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Abstract An investigation on electrochemical ZnSe thin
film growth from acidic aqueous baths of Se(IV) and
Zn(II) species is described. The range of co-deposition
potentials is predicted on a thermodynamic basis ac-
cording to a known electrochemical model. A study on
the voltammetric behavior of Ti and Ni electrode sub-
strates in the working solutions at various temperatures
provides the main features of the applied electrochemi-
cal process. Cathodic electrodeposition at high tem-
peratures (>65°C) results in the formation of
polycrystalline cubic, randomly oriented, ZnSe crystal-
lites suffering, in general, from the presence of a crys-
talline Se phase in excess. Annealing of as-grown films
adjusts the stoichiometry and leads to the production of
semiconductive ZnSe with a band gap width of 2.7 eV.

Keywords Zinc selenide - Cathodic
electrodeposition - Binary compound
semiconductor - Underpotential
deposition - Voltammetry

Introduction

Being a direct wide band gap semiconductor (£, =2.7 €V),
zinc selenide exhibits great potential for various opto-
electronic and high-speed applications like blue-green
light emitting diodes, photoluminescent and electrolumi-
nescent devices, lasers and thin film solar cells [1, 2].
Polycrystalline ZnSe films, suitable for use as window
layers in heterojunction solar cells, have been grown by
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various vacuum evaporation techniques (e.g. [1]), while
molecular beam epitaxis and metalloorganic chemical
vapor deposition have been used for the preparation of
high-quality single-crystal ZnSe layers on GaAs [3] and
related substrates. Low-temperature, relatively inex-
pensive, chemical solution growth procedures, offering
the possibility of large area deposition, have been also
used for the formation of the compound [2, 4, 5]; how-
ever, they result in the production of microcrystalline
films. Hitherto, electrodeposition and related methods
are far from being successful in efficient, polycrystalline
ZnSe preparation, though their vital advantages such as
simplicity and controllability substantiate the continu-
ous investigation in the field. Reports on doped or
undoped binary compound or ternary CdZnSe and
HgZnSe film formation, in a potentio- or galvanostatic
or even pulse-plating mode, have been published [6, 7, 8,
9,10, 11, 12].

Electrosynthesis has proved to be very useful in the
preparation of technologically important metal alloys,
whereas the successful application in the formation of
semiconductor alloys is more limited in range. It is
commonplace that semiconductive binary compounds of
well-defined stoichiometry can be prepared by under-
potential deposition (u.p.d.) of the less noble element,
induced by the free energy gained by compound’s for-
mation. In fact, the relevant electrochemical models
providing valid predictions as to the equilibrium
potentials of electrodeposited compounds have been the
starting points for efficient thin film deposition (CdSe,
CdTe) [13, 14, 15, 16].

The present work constitutes a study on an electro-
chemical method of ZnSe formation. After a brief
analysis of the Zn-Se compound deposition thermody-
namics, we investigate the voltammetric features of sel-
enite using Ti and Ni electrodes in an excess of acidic
aqueous zinc sulfate solution. Further, we report on the
influence of plating conditions, such us bath composi-
tion and temperature, as well as on the effect of a post-
annealing procedure, on the crystallinity, composition
and semiconducting properties of the as-prepared films.



Experimental

Voltammetry experiments were conducted in a thermostat-
controlled, conventional three-electrode cell, with a potentio-scan
(Wenking PGS 81R) system coupled to an X-Y recorder (HIOKI
8801 Memory Hi Corder). A rotating disc electrode system was
used in order to control the mass transfer regime in the electrolytic
solution. Working electrodes (WE) were commercially pure Ni and
Ti discs of ~1.13 cm? geometrical area and the counter electrode
was a large platinum grid. All reported potentials are referred to a
commercial Hg/Hg,SO, saturated sulfate reference (SSE). There
was no correction for ohmic drop.

Water (of 18.3 MQ cm), purified by an ultra-pure water system
(Easy Pure Barnstead RF), and as-received analytical grade selenite
(SeO,) and ZnSO,4.7H,0 reagents were used for the preparation of
experimental solutions. Potassium sulfate was used in certain cases
as a supporting electrolyte. The bath pH was adjusted by sulfuric
acid at the working temperatures.

