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promising electrodes for photoelectrochemical decomposition of water, is studied. It has been
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AgooCup1GaSe, composition synthesized at 550 € for 15 minutes, a record photocurrent
density of 1.763 mA/cm? (at E =-0.517 V relative to 3M SSCE) was obtained under lighting
conditions close to AM1.5.

Keywords: thin films, electrodes, chalcopyrites CuGaSe, and AgGaSe,, phase composition,
electrophysical properties.

DOI: 10.51368/2949-561X-2026-1-60-67

Introduction splitting rates (9.7 mmol/h) and a high quantum

yield (about 57% under 270-300 nm

Currently, one of the most relevant areas of
photovoltaics development is the production of
hydrogen through photoelectrochemical water
splitting. A large number of different compounds
are used for this purpose, such as NaTiOs:La,
TiO,, WO;@BiVO,, compounds of the A"-B"
group, chalcopyrites A'-B"-CY',, and others.
All of them can act as photocathodes or
photoanodes and have both certain advantages
and characteristic disadvantages.

For instance, photocathodes based on
NaTaOs:La exhibit one of the highest water

illumination). However, this requires the use of
UV radiation, and the surface of the photocathode
must be non-uniform to allow adsorption of the
evolved hydrogen [1]. The use of a wide-bandgap
n-type semiconductor TiO, with Eq=3eV also
requires illumination in the UV region.
Furthermore, this system necessitates the
presence of Pt or any p-type semiconductor as a
counter electrode for the target hydrogen
evolution reaction [1, 2]. Compared to TiO,,
the compound BiVO, has a smaller bandgap
(Eq=2.4 eV) and extends into the visible part of
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the solar spectrum [3]. Study [4] shows that
photoanodes based on BiVO, thin films have an
efficiency of n=5.2% (AML1.5 illumination),
and with the use of WO3;@BiVO, core-shell
nanostructures, the efficiency of such devices can
reach up to 8.2 % [5, 6]. However, achieving such
values and high photocurrent  densities
(6.56 mA/cm?) requires a tandem structure in the
form of WO;@BiVO, (photoelectrochemical
cell) — GaAs/InGaAsP (heterojunction), which
significantly complicates the design and increases
production cost. Photocathodes based on thin
films of A"-B"Y compounds have efficiencies up
to 14 %, but they remain quite complex to
manufacture and expensive. Furthermore, the
long-term  operational  stability of  such
photocathodes in aqueous solutions is low [7].
Another type of semiconductor that could
potentially be used for hydrogen production is
Cd1xZnS powders (0.2<x<0.35), which
possess different bandgaps Eg=2.49-2.68 eV
depending on the zinc content in the films.
Such systems can operate in the visible range
of sunlight and generate hydrogen at a rate of
0.35 mmol/h-ge. However, efficient photolysis
of water requires the use of a consumable
SO5%/S? component, which acts as an electron
donor and facilitates the reduction of hydrogen
ions from the solution [8]. Currently, a more
promising approach is the creation of a
heterojunction with p-type semiconductors to
increase photocurrent density and facilitate
electron transfer to active sites on the surface.

To achieve this goal, an alternative to
expensive photocathodes based on 1l1-V group
semiconductors can be used: compounds of the
Al-B"-cY, type with a chalcopyrite crystal
structure, specifically CuGaSe, (CGS) and
AgGaSe; (AGS), as well as solid solutions based
on them. The main advantages of these
compounds are their variable bandgap (Eq ~ 1.6
1.8 eV), close to the optimal value for efficient
absorption of solar radiation and overcoming the
thermodynamic threshold of water splitting
(2.23V), as well as their low cost compared
to A"-BY group compounds [9, 10, 11].
Considering the high overpotentials for hydrogen
and oxygen evolution reactions caused by the low
surface activity of the semiconductor as a
photoelectrode and a number of other losses,
Eq~ 1.7 eV is considered the optimal value for

