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The selection of the optimal regimes for electrodeposition of near-stoichiometric cad-
mium sulfide (CdS) layers has been provided by means of voltammetric studies of cad-
mium and sulfur separate and joint electrodeposition kinetics in aqueous chloride solu-
tions. Optical analysis has discovered that the deposited films were transparent, charac-
terized by straight allowed optical transitions and band gap typical for cadmium sulfide.
X-ray diffraction results have shown that these films consist mainly of hexagonal modifi-
cation CdS nanocrystals.

C MoMOIIbI0 BOJLTAMIIEPOMETPUUECKUX HCCJIEJOBAHUI IIPOIECCOB Pa3febHOIO U COBMECT-
HOTO 3JIEKTPOOCAKIEHUSI KAIMUA U cephbl M3 BOAHBIX XJOPUAHBIX PACTBOPOB obecleueH
BBIGOD ONTHMAJILHBIX PEKUMOB IIOJYUYEHUS OJIM3KUX K CTEXHOMETPUUECKUM CJIO0eB CyJab(puma
kagmusa (CdS). Onruueckuil aHanau3 OOGHAPYMKHUJI, UTO 9JIEKTPOOCAMKAEHHbIE ILIEHKU ObLIN
IPO3PAYHBIMH, XAPAKTEPHU30BAINCHh IPAMBLIMY PA3PENIeHHBIMHU OINTHYECKHMH IIEPeXOoJaMy H
IIAPAHON BAIPEeIeHHON 30HbI, TUIWYHLIMHU AJ8 CyAb(uia KagMusa. Pes3yJabTaTbl PEHTIEeH-
IUPPAKTOMETPAYECKOI0 aHAJM3a MOKA3AJNM, YTO IOJYyYEHHBIE IIJIEHKH COCTOSAJIM IIPEerMYyIIe-
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cTBeHHO m3 HaHOKpucramwioB CdS rexcaromaapHON MOAU(PUKAIMA.

Recently, the electrochemical cathodic
deposition of semiconductors is used widely
in production technologies of thin film de-
vices, in particular, photovoltaic devices
(PVD). By controlling the process parame-
ters such as electrolyte composition and
working electrode potential, it is possible to
obtain semiconducting layers with pre-speci-
fied properties. For example, the electrodeposi-
tion of cadmium sulfide (CdS) films is believed
to be among the most prospective ways to
buffer layers for PVD on the base of cadmium
telluride or copper indium diselenide [1-5].

At the same time, the investigation of
electrochemical mechanisms involved in the
cadmium sulfide electrodeposition was not
an object of sufficient attention yet. As a
consequence, an empirical choosing of the
regimes providing stoichiometric layers of
cadmium sulfide [1, 2] required optimiza-
tion of electrodeposition regime in the case
of even insignificant deviations of techno-
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logical process. So, the aim of this work is
to study in detail the CdS electrodeposition
process kinetics basing on voltammetric in-
vestigations of separate and joint cathodic re-
duction of cadmium and sulfur to provide a
scientific approach for optimization of the cad-
mium sulfide crystal film electrodeposition.
The kinetics of CdS electrodeposition was
studied using a potentiostat by voltammet-
ric analysis with lineal potential scanning
(VA) and by cyclic voltammetric analysis
(CVA) [6, 7]. To that end, glass plates of
1 cm? area coated by reactively sputtered
500 nm thick titanium nitride that had
layer resistance less than 1 Ohm were used
as cathodes in three-electrode electrochemi-
cal cell. As the reference electrode and
counter electrode, were used saturated
Ag/AgCl electrode (SAE) and platinum elec-
trode of 30 cm?2 area, respectively. The elec-
trolyte temperature was maintained at 50°C
using a thermostat. The solutions were pro-
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tected against mixing to prevent the con-
vective transfer (except the especially men-
tioned cases). To avoid the migration during
the voltammetric experiments, all the solu-
tions contained 0.1 M Na,SO,. Electro-
chemical processes were studied in the fol-
lowing solutions: 1) solution corresponding
to electrolyte for cadmium sulfide deposi-
tion containing 0.2 M CdCl,, 0.02 M
Na28203, 0.1 M Nast4, 0.01 M H2804; 2)
partial cadmium solution: 0.2 M CdCl,,
0.1 M Na,SO,, 0.01 M H,S80,; 3) partial
sulfur solution: 0.02 M Na,S,05, 0.1 M
Na,80,4, 0.01 M H,SO,; 4) background solu-
tion: 0.1 M Na2804, 0.01 M H2804. The po-
larization voltage scanning rates (v) were
from 2 mV/s up to 500 mV /s, the potential
scanning range E, was from 0.2 V up to
—1.4 V or from 0.2 V up to —1.0 V (here
and below, all potentials are displayed with
regard to SAE).

