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Photoelectrochemical (PEC) properties of ZnTe-based photocathodes with various structures were
investigated to clarify the effective structure for the water reduction reaction. Samples with n-ZnO/
ZnTe/p-ZnTe and n-ZnS/ZnTe/p-ZnTe heterostructures showed superior PCE properties to the samples

without a heterojunction. In particular, the n-ZnS/ZnTe/p-ZnTe sample exhibited a large photocurrent
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even at a low applied potential in an electrolyte containing Eu®* ion as an electron scavenger.

Appreciable H, evolution with a constant rate (approximately 87 pmol cm~2 h™) was also observed over
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1. Introduction

Solar energy, the trump card of renewable energy, is inex-
haustible, clean, and abundant. The amount of solar energy
reaching the earth is estimated to be about 8000 times the
world's total energy demand, which is so large that it is possible
to obtain in one hour the energy required by mankind in one
year.

Photovoltaic power generation, which directly converts the
energy of sunlight into electricity, is currently being introduced
and utilized around the world. However, the grid stability issues
have often become apparent due to its mass introduction, and it
is important to develop new technologies from the viewpoint of
energy storage. Artificial photosynthesis is therefore attracting
attention as a technology for converting solar energy into clean
hydrogen that can be stored.

There are several technologies to produce hydrogen from
sunlight: (1) water splitting using electricity generated by solar
cells,* (2) simultaneous evolution of hydrogen and oxygen using
photocatalysts,> and (3) the use of two photoelectrodes for
hydrogen and oxygen generation.*®

At present, the highest solar-to-hydrogen (STH) efficiency of
24.4% (ref. 1) has been reported by combining concentrator
photovoltaic modules and electrochemical cells with respect to
the technology (1). The methods (2) requires only one type of
photocatalysts, and can generate hydrogen with a simple
structure. A very high quantum efficiency of almost unity has
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the sample loaded with Pt deposits under visible-light irradiation (>420 nm): faradaic efficiency of almost
100% was obtained, indicating no unfavorable side reaction occurred in the sample.

been reported using a modified aluminium-doped strontium
titanate (SrTiOj; : Al) photocatalyst.”

As for the hydrogen evolution technologies using photo-
electrode (3), several semiconductor materials including
Culn, 5Gag 5S€e,,> Cu,ZnSnS, (CZTS),** Cu,0,° and CuGaSe,
(CGSe),”® have been investigated, and the highest half-cell solar-
to-hydrogen (HC-STH) efficiency of 8% was obtained with a Rb-
doped CGSe photocathode.? This efficiency is relatively high but
further improvement is still required for the practical
applications.

To be used as hydrogen-evolving photoelectrodes, the energy
of the conduction band minima must be higher than the
reduction potential of H' into H,, and the band gap energy
should be as small as possible for efficient absorption of
sunlight. It is also important to efficiently collect carriers
generated by photon absorption in the semiconductor. There-
fore, a pn junction is often formed,”® that can enhance the
carrier collection by an internal electric field, using a material
with no significant energy difference at the bottom of the
conduction band (very small conduction offset).

II-VI semiconductor ZnTe is a promising material for
a variety of optoelectronic device applications such as light-
emitting diodes (LEDs)>*® and solar cells'* because of its
direct transition band gap energy of 2.26 eV at room tempera-
ture. So far, a pure green LED with the emission wavelength at
555 nm at room temperature has been developed using ZnTe.’
This material can absorb visible ray up to 550 nm and the
conduction band locates higher energy than the reduction
potential of H" into H,. Therefore it is expected to use for
photocathode application to produce hydrogen by water
reduction reaction.
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In ZnTe, because n-type doping is not easy due to so-called
self-compensation effect,”> heterojunction structure is often
used to realize pn-junction based optoelectronic devices."'* So
far, CdS/ZnTe or ZnO/ZnTe heterojunction structures have been
investigated for photochemical reduction of water*® or CO,.**"
In ref. 15, the Pt/CdS/ZnTe heterojunction structures were used
as a photocathode for hydrogen evolution from water and the
enhanced photocurrent was reported by incorporation of Cu
into ZnTe and surface modification with Mo and Ti layers. In
order to improve photoreduction properties using ZnTe, it is
important to clarify the correlation between the photocathode
structure and photoelectrochemical (PEC) properties under
light illumination.