The preparation of reproducible Ni and Ti electrode surfaces
included abrasion, polishing by 0.3 pm alumina powder and
ultrasonic cleaning in ethanol and water. Prior to each deposition,
Ti was chemically etched by 10% HF acid, for 10 s, in order to
dissolve the surface oxide layer.

Thin films were obtained by cathodic electrodeposition under
potentiostatic, mainly, as well as galvanostatic conditions for var-
ious plating times (corresponding to 0.5-5 C electrolysis charge).
Several samples were submitted to annealing in a furnace con-
trolled by a Shimaden FP21 programmable controller. Heating was
carried out at a 10 °C/min rate up to 200 °C (in air) or higher, up to
700 °C (in an inert argon atmosphere in order to avoid the oxi-
dation of Zn), and maintained for 15 min to 1 h. The structure of
the as-prepared samples was examined by X-ray diffraction (XRD)
by a Siemens D5000 unit. Scanning electron microscopy (SEM)
images were taken by a JEOL JSM 6100 apparatus while band gap
widths (E,) were evaluated from reflectance spectra obtained by a
Hitachi U-4001 spectrophotometer equipped with an integrating
sphere. Compositional data were obtained by energy dispersive
X-ray (EDX) local analysis during electron microscopy.

Thermodynamics of the binary compound deposition

In accordance with considerations applied to other II-VI
compounds [14, 15, 17], a simple mechanism for ZnSe
cathodic electro-forming as a result of Se(IV) and Zn>"
species co-reduction in an acidic environment is
presumed:

H,Se0; + 4e~ + 4HT =Se’(s) + 3H,0(E° = +0.740V)

(1)
Zn®" +2e” =Zn(s)(E° = —0.763V) (2)
Zn(s) + Se(s) = ZnSe(s) — 137kJ/mol(= AGaosk [13])

(3)

The relation between the activities of Zn and Se in
ZnSe can be determined through reaction 3. Thermo-
dynamically, the boundaries confining the existence
range of the compound in a phase diagram denote the
co-existence of a pure Se phase at one side (Se/ZnSe) and
a pure Zn phase at the other side (ZnSe/Zn), where the
activities of the discrete elements obtain their limiting

273

values. The variations of Se and Zn activities over the
existence range of ZnSe give rise to a corresponding
change in the equilibrium potentials of the particular
elements, which might be calculated by thermodynamic
considerations.

Referring to the analytical derivations given in [13]
(also [17] for a detailed analysis on CdSe), it can be
estimated that the total variation of Zn equilibrium
potential (Ez,), with respect to the element’s activity
decrease from the ZnSe/Zn to Se/ZnSe phase bound-
aries, is equal to +0.709 V. Hence, Zn can be deposited
at more positive potentials than its normal equilibrium
value; that is, Zn can be deposited underpotentially. The
complex character of selenium electrochemistry con-
strains the capability of deriving valid expressions for
the Nernst reduction potentials of the Se(IV) species
involved [17, 18, 19]; however, what interests us here is
that, since the difference between Zn and Se standard
potentials, AE°=0.74—(—0.76)=1.50 V, is larger than the
shift in the potential of the less noble element,
|AEZ,| =0.709 V, zinc is the potential-determining spe-
cies in the whole range of electrolysis conditions. Thus, it
is calculated that at 25°C, for [Zn®>"]=0.2 mol/L,
independently of pH:

Ezuse = Ezn = —0.71 V/SSE (4)

at Se/ZnSe and:
Eznse = Ezn = —1.42V/SSE

at ZnSe/Zn boundaries.

The increase of zinc ion concentration shifts the ZnSe
deposition potentials at more positive values. For
example, if [Zn’>*]=0.4 mol/L, the potential range is
estimated to be —0.66 to —1.36 V/SSE. Furthermore,
higher temperatures, though moderately decrease the
free energy increment of the ZnSe formation reaction,
result in a similar anodic shift, through their effect on
Nernst potentials. Note also that the above values may
be changed by addition of overvoltage-containing terms
of discharge overpotential and ohmic drop between the
cathode contact and the reference electrode.

