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Abstract Studies of the electrochemical optimization of
ZnSe thin film deposition on polycrystalline Au substrates
using electrochemical atomic layer epitaxy are reported.
Electrochemical aspects were characterized by means of
cyclic voltammetry, differential pulse voltammetry, and
coulometry. To study the growth mechanism of the under-
potential deposition in the formation of ZnSe, the effects of
Zn and Se deposition potentials and a Se-stripping potential
were adjusted to optimize the deposition program. The
deposit, grown using the optimized program, was proved to
be a single-phase ZnSe compound with a strong (220)-
preferred orientation by X-ray diffraction analysis, and
scanning electronic microscopy observation shows the
deposit consisted of nanoscale particles with an average
size about 100 nm. The right 1:1 stoichiometric ratio of Zn
to Se according to the coulometry suggests that ZnSe is
formed.

Keywords ZnSe - EC-ALE - UPD - Electrodeposition -
XRD - SEM

Introduction

Zinc selenide, ZnSe, is a II-VI compound semiconductor.
Due to its high bandgap (2.67 eV), ZnSe has gained
considerable attention in the field of blue emitters and blue
lasers [1]. Some of the possible applications for Zinc
selenide lie in the blue-green region of the visible spectrum
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in light-emitting diodes and in photovoltaic laser screens,
film transistors, photoelectrochemical cells, etc. [2, 3].

Many experimental techniques such as vacuum evapo-
ration [4], pulsed laser deposition [5], radio frequency
magnetron sputtering [6], spray pyrolysis [7], electrodepo-
sition [8, 9], chemical bath deposition [10], chemical vapor
deposition [11], molecular beam epitaxy [12], metalorganic
vapor phase epitaxy [13], metalorganic chemical vapor
deposition [14], and atomic layer epitaxy (ALE) [15] have
been employed for preparing zinc selenide thin films.

Electrochemical ALE (EC-ALE), which was put forward
by Gregory and Stickney [16], is the electrochemical analog
of ALE and atomic layer deposition. It is based on the
alternated underpotential deposition (UPD) of the elements
that form the compound semiconductor in a cycle. UPD is a
surface-limited phenomenon, where an atomic layer of one
element is deposited on a second at a potential prior to
(under) that needed to deposit the element on itself.
Therefore, each deposition cycle forms a monolayer (ML)
of the compound, and the number of deposition cycles
controls the thickness of deposits. In this way, it is a simple,
economical, and viable technique, which produces films of
good quality for devices applications. The valuable features
of the EC-ALE method are the convenience for producing
large-area surfaces, low-temperature growth, and the possi-
bility to control film thickness, morphology, and composi-
tion by adjusting the electrical parameters, as well as the
composition of the electrolytic solution [17].

A number of [I-VI and III-V compound semiconductors
have been successfully deposited by EC-ALE [18-22], and
work is progressing on the formation of III-VI, IV-VI, and
V-VI compounds such as In,Ses [23], SnSe [24], Bi,Tes
[25], and Sb,Tes [26].

However, it is quite surprising to realize that ZnSe EC-
ALE is far less studied than, for example, cadmium
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chalcogenides [27-29]. There has been a report of ZnSe
thin films formed on Ag (111) using EC-ALE in an
automated deposition system, by the Foresti group [30].
Films with up to 31 cycles were formed, but the graph of
stripping charge suggested that the deposits grew at a rate
of only about 0.14 ML per cycle. Thin-layer electrochem-
ical studies of the first 14 cycles of ZnSe growth on
polycrystalline Au substrate have been performed by the
Stickney group [31], but this group has thus far formed no
thicker films using the automated flow-cell deposition
system. We have attained no thicker films even more than
seven cycles with the initial set of conditions by Stickney et
al. for ZnSe deposition on a Au substrate. In addition, no
structural data can be exhibited in the other literatures
available to confirm their experimental results and elucidate
the morphological structures of ZnSe formed by EC-ALE.
This paper presents electrochemical optimization studies
of ZnSe deposition by EC-ALE to produces homogeneous
and stoichiometric deposits. A detailed analysis of the
growth mechanism of Se and Zn on the Au substrate was
carried out to find the cause of low coverage or growth
breaking in electrochemical epitaxial process of previous
literatures. In this work, the growth of ZnSe films is
continuous, and the rate is not as low as previous literatures.
Thus, the deposits are ideal and stoichiometric, and structural
analyses and surface morphological of the deposits by
electrochemical epitaxy can be reported for the first time.

