pgak intens.ity was
CdSQ +0.01 M (10cc) NaTeOz +0.1N (10cc) HCIQ at different de- obsgrved after.CdTe film annealed for 60 min. CdTe film d(_a-
position temperatures [6C (x), 70°C (O), 80°C (@), 90°C (@), 100°C posited on stainless steel substrate was also polycrystalline
()] The stainless steel substrate was used. with (002),(102),(110),(112),(213), (107) planes cor-
responds to hexagonal phase. As-deposited CdTe films on

tion potential [13]. Additionally, the rise of bath temperature Stainless steel substrate were annealed at@@®nitrogen
enhances the rate of diffusion and the ionic mobilities and &tmosphere for different time durations. No significant in-

hence the conductivity of deposition bath [14]. Similar re- Créase in peak intensities were observed when film was an-
sults are reported for alloys and semiconducting compounds"€@led for 30 min. However, additional Te peaks were also
[15,16]. From other characterization (XRD) of films, it is °Pserved.

concluded that good quality CdTe films are obtained at the

bath temperature of 8C. 3.4. Optical absorption

CdTe film were deposited on FTO coated glass substrate
from 0.05M CdSQ+0.01M NaTeO; 0.1N HCIQy in
ethylene glycol solution at 8€ using current density of
0.5mAcnT?. Optical absorption study was carried out in
the wavelength range of 550-850 nm. As CdTe is a direct

3.2. Variation of CdTe film thickness with deposition time

Thin films of CdTe were prepared from 0.05M
CdSQ +0.01 M NaTeOz+ 0.1N HCIQ, in ethylene gly-
col solution for different time durations at deposition tem-
perature of 80C. Fig. 3 shows variation of CdTe film

thickness deposited on stainless steel substrate with depo- 300
sition time. It is observed that initially as deposition time @ 1o
increases, CdTe film thickness increases, attains maximum 200
thickness and then decreases with further increase in de-
position time. The maximum thickness (0.540 *cm) ~ 100
is attained in the first 30 min and with further deposition 3
"é 2
o6r % 200 } 110
93 osf ©
*
% 0-4r 102 210 105
= | fﬂ%

003 20 40 60 (100) 30 50 70 90
Dep. time (min.)
20(deg.)
Fig. 3. Variation of film thickness with deposition time (0.05M
CdSQ +0.01M NaTeO; +0.1N HCIOq in ethylene glycol at current Fig. 4. X-ray diffraction patterns of (a) as-deposited and (b) annealed
density 2.5mAcm? on stainless steel substrate). CdTe film was deposited on FTO coated glass substrate.
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Fig. 5. Plots of ¢hv)? vs. hv for as-deposited@®), annealed @) and
etched () CdTe film was deposited on FTO coated glass substrate.

bandgap material, the plot ofrkv)? versushv gives a
straight line and extrapolation of straight line part of the
plot to the energy axis gives value of band gap. Fig. 5 shows
the plots of ¢hv)? versushy for as-deposited, annealed and
etched films. The estimated bandgap value for as-deposited,
annealed and eatched CdTe films are 1.52, 1.50 and 1.47 eV
respectively. No significant change in band gap of CdTe
was observed after heat treatment.

3.5. Scanning electron microscopy

CdTe film deposited on stainless steel substrate was used
to study the surface morphology. Fig. 6 shows micrographs
of as-deposited, annealed and etched films at 25,006ag- b )
nifications. It is observed from the micrographs that the films
are homogeneous, uniform surface without cracks or holes.
Change in morphology of CdTe film was observed when
CdTe film was annealed at 38D. Loosely bounded CdTe
particles are removed and fine grained smooth surface is
clearly observed after etching the films in 3% HCI.

3.6. Photoelectrochemical characterizations

Photoelectrochemical characterizations of CdTe based
photoelectrochemical cell was canied out using tungsten fila-
ment lamp at 37 mW cn? illumination intensity. The CdTe
films were found to be photoactive witbe= 4.2 mA cnm2
and Voc =270 mV. By considering the changes in the po-
larity of illuminated CdTe electrode, it was concluded that C )
the CdTe film show n-type conductivity.

Fig. 6. Scanning electron micrographs of CdTe films at 25;0@@agni-
fication for as-deposited (a), annealed (b) and etched (c) films deposited
4. Conclusions on FTO coated glass substrates.

