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The Ag Cu;_,GaSe; semiconductor compound is considered as one of the promising materials for
creating photocathodes, which are used to generate hydrogen by photoelectrochemical (PEC) water split-
ting under solar radiation. In this paper, the effect of the silver and copper ratio in the Ag, Cu;_,GaSe;
system (0.0 < x < 1.0) on their phase composition, crystal structure and loss kinetics of photogenerated
current carries is investigated using electron microscopy, X-ray diffraction, Raman spectroscopy and
time-resolved microwave photoconductivity method. It is shown that the synthesized compounds of the
Ag Cuj_,GaSep system generally do not have deviations from stoichiometry for gallium and selenium,
as well as for copper and silver for the edge compounds. However, in compounds with x in the range
from 0.2 to 0.5, there is a deviation of the mole fractions of silver ( x ) and, accordingly, copper from



Eurasian Journal of Physics and Functional Materials, Vol.10 (1). 35

the technological ones, mainly at x = 0.3 and 0.4, while for other values of x, no significant deviations
were found. It has been established that the CuGaSe, and AgGaSe, edge compounds crystallized in
a tetragonal structure of the chalcopyrite type and are single-phase. Whereas the compounds of the
Ag,Cu;_,GaSe; systemat x < 0.3 and x > 0.6 form a solid solution and have a lattice matrix of the
CuGaSe, and AgGaSe, type, respectively. And at x in the range of 0.3 - 0.6, partial mixing of these
phases occurs with the formation of solid solutions and phase splitting. The analysis of loss kinetics
of photo-generated current carriers by the method of microwave photoconductivity showed that the
longest lifetimes are characteristic for x =0 and x = 1. This is due to the large number of defects in
Ag Cuj_,GaSe; , which are deep traps for photogenerated current carriers, compared to CuGaSe; and
AgGaSe,.

Keywords: photocathodes; chalcopyrite; Ag Cuj_,GaSe, compounds; crystal structure; microwave
photoconductivity

Introduction

Hydrogen energy is currently attracting increasing attention. Since hydrogen is
one of the promising energy carrier that can replace traditional ones, due to its
cleanliness, high energy density, storability, transportability, and its combustion
does not emit of climate altering gases [1, 2]. Hydrogen can be produced different
ways to use as a fuel [3]. However, research is currently underway to develop
a cost-effective and environmentally friendly methods for producing hydrogen.
One of the promising such methods is photoelectrochemical (PEC) water splitting
under the influence of sunlight using photocathodes based on semiconductor
thin films [1, 4-6]. The solar water splitting principle is that the photoexcited
electrons and holes are first generated in the photocathode by absorbing photons
with appropriate energy, and then transferred to the interface of the photocathode
and the electrolyte to participate in the water reduction and oxidation reaction [1,
5]. In [6] it is noted that in order to obtain an economically viable PEC cell it is
necessary to achieve an efficiency of at least 10% solar-to-hydrogen (STH), and
for this the PEC cell must generate a photovoltage higher than the thermodynamic
potential (1.23 V) and a photocurrent density higher than 8.13 mA/cm?.