The CdS films were electrodeposited in
potentiostatic regime in the same three-elec-
trode cell without any stirring of the elec-
trolyte that consisted of 0.2 M CdCl,,
substrates, were used glass plates coated
with the above-mentioned titanium nitride
layers or by magnetron-sputtered transpar-
ent indium-tin oxide (ITO) conductive lay-
ers. The electrolyte temperature was 50°C,
the cathode potential E,=-0.65 V, the
electrodeposition time was 15 min.

X-ray examinations (XRD) of crystal
structure of the film samples were carried
out using a DRON-4 diffractometer in char-
acteristic radiation FeK, (A =1.93604 A)

according to 6—26 scheme with Bregg-Bren-
tano focusing. The scanning step was
0.02 deg; the exposure time 1 s. The phases
of obtained compounds were identified by
comparing the experimental data with crys-
tal lattice parameters of cubic (sphalerite)
and of hexagonal (wurtzite) CdS modifica-
tions in accordance with JCPDS No.10-454
and No.6-0314, respectively. To measure
the optical transmittance T of electrodepo-
sited films, an SF-18 spectrophotometer was
used. The thicker CdS film on the glass/ITO
substrate was placed in the working light
channel, while a thinner CdS film on the
glass/ITO substrate was placed in the refer-
ence channel.

The voltammetric studies have shown
that for the background solution, two cur-
rent peaks are revealed in cathodic branches
of cyclic voltammogramms (I-V-curves)
(Fig. 1). The first weak current peak corre-
sponds to an irreversible electrochemical
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Fig. 1. Cyclic voltammogramms of the back-
ground solution at potential scanning rates v
(mV/s): 50 (1); 100 (2).

process followed by chemical dimerization
reaction. First, it shifts to wards negative
potentials as the potential scanning rate in-
creases from 2 mV/s to 500 mV/s, so that
the cathode half-peak potential E, /2
changes from —0.4 V to —0.6 V. Second, ‘l?he
differences between potentials of cathodic
peaks and cathodic half-peaks are large
enough. These differences change depending
on v, but is approximately about 0.1 V,
thus exceeding more than thrice the value
for reversible process. Third, these peaks
are absent in anodic branches of cyclic vol-
tammograms of the background solution.

Taking into account that the half-peak
potential for the irreversible electrode proc-
ess followed by chemical dimerization reac-
tion is always shifted towards negative val-
ues as compared to the reversible process
[6, 7] and in accordance with the standard
potential data [8, 9], the first peak in the
background solution can be ascribed to the
reaction

2H* + 2¢” = Hy, (1)

for which the equilibrium cathode potential
in this solution, as calculated using the
Nernst equation [8], is —0.33 V. The shift
of this peak towards negative potentials is a
result of overvoltage, which for irreversible
processes followed by dimerization amounts
at least 0.1 V [6]. The intensity of this peak
is low, because the solution is only slightly
acidic (pH 2).

The current increase in the background
solution at potentials more negative then
-0.9 V is intense enough. According to our
calculations, it corresponds to water decom-
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Fig. 2. Voltammogramms of cadmium partial
solution (0.2 M CdCl,, 0.1 M Na,SO,,
0.01 M H,S0O,) at potential scanning rates v
(mV/s): 5 (1); 50 (2); and cyclic voltammo-
gramms of sulfur partial solution (0.02 M
Na,S,05, 0.1 M Na,SO,, 0.01 M H,SO,) at
potential scanning rates v (mV/s): 5 (3); 50

position with the hydrogen release accord-
ing to reaction:

2H,0 + 2¢~ = Hy + 20H- @)

for which the standard potential is —1.08 V [8].

In voltammograms for cadmium partial
solution (Fig. 2, curves 1, 2), the first weak
hydrogen reduction peak corresponding to
reaction (1) is also observed. Then, a sharp
current increase arises independent from
the scanning rate at potentials more nega-
tive than —0.7 V, that, according to [7, 8],
evidence the reversible cathodic process of
cadmium reduction:

Cd2+ + 2¢- = Cd. 3

According to the Nernst equation [8, 9], the
standard potential of reaction (3) is —0.63 V.