Materials and methods

The electrochemical cell used for these studies consists of a
three-electrode system and a CHI 660 electrochemical
workstation (CH Instrument, USA). The auxiliary electrode
was a platinum foil, and the reference electrode was a Ag/
AgCl (in saturated KCl) electrode. The substrate was a CHI
101 gold disk electrode. Its exposed surface was polished to
a mirror finish with 0.5-pum alumina and cleaned ultrason-
ically in twice-distilled water for about 5 min. Before
experiments, an electrochemical cleaning was performed
with cyclic voltammetry (CV) in fresh 1 M H,SO, from 0.4
to —1.3 V to assure surface cleanliness.

Experimental coverages in this paper are reported as the
ratio of deposited atoms per substrate surface atom. A 3.14-
mm? geometric surface area was determined, and the
polycrystalline electrode can be assumed here as an average
of some low index planes.

All Zn solutions consisted of 2.5 mM ZnSO, with a 0.5-M
NH4Ac solution as the supporting electrolyte, and the pH
value was adjusted with ammonium hydroxide to 9. Se
solutions consisted of 2.5 mM H,SeO; with a 0.5-M Na,SO,
solution as supporting electrolyte, and the pH value was 4.
The blank solution contained only 0.5 M Na,SQ,, at pH 4.
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Water used for solutions was purified by the Milli-Q system
(Millipore, nominal resistivity 18.2 MQ cm '), and the
chemicals were reagent grade or better. Prior to each
experiment, all the solutions were carefully deaerated by
blowing purified N,.

Optimal deposition conditions were studied and charac-
terized electrochemically using CV, differential pulse
voltammetry, and coulometry. The crystallographic struc-
tures of the thin films obtained were determined by an X-
ray diffractometer (XRD, Rigaku D/max-2400), and the
morphologies are investigated by scanning electronic
microscopy (SEM, Kevex JSM-5600LV).

Results and discussion
Formation of Se atomic layers on Au

A detailed analysis of Se (IV) electroreduction on the Au
substrate is in progress in our laboratory by means of CV.
Figure la shows the cyclic voltammograms of Se electro-
deposited from a 2.5 mM H,SeO;+0.5 M Na,SO, solution
onto the Au substrate, successively scanned from 1.00 V to
different cathodic potential limits (0.10, —0.10, —0.20, and
—0.30 V, respectively). There are only the first submono-
layer reduction peak C1 (at 0.19 V) and its little stripping
peak Al (at 0.72 V) in the solid curve, corresponding to a
cathodic scan limit of 0.1 V. While scanned negatively to
—0.10 V (dash curve in Fig. 1a), the second reduction peak
C2 appeared, and its stripping peak A2 became higher and
higher with the electrode scanned negatively to —0.20 and
—0.30 V. Based upon the four electrons process for Se
reduction shown in reaction 1, the coverages for the
reductive peaks C1 and C2 (in dotted curve in Fig. la)
were calculated as 0.62 and 2.91 ML, as expected for UPD
and bulk deposition, a ML in this case refers to an
elemental atom layer relative to the number of Au substrate
surface atoms, and a ratio of 1.0 refers to a full ML.

H,SeO; +4H" +4e™ < Se + 3H,0 (1)

As the potential was scanned negative of —0.30 V,
another cathodic peak C3 (at —0.49 V) and a new oxidative
voltammetric feature A3 (at 0.84 V) were observed.
Furthermore, A2, the oxidation peak of bulk Se, grew
lower and lower as the negative limit for the scan
decreased. Similar to most literatures, the peak C3 should
be corresponded to bulk Se (0) reduction to Se* , as
reaction 2 shows. Thus, A2 is much smaller with the
reductive stripping of bulk Se deposit.