water molecule splitting [12]. The most
widespread method for producing high-efficiency
photocathodes based on CuGaSe, is thermal
evaporation of elements in vacuum. CGS films
obtained by this method demonstrate high
crystallinity and large grains (1-2 um), and the
efficiency of photoelectrochemical water splitting
reaches m ~10% [13]. It is known that an
important feature of this method is composition
control, as the Cu/Ga ratio significantly affects
the properties of the photocathodes. In study [14],
devices based on films with different Cu/Ga
ratios exhibited high photocurrent density
values: -19.0 mA/cm? for Cu/Ga=0.85 and
—12.1 mA/cm? for Cu/Ga = 0.33 (at a potential of
E=-0.4Vvs. reversible hydrogen electrode,
RHE) and OmA/cm? for Cu/Ga=0.85 and
—8.2 mA/cm? for Cu/Ga = 0.33 (at a potential of
E=0Vvs. RHE) in 0.5 M H,SO,4 (pH = 0.4).
For a pure CuGaSe; single crystal in study [15],
values of jpn =0.3 mA/cm* were achieved (at a
potential of E =0 V vs. RHE, which corresponds
to —0.517 V vs. 3M Ag/AgCl electrode).
Furthermore, the authors of many studies
state that thermal annealing, especially in a
selenium atmosphere, is a powerful tool for
controlling the defect structure and, consequently,
the photoelectrophysical properties. The main
goal of this type of annealing is to compensate for
selenium loss and eliminate selenium-deficient
defects (Vse vacancies), which are deep
recombination centers. Annealing facilitates the
passivation of acceptor levels associated with
copper vacancies V¢, and gallium vacancies Vg,
[16]. For example, annealing in a Se atmosphere
drastically reduces the resistivity of p-type CGS
films to 1-10 Q-cm [17]. In some cases, the
application of rapid thermal annealing to finished
CGS-based solar cells has increased their
efficiency from 10 % to 11.46 % due to grain
boundary passivation and improved
heterojunction quality [18]. For high efficiency
of AGS-based photocathodes, annealing in a
selenium atmosphere at 600 °C is typically
required [19], since at low annealing temperatures
the samples are a mixture of Ag, Ga,Ses;, GaSe
phases and the target AgGaSe, phase. Reference
[20] describes the fabrication of AGS-based
photocathodes  without a  heterojunction;
the photocurrent density value was 0.2 mA/cm?
(at a potential of E=-0.1V vs. RHE) under
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illumination with light of wavelength 420-
800 nm (Xe lamp, power 300 W). Of particular
interest are AgyCu; xGaSe, solid solutions, as
photocathodes based on them show higher
photocurrent values. Reference [20] describes the
production of films of mixed composition, in
which ~6 % of the copper is substituted by silver
atoms. The obtained photocathode with the
structure FTO/Ago.06Cuo.94GaSe,/CdS/Pt
exhibited a photocurrent density of 8.1 mA/cm?
(at a potential of E=0V vs. RHE). In turn, the
photocathode  without a  heterojunction,
FTO/AQo.06CuUo 94GaSe,, had photocurrent density
values jon ~ 1.4 mA/cm? (at a potential of E=0V
vs. RHE).

In our previous studies [21, 22], it was
established that in the powder system of
AgxCu; xGaSe, solid solutions, an increase in the
silver fraction leads to an increase in the lifetime
of photogenerated carriers, and the best
photocurrent values were characteristic of
powders with a higher silver content. This
phenomenon is explained by the substitution of
deep traps with shallower ones. However, such
compositions have not been investigated as
photocathodes for direct water splitting in
photoelectrochemical cells.

Therefore, this paper studied the influence
of synthesis conditions of AgsCu;<GaSe, thin
films on their phase composition, structure, and
their applicability as photocathodes for direct
water splitting in photoelectrochemical cells.

Experimental section

The synthesis of AgxCui.xGaSe; thin films
was carried out in several stages. In the first
stage, intermetallics of various compositions,
CuGa, and AgQ,Gas, were obtained by high-
temperature solid-state synthesis. In the next
synthesis stage, metals and intermetallics of the
required mass were thermally evaporated in
vacuum onto a pre-heated Mo/MoOy substrate.
The final stage of the synthesis was annealing the
obtained films in an active selenium atmosphere.
This method for synthesizing chalcopyrite
films of other compositions was developed by us
earlier [23] and has proven successful.

The obtained films had the following structure:
Mo (500 um)/MoOy (0.05 um)/AgsCu; xGaSe;
(1.50 um).

The phase composition of the films was
studied by XRD (PANalytical Aeris, Cu-K,
radiation). The applicability of the obtained films
as photocathodes was investigated in a three-
electrode electrochemical cell with a working
electrode of glass/Mo/Mo0O3 ,/AgxCu; xGaSe,
film, a graphite counter electrode, and a reference
electrode, a 3 M silver/silver chloride electrode
(AgCl), under pulsed illumination conditions
close to AM15 (metal halide lamp,
P =0.1 W/cm?). To increase the shunt resistance,
the edges of the sample were insulated. The
electrolyte used was a solution containing
CH3;COOH (0.1 M) + CH3COOK (0.175 M) + K5SO4
(0.1 M) (acetate buffer with pH = 5), which helps
reduce corrosion of the Mo/MoOy substrates. The
potential sweep rate was 5 mV/s.