Since the electron affinity of CdS is reported as 4.5-
4.96 eV,'®" a large conduction band offset (CBO) is expected at
the heterointerface between CdS and ZnTe with an electron
affinity of 3.5 €V.>**' On the other hands, electron affinities of
ZnO and ZnS are reported as 4.3-4.6 eV (ref. 22-26) and 3.9 eV,**
respectively, and thus, the smaller CBOs are expected. Espe-
cially, the internal electric field near the hetero interface is ex-
pected to be higher in ZnS/ZnTe structure as compared to other
structures, that could result in higher collection efficiency of
photoexcited carriers. In fact, we have already confirmed the
higher open circuit voltage in ZnS/ZnTe solar cells."**

Here, we compare the photoelectrochemical properties of
the ZnTe-based electrodes that consist of ZnTe/p-ZnTe
substrate, n-ZnO/ZnTe/p-ZnTe, and n-ZnS/ZnTe/p-ZnTe hetero-
structures to clarify the effect of heterojunction structure on
PEC properties of ZnTe-based photocathodes for water reduc-
tion reaction.

2. Experimental

Samples with structures of undoped ZnTe (thickness ¢ = 300
nm)/p-ZnTe(100) substrate (#1), n-ZnO (¢ = 50 nm)/undoped
ZnTe (¢ = 300 nm)/p-ZnTe(100) substrate (#2), n-ZnS (¢ = 50
nm)/undoped ZnTe (¢ = 300 nm)/p-ZnTe(100) substrate (#3)
were prepared by molecular beam epitaxy (MBE) with a radio
frequency (RF) radical cell for oxygen. The background pressure
of the growth chamber before the growth is less than 6 x 10®
Pa. 7N Zn, 6N Te, and 6N ZnS compound purchased from Asahi
Metal Co., Ltd were used as source materials for the growth, and
the 6N Al purchased from OS TECH Co., Ltd was used as a donor
impurity source material in both n-ZnO and n-ZnS. p-ZnTe(100)
substrates purchased from JX Nippon Mining & Metals Corpo-
ration with the thickness of 500 um were ultrasonically cleaned
in organic solvents prior to wet-etching using a Br-methanol
solution.

In sample #1, an undoped ZnTe layer with the thickness of
300 nm was grown by MBE at 400 °C on the p-ZnTe(100)
substrate.

In sample #2, after the growth of an undoped ZnTe layer with
the thickness of 300 nm at 400 °C on the p-ZnTe(100) substrate
similar to #1, an Al-doped n-type ZnO layer with the thickness of
50 nm was grown by MBE at 250 °C. For n-ZnO growth, Zn, O,
and Al were supplied on the surface of the film, where O was
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supplied as O radicals by using the RF radical cell with a RF
power and an O, flow rate of 300 W and 1 sccm, respectively.

In sample #3, after the growth of an undoped ZnTe layer with
the thickness of 300 nm at 400 °C on the p-ZnTe(100) substrate
similar to #1, an Al-doped n-type ZnS layer with the thickness of
50 nm was grown by MBE at 250 °C. For n-ZnS growth, ZnS and
Al were supplied on the surface of the film. To characterize the
surface crystallinity, a reflection high-energy electron diffrac-
tion (RHEED) was monitored during the MBE growth. After the
MBE growth, Pd ohmic contact was deposited on the backside
of all p-ZnTe substrates by electroless plating.