Se +2H" « H,Se (2)
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Fig. 1 Cyclic voltammograms of Au electrode in 2.5 mM H,SeO;
with a 0.5-M Na,SO, solution, pH 4. The cathodic potential limits
were a 0.10, —0.10, —0.20, and —0.30 V; (b) —0.30, —0.50, and
—0.70 V, respectively (scan rate=10 mV/s)

However, it is interesting to note that A3 grew higher
until it reached a limiting value (dash-dotted curve in
Fig. 1b), then gradually decreased again. According to the
literature [32], the reduction of bulk Se to Se* will be
accompanied with a conproportionation reaction, which is
also named a subsequent homogeneous chemical reaction,
as reaction 3 shows.

H,Se0; + 2H,Se < 3Se + H,0 (3)

Red Se was produced by the conproportionation or
subsequent homogeneous chemical reaction, which could
be reduced further with the potential scanned toward more
negative values. Therefore, the last reductive peak observed
beginning at about —0.65 V, which labeled C4 in the
voltammogram, corresponds to the reduction of red Se.
Thus, the appearance of peak A3 may be attributed to the
oxidative stripping of red Se formed by reaction 2 from the

Se?” ions, and its decrease was due to the second reduction
in red Se. Further scanning in the cathodic direction
resulted in hydrogen evolution below —0.80 V.

Formation of Zn atomic layers

Zn is underpotentially deposited both on Au and on a Se-
covered Au electrode. Figure 2a shows the voltammogram
of Zn** on the Au substrate. The UPD Zn was observed on
polycrystalline Au in an ammonia buffer solution, associ-
ated with peaks C1 at —0.14 V and Al in approximately
0 V, while bulk Zn deposition was found to occur only at
potentials more negative than —0.5 V, associated with peaks
C2, A3, and A2. The Zn UPD has been extensively studied
by Igarashi et al. [33].

The voltammograms of a Se-covered Au electrode in the
0.5 M NH4Ac and in 2.5 mM ZnSO4+0.5 M NH,4Ac, pH 9,
solutions are shown in Fig. 2b. In these experiments, the
potential scanning was started at 0.20 V in the cathodic
direction to avoid the oxidative stripping of Se. In the
absence of Zn®", there were two stripping peaks on the
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Fig. 2 Cyclic voltammograms of a the bare Au electrode in 2.5 mM
ZnSO, with a pH 9 ammonia buffer solution; b Se-covered Au
electrode in 0.5 M ammonia buffer blank solution, pH 9 (solid curve),
and 2.5 mM ZnSO,4 with a pH 9 ammonia buffer solution (dashed
curve). The scan rate is 10 mV/s
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cathodic scan (solid curve in Fig. 2b), respectively,
corresponding to the reduction of bulk Se at —0.61 V and
red Se started at —0.65 V. However, there was no apparent
stripping peak of Se but another peak at a potential of
—0.45 V corresponding to Zn UPD, observed for the
voltammetry curve of Zn on a Se-covered Au electrode
(dotted curve). In this case, dissolution of Se from the
electrode surface through oxidative stripping occurs be-
tween 0.40 and 0.80 V yet. Therefore, depositing Zn at
—0.45 V would restrain deposited Se from reductive
stripping as reaction 4. The corresponding stripping feature
for UPD Zn occurred at —0.05 V.

Zn*" 4 H,Se «» ZnSe + 2H" (4)

In fact, the most important requirement for an EC-ALE
cycle is that the deposition of one element should not
destroy the underlying layer of the other element. It is
obvious that the dissolution of the deposited Zn does not
occur at potentials negative to —0.20 V for Se upD; thus,
—0.20 V could be applied for the deposition of a further Se
layer on a Au/Se/Zn substrate.

