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Photoelectrochemical deposition of CdZnSe thin films on the Se-modified Au electrode using electrochemical
quartz crystal microgravimetry (EQCM) and voltammetry is described. Corrosion of pre-deposited Se
electrodes by illumination at a fixed potential resulted in Se=~ species. which was manifest from the EQCM
frequency changes. Se~ species generated from the photocorrosion reacted with Cd™* and Zn* ions in the
electrolyte to form CdZnSe filns on the Au electrode. The effect of electrolyte composition on the composition
and band gap of CdZnSe films was studied in detail. Also. photoelectrochemistry. EDX. Raman spectroscopy

were used for the characterization of CdZnSe thin films.
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Introduction

Group 12-16 compound semiconductors are important in a
wide spectrum of optoelectronic applications.! Especially.
ternary compounds including cadmium zine selenide
(CdZnSe) have attracted much attention in the fields of solar
cells due to their interesting properties of band gap modu-
lation by composition.~® For example. band gap values of
CdZnSe ternary semiconductors can be varied from 1.7 eV
(CdSe) to 2.7 eV (ZnSe) with composition. =

Different methods have been used for the synthesis of
ternary compounds including vacuum techniques. chemical
bath deposition and electrodeposition.' In particular.
electrodeposition is a simple and cost-effective approach.
which can conveniently modulate the composition of the
thin films using electrolyte composition and deposition
potentials.’

Photocorrosion reaction is detrimental to the long-term
stability of the photoelectrode and can be prevented by a
suitable redox couple.” As an extension to the previous
studies.®” we utilized photocorrosion reaction to synthesize
ternary semiconductor CdZnSe thin films. Photoexcitation
of the pre-deposited p-Se generates Se™™ under light illumi-
nation and thus generated Se™ species react with Cd™™ and
Zn~" in electrolyte to result in CdZnSe. The composition as
well as band gap of the film varies with electrolyte com-
position. This approach is validated using electrochemical
quartz crystal microgravimetry (EQCM) and voltammetry.

Experimental

Details of the electrochemical instrumentation and the
set-up for electrochemical quartz crystal microgravimetry
(EQCM) are given elsewhere ™ For voltammetry and film
deposition. an EG&G Princeton Applied Research (PAR)
263A instrument equipped with Model M230/270 electro-

chemistry software was used. For EQCM. a Seiko EG&G
Model QCA 917 instrument consisting of an oscillator
module (QCA 917) and a 9 MHz AT-cut gold-coated quartz
crystal (geometric area. 0.2 cm”) as a working electrode
were used. A Pt wire served as a counter electrode and the
reference electrode was Ag/AgCL/3 M NaCl.

Cadmium sulfate hydrate (purity 98+%). selenium di-
oxide (purity 99.8%). zinc sulfate heptahvdrate (purity
99%). sodium sulfate (purity 99+%) and sulfuric acid (purity
98+%) were obtained from Aldrich. All chemicals were
used as received.

Miiller Elektronik-Optik halogen lamp was used as the
light source. The light intensity measured on the electrode
surface with the Newport 70260 radiant power meter com-
bined with the 70268 probe was ~100 mW in all the experi-
ments described below. and this value is uncorrected for cell
reflection and electrolyte absorption losses. Raman spectra
were measured using the 514 nm line of an Ar" ion laser
(HORIBA-LABRAM) at room temperature. Film morpho-
logy and atomic composition of the electrodeposited Se and
CdZnSe were studied by energy dispersive X-ray analyses
(EDX) attached to a field emission scanning electron micro-
scope (FESEM. JEOL 6700F). Interferometric reflectance
spectra were obtained with an Ocean Optics R4000 spectro-
meter system equipped with a fiber optic probe and a W-
halogen light source.

Results and Discussion

As a prelude to experiments on CdZnSe. the deposition
and photoelectrochemical characteristics of selenium (Se)
on the Au substrate were studied in detail to complement our
earlier studies.™® Figure 1A contains representative electro-
chemical. photo-¢lectrochemical. and EQCM data for a
polycrystalline Au electrode pre-modified with Se. Se was
deposited by holding an Au electrode at =0.6 V for 120 s in
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Figure 1. (A) Linear Sweep voltammogram (—) and the corre-
spondimg EQCM frequency changes (-----) for a Se modified Au
electrode m (1.1 M NazSO.. (B) Cyelic voltammogram (———) and
the corresponding EQCM trequency changes (----) in the dark for a
Se modified Au electrode in 0.1 M Na.SO,. Se was deposited by
holding a Au electrode at -0.6 V for 120 s m (.1 M Na;SO,
electrolyte contaming 10 mM Se0;,

0.1 M Na:SOs electrolyte contaiming 10 mM SeO:. The
photocurrent transients (solid line) at =025 V in 0.1 M
NasSO; electrolyte are cathodic. signaling that the Se as
deposited on the Au surface is acting as a p-fype semi-
conductor.'” Apparently, the cathodic photocurrents are
accompanied by the photocorrosion of Se to Se™ which
results in mass decreases (EQCM frequency increases.
dashed line).