Electrodeposition of CdTe thin films on different sub-
strates is possible using non-aqueous ethylene glycol bathfilm was observed after annealing the film at 3500ptical
X-ray diffraction study revealed that electrodeposited CdTe absorption study showed that the CdTe is a direct bandgap
films are polycrystalline with hexagonal crystal structure. material with bandgap 1.52 eV. Surface morphology of CdTe
No significant change in bandgap and crystallinity of CdTe revealed that the surface is compact, uniform and crack free.
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Abstract

Polycrystalline CdX (%S, Se, Te) films are electrodeposited from aqueous and non-aqueous (ethylene glycol) baths onto differen
substrates at different temperatures. In order to increase the conductivity of the films, as-deposited films are annealed in a nitrog
atmosphere. Photoelectrochemical studies are carried out using 1 M NaOH-SMNd S electrolyte under light intensity of 37 mW/&m
From photoelectrochemical characterisationsitis concluded that the deposited CdS, CdSe and CdTe are n-type semiconductors. Interestir
the CdX films deposited from aqueous and non-aqueous baths showed comparable photoelectrochemical properties. © 2001 Elsevier Scie
B.V. All rights reserved.

Keywords:Polycrystalline films; Photoelectrochemical properties; Semiconductors

1. Introduction removes some of the recombination centres resulting in an
increase in efficiency [13—15]. Lokhande reported that the
In recent years, electrodeposited thin film semiconduc- efficiency and stability of PEC cells are strongly dependent
tors are popular in the field of solar cells, optoelectronic on the preparation condition of the electrodes, electrolytes
devices, solar selective coating, etc. Particularly cadmium and on experimental conditions during test [16].
chalcogenides have received considerable attention during In the present paper, cadmium chalcogenide films have
recent years because of their proven and potential appli-been prepared from aqueous and non-agueous medium us-
cations in a variety of semiconducting devices. Cadmium ing galvanostatic electrodeposition method. In order to in-
chalcogenides (CdS, CdSe and CdTe) in the forms of singlecrease the conductivity, as-deposited films were annealed in
crystals, sintered pellets and polycrystalline materials have nitrogen atmosphere and to remove loosely bounded parti-
been employed in photoelectrochemical (PEC) cells. The cles, annealed films were etched in 3% HCI solution for 3 s.
stable PEC cells are obtained with $S,2~ redox couple Photoelectrochemical properties such as conductivity type
[1-3]. Reasonable efficiencies§-9%) have been obtained of photoanode, current—voltage characteristics, photovoltaic
with polycrystalline films by many workers using polysul- characteristics and spectral response, etc. are studied and
phide electrolyte. In polycrystalline thin films, surface states results are compared. It is observed that, films electrode-
mar the efficiency and have been successfully removed byposited from agueous and non-aqueous baths are polycrys-
the chemical [4,5] and photoelectrochemical etching [6]. talline with n-type semiconducting property and show com-
Tenne reported the effect of photoelectrochemical etching parable photoelectrochemical properties.
on the performance of CdS based PEC cells [7]. However,
changes in surface crystallinity and formation of thin layers
of sulphur has been found when CdSe is dippedin'S2~ 2. Experimental
electrode [8—11]. This would give rise to dislocation or grain
boundaries near the surface, which may act as recombina- Thin films of CdS, CdSe and CdTe have been electrode-
tion centres for the minority carriers and decrease the effi- posited on different substrates at different temperatures
ciency. Surface etch, preferably photoelectrochemical etchusing agueous and non-aqueous solution baths. The prepar-
improves the efficiency of the PEC cell based on the single ative parameters for getting good quality films are shown in
crystalline or thin films CdTe electrodes [12]. Photoetching Table 1 [22,23,27,28,32]. As-deposited films were annealed
in a tube furnace in nitrogen atmosphere. Annealed films
* Corresponding author. were etched in 3% HCI solution for 3s and then rinsed

0254-0584/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PIl: S0254-0584(00)00280-7
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Table 1

37

Estimated values of preparative and post-preparative parameters to obtain cadmium chalcogenide films