Voltammogramms of thiosulfate reduc-
tion in sulfur partial solution are shown in
Fig. 2 (eyclic curves 3 and 4). According to
calculations described in [6, 7], the first
cathodic curve in sulfur partial solution
corresponds to the irreversible electrode
process. First, the potential of cathode peak
(Ep) becomes and more negative as v in-
creases. Second, the difference (EP/Z —Ep)
exceeds 0.1 V. Third, the difference be-
tween potentials of cathodic and anodic
peaks is a function of the polarization volt-
age scanning rate.

The most probable electrochemical proc-
ess in this case is [8],

S,0% +BH* + 8¢~ = 282~ + 3H,0.  (4)
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Fig. 3. Voltammogramms of solution corre-
sponding to electrolyte for CdS electrodeposi-
tion (0.2 M CdCl,, 0.02 M Na,S,0,, 0.1 M
Na,SO,, 0.01 M H,SO,) at potential scanning
rates v (mV/s): 5 (1); 20 (2); b with electro-
lyte stirring (3); 50 (4); 100 (5); 200 (6); 500

The equilibrium potential for reaction (4)
calculated using the Nernst equation [8] is
-0.22 V, but, due to irreversibility of elec-
trochemical process (4) in this solution, an
overvoltage exceeding 0.2 V is registered.
The sharp current increase in the sulfur
partial solution occurs at the same potentials
(more negative than —0.9 V) as in background
solution, so, it corresponds to water decompo-
sition and hydrogen release (2).

As is seen from Fig. 8, the I-V-curves
for cathodic processes in the solution corre-
sponding to the electrolyte for cadmium sul-
fide deposition include waves typical of
thiosulfate-ion reduction according to reac-
tion (4) and current increases corresponding
to cadmium ion reduction according to reac-
tion (3). Since the potentials at which the
reactions (3) and (4) take place are the same
in the electrolyte for CdS deposition and in
the partial solutions of cadmium and sulfur,
we can conclude that at potentials more
negative than —0.4 V thiosulfate ions in the
electrolyte are reduced into sulfide ions at
the titanium nitride electrode surface, the
reduction of cadmium ions and the metal
film formation on the cathode is possible
only at potentials more negative than —0.7 V.
Note that forced mixing of the electrolyte
by magnetic stirrer results in a regular cur-
rent increase due to delivery of larger
amounts of thiosulfate ions to the cathode
surface, but does not change the reduction
waves and the potentials at which thiosul-
fate ions and cadmium ions are reduced
(Fig. 3, curve 3). The above allows us to
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Fig. 4. XRD of CdS on TiN substrate in char-
acteristic radiation FeK,.

conclude that in the electrolyte for CdS
film deposition, in cathode potential inter-
val from -0.4 V up to —0.7 V the irre-
versible electrochemical reduction of thio-
sulfate ions in accordance with reaction (4)
followed by chemical reaction of cadmium
sulfide formation take place:

Cd?+ + §2- = CdS. (5)

So, comparing the results of separate re-
duction of cadmium and sulfur in their par-
tial solutions with the processes occurring
in the solution corresponding to the electro-
lyte for CdS deposition, we can conclude
that in the electrolyte for cadmium sulfide
electrodeposition, the semiconducting mate-
rial without considerable amounts of impu-
rities can be obtained in the cathodic poten-
tial range from —0.4 V to —0.7 V. The rate
of CdS electrodeposition increases as the
cathodic potential is shifted to more nega-
tive values. However, at cathode potential
equal to —0.7 V, the electrodeposition of
CdS films with cadmium additive is possi-
ble. Therefore, the studies of electrochemi-
cal mechanisms resulting in formation of
stoichiometric cadmium sulfide films, the
cathodic potentials most suitable from the
technological point of view are from —0.45 V
to —0.65 V. At more positive potentials, the
electrodeposition of CdS will not occur. Ac-
cording to [8], at these potentials only
cathodic electrodeposition of small amounts
of sulfur is possible according to reaction:

SZO%’ +6H" + 4e- = 2S + 3H,0. (6)

At cathode potentials more negative than
—0.7 V, the films will be enriched in cad-
mium. On the one hand, the cadmium atoms
can be obtained following reaction (3). On
the other hand, the reaction (2) will be ac-
celerated at negative potentials and, as a
consequence, the Cd(OH), impurity will ap-
pear in the films due to interaction of hy-
droxyl groups with Cd2*:
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Fig. 5. Absorption coefficient in power index
2 as a function of incident light energy for
CdS film on ITO substrate.