It should be noted that the electrode mass is regained when
the light is switched off in each cycle showing that Se” re-
deposits on the Au surface in the dark. To understand this. a
combined cyclic voltammogram (CV) and EQCM is obtain-
ed for a Se modified Au electrode in 0.1 M Na:SO;. As
shown in the Figure 1B. cathodic stripping of Se to Se™ is
accompanied by frequency increase (mass decrease) and as-
generated Se” species re-deposit on the Au electrode again
during the return scan (from ~—0.53 V), This explains why
photogenerated Se™~ is oxidized and re-deposited on the Au
electrode in the dark. Again. frequency increase with an
anodic peak at 0.8 V is due to the oxidation of Se to S¢*.!"1=

Under the light illumination, electrodeposited Se 1is
stripped off due to the photocorrosion.’'* Figure 2 contains
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Figure 2. Current tlow () and corresponding EQCM frequency
change (-----) tor a Se modified Au electrode in 0.1 M NaSO, at a
fixed potential of —0.25 V with visible light illumination.

frequency changes during the light illumination on the Se
modified Au electrode in 0.1 M NaxSQs electrolyte at a fixed
potential of —0.25 V. Again, Se was deposited by holding a
Au electrode at —0.6 V for 120 s in 0.1 M Na-SO; electrolyte
contaimng 10 mM SeQO-. As shown n the figure, frequency
mcreases (mass decrease) due to the photocorrosion of Se
and photocorrosion is completed within ~50 s.

By contrast, addition of Cd*™ and/or Zn™* to the electrolyte
showed different frequency changes during the light illumi-
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Figure 3. (A) As in tigure 2 but with 30 mM CdSO,. (B) Photo-
current transients () and the corresponding EQCM trequency
change (----- ) for a CdSe modified Au electrode m 0.1 M Na,SQ, at
a fixed potential of =023 V.
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Figure 4. (A) As in tigure 2 but with 50 mM ZnSO;. (B) Photo-
current transients (—) and the correspondmg EQCM frequency
change (-----) for a ZnSe modified Au electrode m (0.1 M Na; SO, at
a fixed potential of —0.25 V.

nation. For example. irradiation on the Se modified Au
electrode in 0.1 M Na:SOy electrolvte containmg 30 mM
CdSOy at a fixed potential of -0.25 V results i frequency
increase followed by a frequency decrease (Figure 3A). The
frequency decrease resulted from the CdSe formation by the
precipitation process:

Cd-* + Se”™ (by photocorrosion) — CdSe )

Unlike the p-Se, the photocurrent 1s anodic as shown in
figure 3B diagnosing that thus formed CdSe is n-type.'*'*"’
Again. the frequency changes svstemically during the hght
on-off cvcles as explained before (Figure 14).

When electrolyte contains Zn™ ions, similar frequency
changes are observed during the light illumination on the Se
modified Au electrode. Figure 4A contains chroncampero-
metric and EQCM data for the Se modified Au electrode
under the light illumination in 0.1 M NasSOy electrolyte
containing 30 mM ZnSO; at a fixed potential of —0.25 V.
The fixed potential of —0.253 V was selected smce we
observed cadmium and zinc deposition at more negative
potentials in the dark. In the case of zinc. the frequency
increases initially and starts fo decrease. which implies the
formation of ZnSe. Here. the frequency decreases from ~40
s. which is later than that of the CdSe case. We believe that
this is due to the difference in solubility products of CdSe
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Figure 3. (A) As in figure 2 but with 1 mM CdSQy and 25 mM
ZnSO4. (B) Photocurrent transients (—) and the corresponding

EQCM trequency change (-----) for a CdZnSe moditied Au
electrode in 0.1 M NaaSO,; at a fixed potential of —(0.25 V.

(Ksp=4.0 x 107%) and ZnSe (K5, = 1.0 x 10~7)."* Figure 4B
shows that ZnSe formed by photocorrosion of Se and pre-
cipitation reaction is n-type since photocurrent is anodic."
It should be mentioned that CdSe and ZnSe synthesized
from photoelectrodeposition is not stable in Na-SO; blank
electrolyte. which can be seen from the decay in photo-
current (Figures 3B and 4B). The photocorrosion can be
inhibited using a suitable photoelectrolyte (redox couple).

Next. CdZnSe films are synthesized by the same approach
described above. When Se modified Au electrode is sub-
jected to photocorrosion in 0.1 M Na:SOy electrolyte
contammg 1 mM CdSQ, and 25 mM ZnSO, at a fixed
potential of —0.25 V, CdZnSe films are synthesized as
indicated from frequency decrease (Figure 3A). Also. photo-
electrochemical behavior in Figure 3B is consistent with n-
type behavior for the as-synthesized CdZnSe films.*

It 1s well known that band gap of CdZnSe is dependent on
the film composition>* The composition of CdZnSe thin
films synthesized by the approach developed here 1s deter-
mined by EDX. Raman spectroscopy and UV reflectance
spectroscopy. Figure 6A clearly shows that film composition
and therefore band gap can be modulated by controlling
electrolyte compositions. As shown in the figure. the ratio of
Zn/Cd in films increases with the ratio of Zn/Cd in
electrolyte. In addition. band gap has been modulated by the
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Figure 6. (A) Compositional { ) and band gap (----- ) variations
of as synthesized CdZnSe films with vanations of electrolvte
composition. (B) Raman spectra of CdSe, CdZnSe and ZnSe. CdSe
and ZnSe were synthesized using conditions in figures 3A and 44,
respectively. CdZnSe was synthesized using conditions in figure 2
but with 1 mM CdSO; and 30 mM ZnSO..

electrolyte composition. Raman spectroscopy for as-synthe-
sized films revealed peaks at 200 cm™, 250 em™! and 230
em™' for CdSe,*® ZnSe”**>** and CdZnSe.>* respectively
(Figure 6B). Their values are in well agreement with the

literature values for these materials.
Conclusion

We have demonstrated a photoelectrochemical deposition
of CdZnSe thin films using a Se modified Au electrode
using a photocorrosion. Unlike previous studies on binary
semiconductors. composition and band gap of temary semi-
conductors have been modulated by controlling composition
of electrolytes. Also. we presented a new route for the
synthesis of CdSe and ZnSe films using a photoelectro-
chemical approach. Finally. EQCM combined with ampero-
metry proved to be effective to study photoelectrochemical
behavior of binary and ternary semiconductors.
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