Provided that a large excess of Zn ions is present in
the electrolytic solution, the above model suggests that a
simultaneous reduction of Zn(IT) and Se(IV) leading to
the formation of ZnSe compound within the u.p.d.
region of zinc is thermodynamically possible. The pro-
duction of a stoichiometric compound may be achieved
with a proper adjustment of mass transfer in solution
towards the cathode, ensuring a 1:1 Zn/Se species re-
duction [13, 14, 15, 16]. However, complications in the
preceding ideal description may be involved on account
of side reactions such as H,Se production and subse-
quent precipitation of ZnSe and Se species [8, 9, 19],
hydrogen evolution, substrate influence and related
phenomena [20, 21]. The following investigation within a
wide range of experimental conditions may prove
whether the formation of semiconductive ZnSe is pos-
sible as described.
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Results

Voltammograms obtained from an excess of Zn>" in
acidic solutions of selenite can provide basic information
about the process under investigation. Figure 1 contains
cathodic polarization sweeps of Ti working electrodes in
plating solutions at various temperatures, while the di-
agrams in Figs. 2 and 3 include the partial contributions
of the electroactive species on cathodic current, for Ti
and Ni electrodes at two different temperatures.

According to the plots in Figs. 2 and 3, obtained at a
slow scan rate (5 mV/s), and hence approximately stea-
dy-state conditions, zinc bulk reduction from its pre-
cursor solution begins shortly after —1.5 V/SSE at 25 °C,
and almost 0.1 V more positive at 85 °C. In the presence
of Se(IV), the bulk metal reduction is shifted at slightly
more negative values owing to the introduction of a
nucleation overpotential.

At ambient temperatures and for a Ti cathode, the
observed current at potentials positive to zinc deposition
is wholly due to oxygen reduction in the bath (Fig. 2).
Higher temperatures (85 °C) promote the Se(IV)
reduction (“‘Se” curve) while, in the presence of excessive
Zn®", a Se species diffusion-controlled regime appears
to be established (““Zn+ Se” curve). This is valid within
the narrow range of equal or lower than 0.5x10 con-
centrations of Se precursor. A higher content results in
the establishment of a Se(IV) reduction-controlled pro-
cess (Fig. 4).

The WE rotation-rate dependence of cathodic cur-
rent, within the nearly potential independent plateau
region of Fig. 2 at 85 °C, lies in accordance with
Levich’s equation (Fig. 5; Ti), while the non-zero inter-
cept of the straight line indicates that the deposition
current is a fraction of its diffusion-limited value.
Thereby, in the range of low Se concentrations em-
ployed, the process is controlled partially by convective
diffusion of Se(IV) ions towards the cathode and par-
tially by another process which, possibly, consists of

Cathodic Current
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Fig. 1 Ti cathodic polarization curves at a 5 mV/s scan rate in a
0.5x10° M SeO,, 0.2 M ZnSO,, pH 2.5 solution for various bath
temperatures (rotation rate: 500 rpm)

slow adsorption/nucleation surface phenomena. Large
deviations from linearity occur with Levich plots ob-
tained at 65 °C and lower temperatures. Hence, con-
vective diffusion becomes important when the
temperature rises, while, at the same time, the overpo-
tential in Zn bulk reduction on the Se-rich cathode
progressively decreases (Fig. 1).

The behavior of the working-solutions/Ni-cathode
system 1S not consistent with a diffusion-controlled
process within the whole experimental condition range
(e.g. Fig. 5; Ni at —1.4 V/SSE). The lower overpotential
in hydrogen evolution and larger electroactivity com-
plicate the situation in this case (Fig. 3) and generally
induce a lower reproducibility in voltammetry compared
with Ti. Even at ambient temperatures, a selenite-con-
taining solution depolarizes the Ni cathode soon after
the onset of the potential scan (““Se” curve), while, in the
presence of excessive zinc, the reduction of Se(IV) and
H™" is suppressed by metal ions present in the diffusion
layer and adsorbed at the cathodic surface (“Zn+ Se”
curve). In the absence of Se, a cathodic peak preceding
the zinc deposition wave is clearly observed at about
—1.3 V/SSE at all temperatures (“Zn” curve). The exis-
tence of this “prewave” is associated with hydrogen
evolution inhibited by zinc ion adsorption, as being a
diminished form of the ‘“blank™ curve (note that the
larger overpotential of hydrogen on Ti precludes the
occurrence of such a peak). It has been suggested
(though with aluminum alloy cathodes in zinc sulfate