S. no. Bath composition Substrate Bath CurrentDeposition ~ Annealed in N atmosphere
— density  time (min)
Temperature pH Temperature°C) Time
¢S
1 0.05M (2¢cn?) CdSQ+0.5M Stainless steel 70 5.4 9.0 60 200 30
(8cnP) Nap$,03+0.1M
(20cn?) EDTA (disodium salt)
2 0.05M (2 cn?) CdsSQ+0.5M Stainless steel 90 8.0 1.5 90 200 30
(8cnP) NapSp03+0.1 M (5 cn?)
EDTA (tetrasodium salt) in EG
3 0.05M (5cmi) CdSQ+0.01M  Stainless steel 27 3.0 6.0 20 200 30
(5¢cn?) Se
4 0.05M (5cn?) CdSQ+0.01M  FTO coated glass 90 8.5 0.1 30 350 60
(5cn?) SeQ@+0.1M (20cn¥)
EDTA (tetrasodium salt) in EG
5 0.05M (10 crﬁ) CdSG+0.01M Stainless steel 30 2.0 3.0 30 200 30
(10cn?) NapTeO;+0.1N
(10cn?) HCIO,4
6 0.05M (10cm) CdSQ+0.01M  FTO coated glass 80 3.0 05 30 350 60

(10cn?) NapTeO;+0.1N
(10cn?) HCIO,4 in EG

with double distilled water. Etched films were used in PEC
studies.
Photoelectrochemical (PEC) cell was fabricated using

where Egraphite aNd Ecgs are the half cell potentials when
dipped in the electrolyte.
When the above junction is illuminated with a light

cadmium chalcogenide (CdS, CdSe and CdTe ) thin films intensity of 37 mW/crA, the short circuit currentsc in-

as a photoanode of areax1cn? and graphite of area

creases with negative polarity towards CdS electrode show-

2.5x2.5cnt as a counter electrode. The distance betweening that the CdS films electrodeposited from aqueous and
the photoanode and counter electrode was 0.3cm. The renon-aqueous baths are of n-type semiconductors [17].

dox used was aqueous 1M NaOH-1MJSalM S. A

500 W tungsten filament lamp was used as light source.

To prevent heating of the cell, water filter was interposed
between the lamp and the cell. To avoid absorption of light
in the electrolyte, the front face of the cell was made flat.

3.1.2. Current—voltage characteristics

The current—voltage characteristics of etched CdS films,
were studied in the voltage range40.8V, in the dark and
under light illumination. It is observed that in the dark the

The current—voltage characteristics in dark and under light forward current increases rapidly with applied bias. The in-

and photovoltaic output characteristics of the PEC cell
were studied under light intensity of 37 mW/€msing two

crease in forward current can be attributed to the small con-
tact height and increase in tunnelling mechanism [18]. The

electrode configuration. The spectral response of the PECI-V characteristics in the dark and under light illumination
cell was studied using a monochromator specol (Carl Zeissshowed the rectifying nature of the cell.

Zena, Germany).

3. Results and discussion

3.1. Photoelectrochemical studies of CdS films
electrodeposited from aqueous and non-aqueous bath

3.1.1. Conductivity type of CdS films

Photoelectrochemical cell with configuration 1M
NaOH-1M NaS-1M S was formed. It is observed that,
even in dark, PEC cell gives some voltage and current.
The polarity of this voltage is negative towards the CdS
electrode. The origin of this voltage is attributed to the
difference between two half cell potentials in the PEC cell
and can be written as

E = Egraphite_ Ecds

Fig. 1 shows thd—V characteristic in the dark and un-
der light illumination in the forward bias for CdS electrode-
posited films from aqueous and non-aqueous baths. Using fa-
mous diode equation, junction ideality factor is calculated as

wherel is the forward current in darkg the reverse satu-
ration current the applied forward bias voltage amnds
the junction ideality factor.

Inset in Fig. 1 shows the plot of IdgversusV for CdS
films in dark and under light illumination. The estimated
values of junction ideality factor are as shown in Table 2.
It is seen that the values of junction ideality factors are
greater than the ideality value. It is also observed that the
values of the junction ideality factors are slightly increased
under illumination which may be due to increased charge
recombination centres [19,20].
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Fig. 1. Current-voltage characteristics of CdS film electrodeposited
from aqueous and non-aqueous bat®)(CdS (aqueous) in dark[{)
CdS (aqueous) in light, &) CdS (non-aqueous) in darkO) CdS
(non-aqueous) in light). Inset shows Ibgs. V for the above cells.

3.1.3. Photovoltaic power output characteristics
Photoelectrochemical cell was fabricated using CdS films

S.J. Lade et al./Materials Chemistry and Physics 68 (2001) 36-41

Fig. 2. Photovoltaic power output plots fo@] CdS (aqueous) and()
CdS (non-aqueous) films. lllumination intensity was 37 mWcm

wherelg is the short circuit current antly¢ is the open
circuit voltage.