Mechanism of ZnSe formation

The potential of 0.20 V for Se was identified as reasonable
initial potentials for the EC-ALE cycle. However, the
reductive stripping current of Se, deposited at a constant
deposition potential of 0.20 V, increases with the accumu-
lation time, and the charges measured in the reductive
stripping of the deposited Se appears to be a linear function
of the deposition time (Fig. 3). The surface-limited process
is fast, reaching completion quickly, while the bulk deposi-
tion is slow, resulting in a small steady-state current [34].
The amount of bulk Se deposit depends on the deposition
time. Thus, the linear dependence suggests the formation of
some bulk Se on the surface at 0.20 V. The probable
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Fig. 3 Cyclic voltammograms for the reductive stripping of Se
deposited at 0.20 V on Au substrate (scan rate=10 mV/s). The three
curves refer to deposition times of 100, 150, and 200 s (a). b The
corresponding plots of the charge involved in the reductive stripping
of Se in a

@ Springer

explanation for the bulk deposition is Se does not result in a
classic UPD process. On the contrary, Se deposition
requires an overpotential [35].

The bulk Se can be removed by the introduction of an
extra step designed to reduce excess bulk Se to a soluble
selenide species, previously suggested by this paper. After
15 s of Se deposition, the cell was rinsed with blank
solution for 5 s, at which point the potential was shifted
negatively, such that bulk Se was reduced to HSe . HSe is
a soluble species, which diffuses away, leaving only UPD
Se on the surface.

According to the previous literature, potentials at which
point bulk Se was reductive stripping were often set for Se
deposition and stripping simply. For instance, —0.50 V was
set as potentials for both deposition and reductive stripping
[31]. Based on the previous CV studies of Se in this paper,
however, a large amount of bulk and red Se was produced
by the conproportionation reaction, which was loose and
porous [32], and reduced the interaction between Zn and
UPD Se. Moreover, in the process of Zn electrodeposition,
the anion will react with the underlying Se layer through
micropores of red Se and induce its stripping, which would
seriously inhibit the UPD of Zn, followed by the increase in
difficulty and complexity of nucleation.

The kinetics of ML formation by two dimensional
nucleation and growth is now well understood [36]: Current
density—time transients are described by the equations

Jinst = at exp(—btz) (5)
for the instantaneous case and
Jprog = ¢t exp(—dt3) (6)

for the progressive case. ZnSe is an n-type semiconducting
material, which accord with the latter case. We fit the
experimental current—time data of one EC-ALE cycle (Se at
—0.20 V, Zn at —0.45 V) to the progressive case, which
indeed indicated the low rate of the deposition of ZnSe ML.
Plus the effect of red Se, It is very difficult for the Zn UPD
on Se. Thus, in the previous work, ZnSe was hardly formed
by EC-ALE, or the coverages of deposits were quite low.

Therefore, how to avoid the formation of red Se is the
main problem in this work. The suggested procedure to
obtain an UPD layer of selenium consists in depositing an
excess of selenium at —0.20 V and then applying a potential
of —0.70 V, which is picked as the reductive stripping
potential for the bulk Se and red Se formed from the
subsequent conproportionation.

EC-ALE cycles

The preliminary EC-ALE cycle designed to deposit ZnSe
appeared to be as follows: The Se solution was filled into the
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Fig. 4 Cyclic voltammograms of Se layers (a) and Zn layers (b) from
1,3,5,9, 13, and 15 cycle deposits. The scan rate is 10 mV/s

cell and held static for 15 s at —0.20 V. The cell was then
flushed with the blank solution, and the potential was
changed to —0.70 V for 5 s. After this, the Zn solution was
filled and deposited for 15 s at —0.50 V. To avoid
codeposition of ZnSe, a blank rinse was used before the
introduction of each solution, and this cycle was repeated as
many times as desired.

The deposition charges, however, decreased over the
first few cycles, and almost no thicker deposit is formed
after five cycles. This may be attributed to the contact
resistance between the predeposits and the metallic elec-
trode, which consumes a part of the potential. In the initial
stage of EC-ALE, atomic layers grow heteroepitaxially on
the Au electrode. As the semiconductor films grow,
especially over the first ten cycles, the contact resistance
varies gradually with the structure of the deposit evolving
into normal ZnSe structure from initial mismatch with the
Au lattice. Therefore, the depositing potentials for Zn and
Se should be adjusted negatively until the steady-state
conditions were reached. Similar potential adjusting was
also adopted in the first 10-30 cycles for most of the
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Fig. 5 Plots of the charge involved in the stripping of Se (squares)
and Zn (triangles) as a function of the number of EC-ALE cycles. The
slopes yield 400.11 pC cm 2 per Se layer and 201.88 uC cm 2 per Zn
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Fig. 6 X-ray diffraction of a seven-cycle electrodeposited ZnSe thin
film. The angle of incidence is 1°, Cu K« source

compounds formed via EC-ALE [23, 37], to maintain
reasonable quality deposits.