/Ti cathode
(85 °C)

Cathodic Current

Potential vs. SSE/V

Fig. 2 Cathodic polarization of Ti electrode at a 5 mV/s scan rate
(rotation rate: 500 rpm) at various bath compositions and
temperatures. Partial “blank™ curves show acidic (pH 2.5) 0.2 M
K,SO, solutions; “deaer.” is a deaerated blank solution; ““Se” and
“Zn” curves show 0.5x10>M SeO,, 0.2 M K,SO, and 0.2 M
ZnSQO,, acidic (pH 2.5) solutions, respectively; “Zn+Se” curves
concern 0.5% 107> M SeO,, 0.2 M ZnSO,, acidic solutions
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Fig. 3 Cathodic polarization of Ni electrode at a 5 mV/s scan rate
(rotation rate: 500 rpm) (see legend of Fig. 2 for notation).
Reversal of the polarization sweep at the right foot of the
“prewave” at “Zn” curve gives an anodically directed reverse
wave. Further analysis by cyclic sweeps at various scan rates [e.g.
(a) 50 mV/s; (b) 250 mV/s shown in the pattern] indicates that: (1)
the cathodic peak current density is almost proportional to the
square root of the scan rate over a wide range of scan rates
(10-500 mV/s); (2) the cathodic peak potential shifts negatively
with increasing scan rate; and (3) the difference between the
cathodic and anodic peaks’ potentials is low and slightly increasing
with scan rate. The prewave at the “Zn+ Se” curve is shown with a
sweep reversal at —1.45 V/SSE (¢)

solution [22, 23]) that this voltammetric behavior may
involve also a charge transfer connected to zinc under-
deposition. However, according to diagnostic tests on
cyclic voltammograms at various scan rates (see legend
of Fig. 3), the system is quasi-reversible and rather
consistent with a simple effect of zinc ion adsorption/
desorption.

The presence of selenite, along with Zn>*, intensifies
the prewave at 85 °C (Fig. 3, “Zn+ Se” curve), certainly
due to the addition of an increased Se reduction current
but, possibly, as promoting also an electron transfer by
zinc u.p.d., in agreement with the thermodynamic pre-
dictions. The prewave then represents an irreversible
reduction, along with hydrogen evolution and ion
adsorption (Fig. 3, curve c). The peak current decreases
and finally disappears at higher scan rates (50,
100 mV/s), owing to changes in the complex kinetic and
mass transport features of the relevant reactions. In any
case, Zn co-deposition can be verified, since removal of
elemental Se formed during cyclic polarization (by
heating) leaves a thin yellowish layer of ZnSe on the
electrode surface.

various [Se(IV)]
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Fig. 4 Ti cathodic polarization curves at a 5 mV/s scan rate in a

0.2 M ZnSOy4, pH 2.5, solution for various SeO, concentrations
[0.2, 0.5, 1, 2, 3 (x10 > M)]. Bath temperature: 85 °C
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Fig. 5 Koutecky-Levich plots of I'' vs. Q' for Ti and Ni
cathodes at a bath temperature of 85 °C. The working potentials lie
in the “plateau” region (1.2 V/SSE for Ti and —1.4 V/SSE for Ni
electrodes)

In general, examination of layers obtained on Ni and
Ti indicate that Zn u.p.d. and formation of ZnSe occurs
at potentials at least as anodic as —0.9 V/SSE, in full
agreement with the thermodynamic predictions (taking
overpotential into account).

According to XRD (Fig. 6), increase of the bath
temperature promotes the formation of cubic blend
ZnSe crystallites, exhibiting a random orientation. To-
gether with the compound, a metallic, hexagonal Se
phase is obtained at temperatures higher than 45 °C. At
constant temperature and deposition potential, the Se to
ZnSe mass ratio in the solid is rather independent of the
layer thickness (Fig. 7), provided that the deposition of
Se is partially controlled by diffusion of Se(IV) to the
cathode (Ti substrate).