For the manufacture of laboratory photocathodes, various semiconductor
materials are used that have the required band gap of about 1.7 eV [1, 5, 7].
For example, the efficiency of water photolysis by photocathodes based on III-V
semiconductors can exceed 19% under AML1.5 illumination conditions and be up
to 31% under solar energy concentrators ( x42 AM1.5) [8]. However, the produc-
tion of such photocathodes is very expensive and they contain toxic arsenic in
their composition. An alternative to these materials are inexpensive and non-toxic
compounds of the I-III-VI group, which have a chalcopyrite structure. Among
which, solid solutions based on ternary chalcogenide CuGaSe, (~ 1.67 eV)
and AgGaSe, (~ 1.82 eV) compounds attract attention as possible material for
photocathodes for PEC water splitting [9]. In [10] reported a CuGaSe; film-based
photocathode with 8% STH efficiency and a current density of 16.7 mA/cm?. By
studying the electronic structure of AgGaSe, using first-principles calculations,
it was shown that doping AgGaSe, with Al and/or Cu allows optimize the
band edge positions and the band gap energy for better water splitting [9]. In
addition, AgGaSe, forms a suitable junction with CuGaSe;, which facilitates
the separation of electrons and holes [9]. Another research group, it was found
that photocathodes based on Ag, Cu;_,GaSe; films with ~ 5.9% substitution
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of copper with silver exhibit significantly higher photocurrent compared to the
copper-containing ternary compound [11, 12]. However, the Ag Cu;_,GaSe;
compound system, unlike the edge compositions, has been little studied to date,
since only minor attention was previously paid to them [11-15]. The formation of
solid solutions in the CuGaSe; -~ AgGaSe, system was investigated and it was
shown that these compounds are not completely miscible, but only in the ranges
x < 0.4 and x > 0.7 [13]. Later, the effect of Ag content in the Ag Cu;_,GaSe;
(0 < x £0.38) compound on the structural and optical properties of the bulk
material and thin films was investigated [14, 15]. The authors proposed an em-
pirical model of the role of Ag in CuGaSe;: when Cu is replaced by silver, Vg,
increase, which act as donors, thereby reducing the net hole concentration [14,
15]. It was found that the inclusion of Ag in Ag Cu;_,GaSe; films contributed
to the grain size increase due to the lower melting point of AgGaSe, compared
to CuGaSe; [11]. It was also found that Ag, Cu;_,GaSe; has a deeper valence
band maximum than CuGaSe, for better PEC water splitting [11]. In the case
of Ag Cu;_,GaS; alloy, the degree of hybridization between the d-bands of Cu
and Ag with the anionic-dominated p-valence bands is significantly different,
so a sharp change in the electronic and vibrational properties of the alloy is
expected depending on the Ag concentration [16]. Therefore, it is important to
conduct additional research on the Ag Cu;_,GaSe; system to achieve better
STH efficiency of PEC cells.

The purpose of the work is to study the Ag Cu;_,GaSe; system (0.0 < x < 1.0)
depending on the silver content using electron microscopy, X-ray diffraction, Ra-
man spectroscopy, and the time-resolved microwave photoconductivity method to
obtain fundamental physical parameters for further production of Ag, Cu;_,GaSe,
thin films with the necessary physical properties for their use as photocathodes.

Materials and Methods

Sample preparation

Powder samples of the Ag Cu;_,GaSe, system (0.0 < x < 1.0) were obtained
in two stages. At the first stage, CuGaSe; and AgGaSe, edge compounds were
synthesized. For this purpose, elemental copper, silver, gallium, and selenium of
4N purity (Girmet, Moscow, Russia) were placed in evacuated quartz ampoules
in the required ratio (Equations (1) and (2)). Then they were heat treated in a
furnace at 1100 °C for 100 hours.

Cu + Ga + 25e = CuGaSe, (1)

Ag + Ga + 25e = AgGaSe, (2)

At the second stage, after homogenization of the obtained compounds in an
agate mortar, the required amounts of ternary compounds were again annealed
in evacuated quartz ampoules at a temperature of 650 °C for 100 hours to obtain
the Ag Cuj_,GaSe, compound system according to reaction (3).
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2x CuGaSe; + (2 — 2x) AgGaSe, = 2 Ag Cu;_,GaSe;, 3)

Analysis methods

Elemental composition data, as well as micrographs with elemental mapping of
the synthesized samples, were obtained using an S5-4800 scanning electron micro-
scope (Hitachi, Japan) equipped with an energy-dispersive X-ray spectroscopy
(EDS) attachment.

The phase composition and crystalline structure of the samples were in-
vestigated using an X-ray diffractometer (XRD), PANalytical Aeris (Malvern
Panalytical, Netherlands), with CuK« radiation. Phase analysis was carried out
using the Crystallography Open Database (COD) and the International Centre
for Diffraction Data (ICDD) databases.

The lattice parameters of the samples were refined using Rietveld analysis im-
plemented in the MAUD (Material Analysis Using Diffraction) software package
[17].

The phase composition and crystalline structure were also examined by Raman
spectroscopy using a Bruker Senterra micro-Raman system (Bruker Elemental
GmbH, Germany). Raman spectra were excited using a continuous-wave laser
with a wavelength of 532 nm.

The decay kinetics of photogenerated charge carriers were studied using a
contactless time-resolved microwave photoconductivity (TRMC) technique at
36 GHz (Unique Research Facility “Setup for Measuring Photogenerated Charge
Carrier Lifetimes via Microwave Photoconductivity at 36 GHz”) over a wide
temperature range (+30 to —80 °C) [18].