Results and Their Discussion

Fig. 1a shows X-ray diffraction patterns of
AgGaSe, films obtained under different
conditions. For AgGaSe; films obtained at a
temperature of 550 °C, a decrease in the amount
of impurity phases with increasing annealing
duration was characteristic. The films contain an
impurity cubic chalcopyrite phase AgyGaSes
(P231), enriched with silver, a hexagonal GaSe
phase (P63mc), and some phases that could not
be identified. The intensity of the lines of the
main AgGaSe; phase decreased with increasing
annealing time. This change in intensities can be
associated with the thermal decomposition of
AgGaSe; into AgyGaSes and the volatile Ga,Se;
phase upon increasing the heat treatment time.
AgGaSe; films obtained at 650 °C contained the
smallest amount of impurity phases compared to
those obtained at 550 °C. With increasing
duration of heat treatment, the intensity of the
lines of the main chalcopyrite phase increases and
the amount of the impurity hexagonal GaSe phase
(P63mc) decreases.
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For  AgooCupiGaSe, films (Fig. 1b)
annealed at 550 °C, an increase in the intensity of
the main phase and a decrease in the intensity of
the impurity GaSe phase are observed. For films
obtained at 650 °C, although an increase in the
intensity of the lines of the main chalcopyrite
phase is observed with increasing annealing time,
impurity phases of cubic Cu,4Se (F-43m) and
hexagonal GaSe (P63mc) are still present. This
may be because, although the target
AgooCup1GaSe, phase forms at elevated
temperature, it begins to decompose with
excessively long annealing times.

For CuGaSe; films (Fig. 1c) annealed at
550 °C, the presence of impurity phases of cubic
(F-43m) Cu, 4Se and Ga,Se;z was characteristic
for different annealing durations. Probably, this
time at this temperature is insufficient for the
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Fig. 1. Diffraction patterns of AgGaSe; (a),

Agy sCuq1GaSe; (b) and CuGaSe; (c) films obtained
under conditions: 1) 550 °C, 10 min; 2) 650 °C, 10 min;
3) 550 °C, 15 min; 4) 650 °C, 15 min; 5) 550 °C, 30 min;

6) 650 °C, 30 min. The dashed lines indicate the
reflections of the AgGaSe, and CuGaSe; standards, as
well as the Agg oCug1GaSe, powder [21]

formation of a single-phase film, since copper
and selenium form a large number of intermediate
selenides and equilibrium in the system does not
have time to establish. For AgGaSe; films, for
example, this is not observed, since only the
Ag,Se phase exists and less time is required to
achieve equilibrium in the system. The higher
annealing temperature of 650 °C, as well as
increasing the duration of heat treatment, also
does not significantly affect the composition of
the obtained CuGaSe; films.

The crystal lattice parameters a, ¢ and the
unit cell volume V for AgsCu; GaSe, films
obtained under different conditions varied
nonlinearly. Moreover, for CuGaSe, samples,
only films obtained at 650 °C with an annealing
time of 30 min have the closest values of crystal
lattice parameters a = 5.611(6) A, ¢ = 10.989(25) A
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and V = 346.0(6) A® compared to powders of the
same composition [21, 22]. Among the samples
containing silver, only AgogCup1GaSe; films
obtained at 650 °C with an annealing time of
15 min, and AgGaSe, films obtained at 650 °C
with an annealing time of 30 min, had similar
crystal lattice parameter values a =5.937(9) A,
c=1087(7)A and V=380.0(21) A*> and
a=5.976(4) A, ¢=10.702(23) A and V =382.3(5) A?,
respectively, compared to powders of the same
composition [21, 22].

Fig. 2 shows  the current-voltage
characteristics under intermittent illumination,
which  best represent the electrophysical
properties of AgxCu;_xGaSe; films obtained under
different conditions. As can be seen from the
figure, films of different compositions exhibit
p-type dark conductivity, as evidenced by the
increase in photocurrent amplitude upon shifting
to the negative potential region. The increase in
photocurrent density correlates with the increase
in the lifetime of photogenerated charge carriers
for powders of similar composition, described by
us in [21, 22].

Based on the studied current-voltage
curves, the photocurrent density values jon were
obtained  for  films  with  the  best
photoelectrophysical characteristics. Furthermore,
based on the studied current-voltage curves, the
series (Rs) and shunt (Rsy) resistances were

1 [dl }

—~|—= at

Ry, LdE

1 di .