In this work, the deposition potentials were negatively
adjusted in the first deposition stage, according to the
response current and depositing charge, until steady-state
potentials of —0.59 V for Se and —0.86 V for Zn were

5.0kV 1pm

NONE 5.0kV

Fig. 7 SEM micrographs of the Au substrate and ZnSe deposits. a Au
substrate and b ZnSe deposits
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attained. Thus, the optimal EC-ALE cycle for ZnSe deposi-
tion consisted of Se deposition at —0.20 V in the Se solution,
followed by reductive dissolution of the excess Se to selenide
at—0.70 V in the blank solution to leave a Se atomic layer, and
finally Zn UPD at —0.50 V, in the Zn solution to complete the
deposition cycle. The potentials for deposition were stepped
negative after each of the first 15-20 cycles, until steady-state
potentials of —0.59 V for Se and —0.86 V for Zn were attained.
Repeat this cycle as many times as desired to grow nanofilms
of ZnSe on Au substrate.

Characterization of ZnSe thin film

Limiting the number of cycles used in creating 15 alternate
layers of Se and Zn as a maximum is justified by the
lengthy operations carried out manually. Once the deposit
was formed, the amount of elements deposited in a given
number of cycles was estimated from the charge involved
in their stripping. The overall charges involved in stripping
deposits formed with a different number of cycles was
determined by oxidative stripping of Zn from —0.2 to 0.4 V
and Se from 0.4 to 0.9 V.

Figure 4a,b shows the oxidative stripping peaks of 1-15
Se layers (a) and the corresponding Zn layers (b) carried out
in a blank solution, and Fig. 5 shows plots of the charges
for Zn and Se stripping as a function of the number of
cycles. In Fig. 4ab, “0 cycle” refers to the stripping
voltammograms of the bare Au electrode as a blank sample,
which still has a certain current density in the stripping
solution. The plots are linear, and the charges involved in
the stripping voltammograms of the blank sample are
approximately equal to the values at which point the
extrapolated linear plots intercept y-axis. With the deduc-
tion of the blank value, an average charge per cycle of
400.11 pC cm 2 for Se and 201.88 pC cm > for Zn was
calculated.

For better investigation of the morphology and structure
of the deposited films, a seven-cycle deposit was prepared
on a plane gold electrode instead of a CHI disk electrode.
Its XRD pattern is shown in Fig. 6. Peaks corresponding to
(111), (220), and (311) planes of ZnSe were evident, and no
elemental peaks for Zn and Se were observed, suggesting
that the deposit was a single-phase ZnSe compound with a
strongly predominant (220) orientation, not the mixture of
elemental Zn and Se.

The morphology of ZnSe deposits, along with the Au
substrate, was observed with SEM and shown in Fig. 7. Au
substrate before deposition is shown in Fig. 7a, and the
SEM image of the deposits is shown in Fig. 7b. The surface
morphology of the deposit consists of many small ZnSe
particles with uniform grain size about 100 nm in diameter.
The grains are packed very closely and shown as
homogeneous granules.
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Conclusions

The linear behavior of plots in Fig. 5 supports layer-by-
layer growth. The charges of 400.11 and 201.88 uC cm >
associated with each layer of Se and Zn correspond to the
ideal coverage of 0.562 and 0.567 ML and prove to be an
almost stoichiometric ratio between the elements, as
expected for the formation of the ZnSe compound. XRD
analysis and SEM observation demonstrate that the EC-
ALE methodology is applicable to the deposition of the
high-quality nanodeposit of stoichiometric ZnSe on Au
substrates using EC-ALE, if the deposition condition has
been optimized.

Future work will be devoted to an investigation of the
morphology and structure of thin ZnSe films formed on single-
crystalline substrates by a higher number of cycles. This higher
number of cycles can be obtained only with an automated
system, whose setup is in progress in our laboratory.
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