PEC properties were measured using a conventional three-
electrodes setup. Three electrodes, namely, ZnTe-based elec-
trode, Ag/AgCl, and Pt wire, as working, reference, and counter
electrodes, respectively, were set into a three-necked flask with
a flat window containing 0.2 M Eu(NO;); solution (pH 4). Since
the Eu®* ion works as an efficient electron acceptor for the p-
type photocathode,*®** the ZnTe-based electrode without any
surface modifications was used. The surface area of the ZnTe-
based electrode is approximately 5 mm x 5 mm. The poten-
tial sweep was controlled by a Hokuto Denko HSV-110 auto-
matic polarization system. Measurements were conducted by
a linear sweep voltametric (LSV) mode with a negative scan
direction at the scan rate of 10 mV s~ under chopped illumi-
nation of focused simulated sunlight (AM 1.5 G x 5 sun).

In order to examine water reduction (H, production) prop-
erties of the ZnTe-based electrode, surface modification by
deposition of Pt particles was performed. The electrolyte used
for the Pt deposition was composed of 0.1 M Na,SO, and 1 mM
H,PtCls at pH adjusted to 4 using a diluted HCI solution; pho-
toirradiation was performed by using a Cermax LX-300F 300 W
xenon lamp at a fixed potential of —0.265 V (vs. RHE) for 30 s. An
LSV plot for the water reduction over the ZnTe-based electrode
under chopped illumination of the above 300 W xenon lamp
with a long pass filter that can pass photons with the wave-
length longer than 420 nm was recorded at pH 6.5 using
a phosphate buffer solution (0.4 M K,HPO,/KH,PO,/K,S0,) as
an electrolyte. This pH is close to the one usually used for the
characterization for CZTS** or CGSe”® photocathode, and the
similar pH has been used in this study. The effect of the pH on
the water reduction characteristics of ZnTe-based photocath-
odes will be the future work. Potentials for the PEC water
reduction that referred to the Ag/AgCl electrode (Vag/agci) Were
converted to those that referred to the reversible hydrogen
electrode (Vrug) by using the following equation:

Vruae = Vagagar + 0.059 x pH + 0.199.

A PEC cell connected to an online gas chromatography
system (Agilent 490 Micro GC Gas Analyzer equipped with an
MS-5A column and a thermal conductivity detector) was used to
obtain a time course curve of H, liberation. The PEC cell was
immersed in a water bath to maintain the temperature at 293 K,
and photoirradiation was performed at 0 Vryg under the light
illumination. The H, evolution rate of the gas chromatography
was calibrated prior to the H, evolution measurements of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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samples. The standard deviation during calibration is less than
1-2 pmol h™.

3. Results and discussion

Fig. 1 shows the RHEED patterns after the growth of (a) undo-
ped ZnTe of sample #1, (b) undoped ZnTe and (c) n-ZnO of
sample #2, and (d) undoped ZnTe and (e) n-ZnS of sample #3. In
all samples, the undoped ZnTe layers were epitaxially grown on
P-ZnTe(100) substrates. After the growth of n-ZnO on undoped
ZnTe in sample #2, the RHEED pattern changed to the ring
pattern, as shown in Fig. 1(c), indicating the growth of poly-
crystalline n-ZnO layer. This is because of the different crystal
structure between ZnTe with zinc blende structure and ZnO
with wurtzite structure. On the other hand, the spot pattern was
obtained after the growth of n-ZnS with zinc blende structure,
indicating the epitaxial growth of n-ZnS on ZnTe. This result is
consistent with the previous report.**

Fig. 2 shows the scanning electron microscope image of the
surface of sample #3. A very smooth surface of n-ZnS was
observed. Similar smooth surfaces were observed for other
samples. The inset of Fig. 2 shows the optical microscope image
of the ZnTe-based photocathode.

Typical electron concentration n, mobility u, and resistivity p
obtained for n-ZnO and n-ZnS grown on semi-insulating
ZnTe(100) substrates under the same growth condition are
Ngno = 1.4 X 10*° em ™3, tizno = 0.6 cm?> V' s, and pyno = 7.4
x 1072 Qcm, and nzns = 3.3 X 10 em ™3, uzng =28 cm>V s
and pzns = 6.7 x 107* Q cm, respectively.