The Zn/Se atom ratio in a deposit depends on nu-
cleation and growth conditions, including the substrate
effect. Thus, a smooth Ni substrate seems to initially
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Fig. 6 XRD patterns (Cu K, source) of equally thick deposits
prepared on Ti at —1.2 V/SSE from a 0.5x10> M SeO,, 0.2 M
ZnSOy, pH 2.5 solution at various temperatures (25-85 °C)
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Fig. 7 XRD patterns (Cu K, source) of deposits prepared on Ti at
—1.2 V/SSE from a 0.5%x107 M SeO,, 0.2 M ZnSO,, pH 3 solution
at 85 °C for various plating charges (1-5 C)

induce a higher Zn/Se ratio, which decreases with the
thickness of the layer (Fig. 8) as the absence of diffusion
control promotes the copious deposition of Se. On the
other hand, a homogencously nucleated phase, often
exclusively consisting of Se (Fig. 9a), may occur on the
rough (due to chemical pretreatment; see above) titani-
um substrate during the first minutes of deposition;
however, growth restores a Zn/Se=0.1-0.6 ratio,
depending approximately on the preparation conditions.
Thus, according to EDX, for films deposited on Ti at
—1.1 Vto—1.3 V/SSE, the Zn content can reach 37 at%,

Fig. 8a,b SEM micrographs of deposits prepared on Niat -1.3 V/
SSE from a 0.5x103M SeO,, 0.2 M ZnSO,4, pH 3 solution at
85 °C. Plating charge is a 0.7 C and b 5 C. Average atomic
composition from EDX: a 10.1% Zn, 89.9% Se; b 1.8% Zn, 98.2%
Se. The white regions are Se-rich clusters (EDX: almost 95% Se)

although, usually, lies at about 20-30 at%. The seleni-
um content is generally increased at —1.4 V/SSE.
Deposits of similar thickness on Ni present higher con-
tents of Se in the whole range of applied conditions,
while hydrogen evolution decreases the current efficiency
and results in flaking of the films; the impact of hydro-
gen bubbles is obvious in the micrograph of Fig. 8a.

A strict resumé of the results for Ti substrate is the
following. Within the investigated range of bath pH 2.0—
5.5 and [Zn*"1=0.01-0.8 M, at 85 °C (as an optimal
choice to encounter with the instability of near boiling
baths, though the latter often lead to better results), the
potentiostatic deposition gave optimal results at the
range: FE=-1.1 to -1.3 V/SSE; bath pH=2.5-4;
[SeO,] < 0.5x10 *M and [Zn*>"]>0.1 M. The as-ob-
tained films are grayish and moderately adherent to the
substrate. Matching results can be obtained by applying
galvanostatic deposition under similar conditions, at
current densities in the range of 0.2-0.8 mA/cm?.

The XRD patterns (Fig. 10A) of “good” samples
show well-resolved ZnSe (111), (220) and (311) diffraction



sy QT E ~ ;..‘.f
-

Fig. 9a—¢ SEM micrographs of deposits prepared on Ti at 1.2 V/
SSE from a 0.5x103M SeO,, 0.2 M ZnSO,4, pH 3 solution at
85°C. As-deposited at a plating charge of a 0.5C and b 5 C.
Average atomic composition from EDX: a almost 100% Se;
b 19.1% Zn, 80.9% Se (white regions are almost 95% Se). ¢ The
previous sample after heat treatment at 200 °C in air for 15 min;
EDX: 47% Zn, 53% Se

peaks, indicating the existence of well-formed compound
crystallites. Annealing at 200 °C in air or at higher tem-
peratures in an inert atmosphere adjusts the stoichiome-
try, establishing a virtually 1:1 Zn/Se composition, as
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Fig. 10A, B XRD npatterns (Cu K, source) of a Zn-Se/Ti layer
prepared at —1.2 V/SSE from a 0.2x10> M SeO,, 0.2 M ZnSOy,
pH 3 solution at 85 °C. Before (A) and after annealing (B) at
200 °C in air for 30 min