Series resistancB®s and the shunt resistand®y, were
evaluated from slopes of the power output curve using the

as the photoanode and graphite as a counter electrode. Théelation [21]

photovoltaic output characteristics were studied under light
intensity of 37 mW/crA. Fig. 2 shows photovoltaic power
output curves for CdS film deposited from aqueous and
non-aqueous baths. The photovoltaic efficiengdf) is cal-
culated using the following equation:

ImameaXA
= — X

100
hv

where Py, is the power density of the incident radiatioh,
the light collecting aredmax andVmax are, respectively, the
current and voltage obtained at the maximum power point
on the photovoltaic power output curve.

The fill factor (FF) is calculated using the following equa-
tion:

Imameax
ISCVOC

FF=

Table 2
Estimated values of junction ideality factor in dark and under light illu-
mination of 37 mW/crA

S. no. Thin films Junction ideality factor in
Dark Under light

1 CdS (aqueous) 1.67 2.12

2 CdS (non-aqueous) 2.48 2.8

3 CdSe (aqueous) 2.55 2.89

4 CdSe (non-agueous) 2.89 3.93

5 CdTe (aqueous) 2.89 3.77

6 CdTe (non-aqueous) 3.2 3.62

7] 1
dv ;o Rs
[dl} 1

The parameters estimated from power output plots are shown
in Table 3. It is seen that the efficiencies obtained from the
CdsS films deposited from aqueous and non-aqueous baths
are comparable, although it has been reported earlier that
the CdS films deposited from aqueous bath have better crys-
tallinity and surface coverage as compared to CdS films from
non-aqueous baths [22,23].

3.1.4. Spectral response studies

Spectral response study of the PEC cells was carried out
by measurindsc as a function of wavelength. Before the
measurement, PEC cell was kept in dark for some time and
the response was measured using progression from longer
wavelength to shorter wavelengths. Fig. 3 shows the vari-
ation of Isc with A for the PEC cells formed with CdS
films from aqueous and non-aqueous baths. The decrease in
photocurrent on longer wavelength side is attributed to the
non-optimised thickness and the transition between the de-
fectlevel [24]. Decrease of photocurrent on short wavelength
side might be due to the absorption of light in the electrolyte
and high surface recombination of the photogenerated carri-
ers by surface states [25,26]. It is also observed that the spec-
tral response maximig. for CdS film deposited from aque-
ous medium has higher values, this result supports the result
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Table 3
Estimated important parameters from photovoltaic power output curves of cadmium chalcogenides based PEC cells
S. no. Thin films Isc (MA/c?) Voc (MV) FF (%) n (%) Rs (2) Rsh (€2)
1 CdS (aqueous) 1.28 265 41.41 0.38 37 416
2 CdS (non-aqueous) 0.73 500 32.87 0.32 384 1666
3 CdSe (aqueous) 10.5 355 38 3.83 17 125
4 CdSe (non-aqueous) 7 550 37.09 3.86 41 250
5 CdTe (aqueous) 7.1 280 41.9 2.25 18 250
6 CdTe (non-aqueous) 4.2 270 33.73 1.03 40 142
a|llumination intensity was 37 mW/cfa
" Inset in Fig. 4 shows lobversusV plots in dark and under
light illumination. The estimated values of junction ideality
factor are shown in Table 2. It is observed that the value of
the junction ideality factor deviate from ideal values in dark
18 1 and under light illumination, similar to the results obtained
with CdS film electrode.
“€ 15 3.2.3. Photovoltaic output characteristics
S | Photovoltaic output characteristics were studied for CdSe
3 films electrodeposited from aqueous and non-aqueous bath
B under light intensity of 37 mW/ck Fig. 5 shows power
61 output characteristics for CdSe films. The parameters esti-
» mated from the power output characteristics are as shown
in Table 3. It is observed that the films deposited from
N \ . , both baths showed nearly same efficiency (3.8%). It is also
400 475 550 625 observed that the films deposited from aqueous bath have
X, nm greaterlg; value than the film deposited from non-aqueous

Fig. 3. Spectral response curves f@)(CdS (aqueous) and&) CdS
(non-aqueous) films. Illumination intensity was 37 mWfcm

obtained from photovoltaic power output characteristics and
X-ray diffraction studies. Using the spectral response max-
ima, the bandgap of CdS was calculated to be 2.38 eV.