PEC current-voltage characteristics of ZnTe-based three
electrodes were investigated by LSV measurement in an Eu®"
solution. Fig. 3 shows LSV plots of ZnTe-based electrodes with
a ZnTe/p-ZnTe/Pd (#1), a n-ZnO/ZnTe/p-ZnTe/Pd (#2), and a n-
ZnS/ZnTe/p-ZnTe/Pd (#3) structures in 0.1 M europium nitrate
under chopped illumination of simulated sunlight (AM 1.5 G x
5 sun). In sample #1, although a photocurrent was small
compared with other samples, the photocurrent increases with
the increase of negative potential, indicating a PEC

Fig.1 RHEED patterns after the growth of (a) undoped ZnTe of sample
#1, (b) undoped ZnTe and (c) n-ZnO of sample #2, (d) undoped ZnTe
and (e) n-ZnS of sample #3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scanning electron microscope image of the surface of sample
#3. The inset shows the optical microscope image of the ZnTe-based
photocathode.

characteristic of p-type semiconductor. On the other hand, the
samples #2 and #3 show significantly large photocurrents, and
especially in #3, the photocurrent of 3.5 mA cm ™ was observed
even at low potential of Vgyg = 0 V.

Fig. 4 shows the electrode structure and energy band
diagrams of ZnTe-based electrodes with a n-ZnO/ZnTe/p-ZnTe/
Pd (#2) and a n-ZnS/ZnTe/p-ZnTe/Pd (#3) structures. The
energy band diagrams were drawn using band gaps and elec-
tron affinities of 2.26 eV (ref. 30) and 3.53 eV (ref. 20 and 21) for
ZnTe, 3.4 eV (ref. 31) and 4.5 eV (ref. 26) for ZnO, and 3.7 eV (ref.
32) and 3.9 eV (ref. 20) for ZnS. Because ZnS has a smaller
electron affinity than ZnO, a higher internal electric field exists
in the undoped ZnTe layer in sample #3, resulting in the higher
collection efficiency of photoexcited electrons in ZnTe. This is

T T
I ZnTe/p-ZnTe/Pd

t 40pA/cm’?
: n-ZnO/ZnTe/p—-ZnTe/Pq
I 4mAlcm?

n-ZnS/ZnTe/p-ZnTe/Pd

Current density

4mA/cm21

-02  -041 0
Potential V gye (V)

Fig. 3 LSV plots of ZnTe-based electrodes with a ZnTe/p-ZnTe/Pd
(#1), a n-ZnO/ZnTe/p-ZnTe/Pd (#2), and a n-ZnS/ZnTe/p-ZnTe/Pd
(#3) structures in 0.1 M europium nitrate under chopped.
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Fig. 4 Electrode structure and energy band diagrams of ZnTe-based
electrodes with (a) a n-ZnO/ZnTe/p-ZnTe/Pd (#2), and (b) a n-ZnS/
ZnTe/p-ZnTe/Pd (#3) structures.

the reason for higher photocurrent density in sample #3 even at
low applied voltage. In sample #2, the photocurrent density
increases with increasing negative potential, as shown in Fig. 3.
This is attributed to the enhanced collection of photoexcited
electrons by the increased negative applied potential.

To clarify the active area generating the photocurrent under
light illumination, EQE spectra for sample #2 and #3 were
measured and plotted in Fig. 5. The EQE for sample #3 is much
larger than that for sample #2, consistent with photocurrent
results. EQEs for both samples increase at the photon energy of
approximately 2.2 eV corresponding to the band gap energy of
ZnTe, and then, they decrease above 3.5 eV, which is almost
consistent with the band gap energy of ZnO or ZnS. Therefore,
the most photocurrent is found to be generated in ZnTe region.