E—>0, —~|——| atl— 0, where I is current,
R, LdE

E is potential [24]. Based on the known thickness

and area of the synthesized films, the resistivity

values (p) were calculated. The table presents

summary data with these values for

AgyCu; sGaSe; films obtained under different

conditions. For comparison with data available in

the literature [14, 20], the photocurrent density

values recalculated relative to 3M Ag/AgCl are
also given.

calculated from the relations:

As can be seen from the table, for the
CuGaSe, composition, the best photocurrent
density values jp, = 0.066 mA/cm? (at E = -0.517 V
vs. 3M Ag/AgCl) are exhibited by CuGaSe,
samples annealed at 650 °C for 10 min, which is
in good agreement with literature data for this
type of semiconductor material [14, 15]. For
AgGaSe,-based samples, the best photocurrent
joh =0.132 mA/em? (at E=-0.517V vs.3M
Ag/AgCl) was obtained for films annealed at
550°C for 30min. The shunt and series
resistance values are relatively low. The obtained
photocurrent density data are in good agreement
with [20]. For photocathodes with the structure
Mo/MoO,/Ago9Cuo1GaSe,, annealed at 550 °C
for 15 min, a record photocurrent density value of
1.763 mA/cm? (at E = -0.517 V vs. 3M Ag/AgCl)
was achieved under illumination conditions close
to AML1.5, compared to devices based on similar
chalcopyrites described in the world literature
[14, 15, 20]. The material of this sample exhibits
low series resistance Rs = 0.5 k-Q and resistivity
p =0.2 M-Q-cm. Thus, based on the combination
of our data and literature data [20], it can be
concluded that the efficiency in AgxCu; xGaSe;
solid solutions varies nonlinearly. In the range
0<x<0.06, a significant increase in
photocurrent density is observed, then in the
range 0.06 <x<0.2 a strong decrease in jpn
occurs, followed by another increase up to
x=0.9. The obtained electrophysical
characteristics of the films correlate well with the
lifetime data for powders of similar mixed
composition AgxCu; xGaSe,, in which the best
values were obtained for samples with high silver
concentrations  [21, 22]. The observed
phenomenon may be due to a change in the defect
structure of the samples, namely, a decrease in
the depth and number of traps for charge carriers.
With an increase in the silver content in the
samples, a sequential substitution of deep
acceptor levels by shallow donor levels occurs.
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Fig. 2. Current-voltage characteristics
(vs. 3M Ag/AgCl) under intermittent light
illumination of Ag,Cu,_,GaSe, films obtained
under different conditions: (1) — CuGaSe,
(550 C, 30 min); (2) — AgO.QCU().lGaSEZ
(550 °C, 15 min); (3) — AgGaSe,

j (650 °C, 10 min)

0

Table
Photocurrent density j,,, series R and shunt Ry, resistance values for Ag,Cuy_,GaSe, films
obtained under different conditions
. . jon, MA/cm?
Com';'(')rs?tion ;ﬁﬂfg; (at o 0517 Vv RokQ | Ry kQ | p, MQcm
3M AgCl electrode)

550 °C 10 min 0.017 2.8 6.6 0.9
550 °C 15 min 0.026 71.3 92.2 23.8
550 °C 30 min 0.015 39.1 535 13.0

CuGaSe,
650 °C 10 min 0.066 5.0 0.5 17
650 °C 15 min 0.026 4.4 7.3 15
650 °C 30 min 0.011 54 4.9 1.8
550 °C 10 min 0.049 147.5 37.8 49.2
550 °C 15 min 1.763 0.5 2.2 0.2

AgosClls 1GaSe, 550 °C 30 mfn 0.16 7.9 4.8 2.6
650 °C 10 min 0.029 6.0 17.3 2.0
650 °C 15 min 0.075 65.3 2.9 21.8
650 °C 30 min 0.0074 8.2 5.8 2.7
550 °C 10 min 0.014 1.2 12.3 0.4
550 °C 15 min 0.029 0.7 16.2 0.2

AgGaSe, 550 °C 30 m'in 0.132 0.5 7.4 0.2
650 °C 10 min 0.012 26.2 59.7 8.7
650 °C 15 min 0.035 0.5 2.6 0.2
650 °C 30 min 0 - - -

Conclusion films on Mo/MoQOy substrates. It was established

A study was conducted on the influence of
stoichiometry and synthesis conditions on the
phase composition, structure, and electrophysical
properties of AgxCu; xGaSe, chalcopyrite thin

that for the synthesis of AgxCu; xGaSe, films
(x=0, 0.9, and 1) on Mo/MoOy substrates,
annealing in selenium vapor at T =650 °C for a
duration of 15 min to 30 min is most optimal.
Under these conditions, films with a chalcopyrite
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structure of the space group I-42d are formed,
with crystal lattice parameters closest to those of
powders of similar composition. At the same
time, electrodes based on AgpeCugi1GaSe;
chalcopyrite composition, obtained at T =550 °C
and t =15 min, possess the best electrophysical
properties and the highest efficiency. In our
opinion, the presence of small amounts of these
impurity phases in the films does not significantly
affect the photocurrent; a more significant
contribution is made by the stoichiometry of the
photoactive phase. On such samples, under
pulsed illumination conditions close to AM1.5, a
record photocurrent density jon = 1.763 mA/cm?
(at E =-0.517 V vs. 3M Ag/AgCl) was achieved.
The efficiency of electrodes based on
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