removing excessive Se by sublimation and/or evaporation
(Fig. 10B). At temperatures higher than 450 °C a small
deficiency of Se (2-3% according to SEM, i.e. a Zn/Se
ratio increment to 1.1-1.2) is observed, as a portion of
ZnSe is transformed to ZnO [24], owing to the presence of
oxygen traces in the furnace. In general, thermal treat-
ment gives rise to more cohesive films, which often exhibit
the characteristic yellowish color of ZnSe; however, this
has a minor effect on film crystallographic structure
(Fig. 10B). Note that nearly amorphous (as-deposited)
samples give a well-defined (111)-oriented ZnSe XRD
response when annealed at high temperatures (700 °C), a
phenomenon possibly related to the observed, parallel
formation of a ZnO- zincite phase.

The SEM micrograph in Fig. 9b shows the large
Se-rich clusters selectively grown under the poorly con-
trolled deposition of a binary compound. The deposit, in
general, constitutes an aggregate of spherical clusters
which rather precipitate (possibly after a homogeneous
reaction between Zn’>", H,SeO; and H,Se formed in
some distance of the cathode [8, 9, 19]) than grow after a
planar superficial diffusion of reduced ad-atoms [21]).
An annealing procedure leaves a more compact and
adherent layer with a few Se-rich forms (Fig. 9c), which
can be removed by further heating.

The removal of excessive Se from as-deposited layers
is possible also with chemical etching. Thus, according to
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Fig. 11a, b Reflection spectra of a Zn-Se/Ti sample prepared at
—1.3 V/SSE from a 0.5%107> M SeO», 0.8 M ZnSOy, pH 2.5 solution
at 85 °C. a As-deposited; b after heat treatment at 500 °C in Ar
atmosphere for 1 h. Atomic composition from EDX: a 11.9% Zn,
88.1% Se; b 53% Zn, 47% Se. The estimated band gap widths are a
1.94eV; b 2.7eV

EDX, the immersion of samples in an alkaline polysulfide
(1 M in Na,S, S, NaOH) solution results in a sharp de-
crease of Se content and a complete change of appear-
ance (gray color turns to the orange-yellow of ZnSe).

Spectroscopic analysis of totally reflected light,
allowing the evaluation of the band gap energy of the
deposited layers, proved that ZnSe exhibiting a well-
defined semiconductive behavior can be obtained. Curve
(a) in Fig. 11 shows the response of an as-deposited
Se-rich, gray sample exhibiting a characteristic band gap
width of crystalline, hexagonal Se (1.94 eV). The re-
sponse of the same sample after removal of the excessive
Se phase by annealing (b) corresponds to the charac-
teristic transition of ZnSe with E,=2.7 eV.

Conclusions

It has been demonstrated that, according to thermody-
namics considerations, the electrolytic synthesis of
semiconductive ZnSe is theoretically possible from
acidic solution within the underpotential range of zinc
reduction. An experimental procedure was derived,
resulting in the preparation of polycrystalline, cubic
blend ZnSe of random orientation by electrodeposition
on Ti and Ni electrodes from excess Zn(Il) in acidic
aqueous solutions of Se(IV).

In the frame of the applied method, a high bath tem-
perature is essential in obtaining well-formed crystallites
of the compound, while it is necessary to control the
deposition potential, bath composition and substrate.
Then, by appropriate adjustment of hydrodynamic con-
ditions, the process is partially controlled by convective
diffusion of Se(IV) ions towards the cathode. However, it
is not possible to avoid the parallel formation of a sele-

nium phase, as fairly cathodic deposition potentials are
required owing to the reductive nature of zinc.

The deposition substrate nature plays a key role in
dealing with hydrogen evolution within the applied po-
tentials as well as in providing specific nucleation con-
ditions, i.e. it influences the competition between
nucleation of Se and ZnSe.

Annealing of Se-rich electrodeposits, even at 200 °C
for a few minutes, adjusts the stoichiometry by removing
the Se excess, yet hardly ameliorates the crystallinity of
the compound. The as-annealed films show the charac-
teristic transition of semiconductive ZnSe at 2.7 eV.
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