Fig. 6(a) shows an LSV plot in a pH 6.5 phosphate buffer
solution obtained by a sample #3 electrode modified with Pt
particle deposition (Pt-n-ZnS/ZnTe/p-ZnTe/Pd structure) under
chopped illumination. A photocurrent increases gradually with
increasing cathodic polarization. The primary event inducing
the observed photocurrents is likely to be water reduction into
H,.

In order to measure the amount of gas-phase H, quantita-
tively, H, liberation over the Pt-n-ZnS/ZnTe/p-ZnTe/Pd elec-
trode at a fixed potential (Vryg = 0) was examined. Fig. 6(b)
shows a time course curve of H, liberation from a unit area of
the electrode under illumination. A current density profile

n-ZnS/ZnTe/p-ZnTe/Pd (#3)

10'F n-ZnO/ZnTelp-ZnTe/Pd (#2) 1

Log EQE (%)

4
1.5 2.0

10 25 3.0 35

Photon energy (eV)

4.0

Fig. 5 EQE spectra for sample #2 and #3.
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Fig. 6 (a) LSV plot for a sample #3 electrode modified with Pt particle
deposition (Pt—n-ZnS/ZnTe/p-ZnTe/Pd structure) under chopped
illumination. (b) A time course curve of H; liberation from a unit area of
the electrode under illumination.

during light illumination is also plotted in this figure. The
amount of H, increases monotonically and then the rate
becomes slightly larger, which is attributed to an increase of the
photocurrent density over time. The rate of H, liberation esti-
mated from the slope of the plot at the latter half part (70-110
min) was approximately 87 umol ecm~> h™'. Although the illu-
minated light intensity in this experiment is almost three times
higher than the general simulated sunlight (AM1.5 G x 1 sun),
we can see that relatively high H, liberation rate was obtained
using this structure. Faradaic efficiency, defined as the ratio in
percent of the amount of H, evolution to that of half electrons
passing through the outer circuit (e /2), was estimated to be
almost 100%, as can be seen by comparing the amount of H,
with the e /2 plotted in Fig. 6(b). This result indicates almost no
unfavorable side reaction occurred in this sample. Therefore,
the n-ZnS/ZnTe heterojunction structure is suitable for water
reduction reaction.

Finally, we have examined a stability of ZnTe electrode with
the sample #3 (Pt-n-ZnS/ZnTe/p-ZnTe/Pd) under illumination.
The preliminary result of the stability test for 12 hours under
AM1.5 G x 1 sun illumination is shown in Fig. 7. At the
beginning, the photocurrent slightly increases up to 0.95 mA
ecm~? but after 1 hour it gradually decreases with time and
reaches to 0.81 mA cm™ > after 12 hours. The insets in Fig. 7
show the surface images of the sample before and after light

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Preliminary result of stability test for 12 hours under AM1.5G x 1
sun illumination for a sample #3 electrode modified with Pt particle
deposition (Pt—-n-ZnS/ZnTe/p-ZnTe/Pd structure).

irradiation. After the light irradiation, a part of the sample
surface (bottom right) was seemed to be degraded by the
photochemical reaction, and this degradation may be the
reason for the decrease of photocurrent. In this sample, because
the thickness of n-ZnS layer is only 50 nm, the partial degra-
dation of ZnTe electrode by the solution might be occurred.
Further improvement is expected by optimizing the structural
parameters such as thicknesses or carrier concentration of n-
ZnS and ZnTe layers and so on.

4. Conclusions

ZnTe-based photocathodes with heterostructures showed
superior PEC properties for water reduction reaction as a result
of improved carrier collection due to the existing internal elec-
tric field at pn-junction. Among the tested samples, n-ZnS/ZnTe/
p-ZnTe structure exhibits the highest photocurrent even at low
potential, and relatively high H, liberation rate was obtained,
indicating the possibility to use this structure for artificial solar

water splitting.
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