3.2. Photoelectrochemical studies of CdSe films
electrodeposited from aqueous and non-aqueous bath

3.2.1. Conductivity type of CdSe films
Photoelectrochemical cell with configuration CdSe/1M

NaOH-1 M NaS-1 M S was formed. In dark, PEC cell gives

some voltage and current and the polarity of this voltage

is negative towards the CdSe electrode. When the above

junctionis illuminated, short circuit currehj; was increased
with negative polarity towards CdSe electrode showing that
the CdSe is a n-type semiconductor.

3.2.2. Current—voltage characteristics
The |-V characteristics of CdSe films electrodeposited

from aqueous and non-aqueous bath were studied. Fig. 4

shows thé—V characteristics for forward bias of the PEC cell

in dark and under light illumination. In the dark it is observed

thatl-V characteristics showed the rectifying behaviour. The
rectifying behaviour remains same under illumination.

bath. This result is supported by the results obtained from
X-ray diffraction and scanning electron microscopic studies
[27,28].
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Fig. 4. Current-voltage characteristics of CdSe filn@)(CdSe (aqueous)
in dark, (J) CdSe (aqueous) in light&) CdSe (non-aqueous) in dark,
(O) CdSe (non-aqueous) in light). Inset shows llog. V for the above
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CdSe (non-aqueous) films.
Fig. 7. Current—voltage characteristics of PEC cells formed with CdTe
films ((@) CdTe (aqueous) in dark[{) CdTe (aqueous) in light,&)
CdTe (non-aqueous) in dark(Q) CdTe (non-aqueous) in light). Inset
3.2.4. Spectral response studies shows log vs. V for the above cells.

Spectral response studies were carried out by measuring
Isc as a function of wavelength. Fig. 6 shows the spectral
response curves. It is observed thatvalues are greater for
CdSe film deposited from aqueous bath than for non-aqueoughe PEC studies showed that the CdTe films are n-type
bath. This result supports the result obtained from X-ray semiconductors. In case of CdTe, electrodeposition method
diffraction and power output characteristic studies. From has resulted in both the types (n or p) of semiconductor

peak in spectral response studies, the estimated bandgafPrmation depending upon the bath composition and
values are 1.78 eV for both CdSe films. preparative conditions. However, in our case, both the

baths resulted in n-type semiconductor formation. Gener-
ally chalcogenide ion deficiency shows n-type behaviour
in cadmium chalcogenides. In the present case, films are
tellurium rich, due to which CdTe shows n-type. Similar
results of CdTe films electrodeposited as n-type have been
reported by others [29-32].

3.3. Photoelectrochemical studies of CdTe films
electrodeposited from aqueous and non-aqueous bath

3.3.1. Conductivity type of CdTe films
Photoelectrochemical cell with configuration CdTe/1 M

NaOH-1M Na2S-1M S was formed. Using similar logic, L
3.3.2. Current—voltage characteristics

Forward bias current—voltage characteristics of the CdTe
films electrodeposited from aqueous and non-aqueous
L baths are as shown in Fig. 7. It is observed that in dark
451 and under illumination current increases exponentially
in forward bias direction showing the characteristics of
diode.

Inset in Fig. 7 shows logversusV. The estimated values
of junction ideality factors are as shown in Table 2 and
deviate from ideal values.

15 L 3.3.3. Photovoltaic power output characteristics
Photovoltaic output characteristics were studied using
CdTe films as photoanode and graphite as a counter elec-

trode, under light intensity of 37 mW/énFig. 8 shows

the power output characteristics for CdTe films. The photo-
voltaic parameters are estimated as shown in Table 3. It is
observed that CdTe film deposited from agueous medium

Fig. 6. Spectral response curves @) CdSe (aqueous) andk) CdSe shows greater efficiency than the film deposited from
(non-aqueous) films. non-aqueous medium. This result is supported by the fact

575 650 725 800

A;nm



S.J. Lade et al./Materials Chemistry and Physics 68 (2001) 3641 41

150 300 450 4. Conclusions

Electrodeposition of CdS, CdSe and CdTe films from
aqueous and non-aqueous bath are carried out. Annealing
and etching increase the efficiency of the thin film electrode
in the polysulphide electrolyte. PEC study revealed that CdS,
CdSe and CdTe are n-type semiconductors. The PEC results
reported with aqueous and non-aqueous baths are inferior in
comparison with the higher valuesmpfeported in the litera-
ture. However, in our case both the baths resulted into really
equal magnitudes of values except for CdTe films. In case
of CdTe, the film from agueous bath showed nearly double
the value ofy than the film obtained from non-aqueous bath.
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