Cd?* + 20H- — Cd(OH),. (7)

Note that at negative potentials, the cad-
mium sulfide films may be porous due to
intensive evolution of gaseous hydrogen on
the cathode.

Analyses of structure and optical proper-
ties of the films electrodeposited in the op-
timal potential range have allowed to iden-
tify these layers as cadmium sulfide. On
X-ray pattern of the CdS/TIN composite
film obtained at cathode potential —0.65 V
(Fig. 4), one intense peak at 20 = 46.48 deg
and five weak peaks at 20, deg = 31.36;
33.66; 35.64; 41.98; 55.97 are seen. The
intense peak seems to correspond to the
(111) TiN plane. The weak peak at 26 =
41.98 deg can be ascribed to the (111) plane
of cadmium oxide (JCPDS 5-640). Accord-
ing to literature data and to studies of elec-
trochemical kinetics, the presence of the
CdO phase is caused by air oxidation of
cadmium sulfide and by reaction (7) and
subsequent chemical process of Cd(OH), de-
composition, water release and cadmium
oxide formation. The other peaks are
formed by planes (100), (002), (101), (110)
of CdS hexagonal modification. These peaks
are very broad due to nanocrystal structure
of electrodeposited cadmium sulfide layers.

Optical analysis of the cadmium sulfide
films obtained at the same cathodic poten-
tial but on the ITO substrate had shown
that the maximum optical transmittance in
the wavelength range 450<\<750 nm is
about 76 %. According to the calculations
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made in accordance with the procedure pub-
lished in [11], thickness of these films is
about 0.8 um. Graphic analysis of T = f(L)
function in o™ = f(hv) coordinates (where o
is the optical absorption coefficient; Av, the
incident light quantum energy; m, power
index depending on the optical transition
type) (Fig. 5), according to standard proce-
dure [12], allowed to reveal that the films
are characterized by straight allowed optical
transitions and have the band gap value
E, = 2.5 eV typical of CdS.

So, the XRD and optical analyses con-
firm that the studied cadmium sulfide elec-
trochemical deposition kinetics has formed a
scientific basis for optimal regime that pro-
vides manufacturing of sufficiently trans-
parent cadmium sulfide layers that consist-
ing mainly of hexagonal CdS nanocrystals.
The main constituents of that regime are
the electrolyte composition (0.2 M CdCl,;
0.02 M NayS,03; pH 2) and the cathodic
potential E,. range (from —-0.45 V to —
0.65 V).

c
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KimeTuka eleKTpOXiMiuHOrO ocaaskKeHHS, CTPYKTypa
i ONTHYHI BJIACTHBOCTI ILIIBOK CyJab(iay Kaamiro

H.Il.Knouko

3a [I0IIOMOI'0OI0 BOJIBTAMIIEPOMETPHUYHUX [JOCIiIKEeHb IIPOIECiB OKPeMOoro Ta CyMiCHOIO
eJIEKTPOOCAIKEHHsI KaaMilo i cipkum 3 BOZHMX XJOPHUAHMUX PO3UYMHIB 3abesmeueHo Bubdip
ONTHMAJBbHUX PEKHMIB BUIOTOBJIEHHS OJMBBKUX OO0 CTEXiOMETPHUUHHX IapiB cyabdimy Kai-
mito (CdS). Onruuuuii amania BUSABUB, IO eJEKTPOOCAMKeH] ILIiBKM Oyau Oposopumu,
XapaKTepusyBalucid MPAMUMU JO3BOJEHUMHU OINTUYHUMHU IepexXoJaMU Ta IIUPUHOI0 3a60po-
HeHol 30HW, TUIMOBUMHU IJasd cyabdigy kKaamiio. PesyiabTaTu peHTreH-IU(PaKTOMETPUYHOIO
aHaJIisy MoKasaju, IO OJepiKaHi IUIIBKU CKJIaJajucs MepeBaskHO 3 HaHoKpucraynis CdAS

reKcaroHaJbHOI Momudikarii.
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