Photoconductivity was excited using a nitrogen laser LGI 505 (A = 337 nm,
tpuise = 8 ns). The maximum photon flux density was 10'® photons/cm? per
pulse. The light intensity was varied using optical filters.

Temperature control was achieved using a copper thermal conductor, with the
resonator placed inside a Dewar vessel filled with liquid nitrogen. By adjusting
the liquid nitrogen level, the temperature could be varied within the range of
+30 to —80 °C.

To minimize heat loss, the resonator was isolated from the circulator by a
textolite waveguide with an internal metallic coating. Temperature was measured
using a K-type thermocouple attached to the resonator wall and connected to
a CENTER 305 temperature meter. The thermocouple was externally thermally
insulated to improve measurement accuracy.

Quartz windows in the Dewar walls enabled sample illumination. To analyze
photoresponses slightly above the noise level, the microwave photoconductivity
decay curves were smoothed using PhotoProcess . exe software with an exponen-
tial moving average filter [19], which preserves the signal shape while removing
high-frequency noise components.
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Results and discussion

X-ray spectral microscopy

Analysis of EDX spectra reveals strong signals characteristic of copper and/or
silver, gallium, and selenium, confirming the presence of the desired elements in
the powder Ag Cu;_,GaSe; samples with x from 0.0 to 1.0 (Figures 1 and 2).

The insets to Figures la and b show micrographs of the CuGaSe; and
AgGaSe, powdered compounds, respectively. The CuGaSe; powder particles are
mostly large and reach 170 ym in size, but there are also a few particles of several
micrometers in size. Most of the AgGaSe, powder particles are very fine with
an average size of about 20 ym, but there are a few large particles with a size of
about 180 ym. The inset to Figure 2 shows a micrograph for the Ag,;CugsGaSe;
compound. As can be seen from the micrograph, the Ag,;CupsGaSe, powder is
a mixture of large and small particles of various shapes. Other compounds of the
Ag Cuy_,GaSe; system, where x = 0.1-0.4 and 0.6-0.9, had a similar mixture
of large and small particles of various shapes. Nevertheless, the micrographs with
elemental mapping presented in the insets to Figures 1 and 2 show a uniform
distribution of all elements in all particles, regardless of their size and shape,
both for the edge compounds of CuGaSe,, AgGaSe,, and for Ag Cu;_,GaSe;
compounds at x in the range of 0.1-0.9.

Table 1 presents the data on the elemental composition of the Ag, Cu;_,GaSe;
powdered samples (0.0 < x < 1.0). The data show that there is a continuous
decrease in the copper content and an increase in the silver content in the
composition of the samples when x changes from 0.0 to 1.0. It may indicate
the synthesis of the Ag Cu;_,GaSe; system of the required composition, but
with a slight deviation from stoichiometry. The CuGaSe, edge compound is
slightly Cu-rich and Ga-poor, whereas the AgGaSe, edge compound is slightly
Ga-rich and Se-poor. However, in these cases, the observed deviations of the
atomic percentages of copper, gallium, and selenium from stoichiometry do not
exceed the error value of the electron microscope used (2 at.%).

Table 1.
Elemental composition of the powdered Ag Cu;_,GaSe, compounds where
0.0 < x < 1.0 with a step of 0.1.

Mole Compound Atomic percent Ratio
fraction, x Cu|Ag|Ga|Se|Ag/(Cu+ Ag) | Cu/(Cu+ Ag) | (Cu + Ag)/Ga | metal/Se
0.0 CuGaSe; 26 | — | 24|50 0.00 1.00 1.08 1.00
0.1 Ag,,CugoGaSe; | 25 | 2 | 24 |49 0.07 0.93 1.13 1.04
0.2 Ag,,CuggGaSey | 24 | 4 |22 |50 0.14 0.86 1.27 1.00
0.3 Ag;3CugsGaSey | 21 | 5 | 25|49 0.19 0.81 1.04 1.04
0.4 Agy,CugsGaSey | 19 | 7 | 24 |50 0.27 0.73 1.08 1.00
0.5 Ag,5CugsGaSe; | 11 | 14 | 26 | 49 0.56 0.44 0.96 1.04
0.6 Ag,CupsGaSe; | 9 | 15 | 26 | 50 0.63 0.38 0.92 1.00
0.7 Ag,,CugsGaSey | 8 | 17 | 26 |49 0.68 0.32 0.96 1.04
0.8 AgysCugoGaSey | 5 | 21 |27 |47 0.81 0.19 0.96 1.13
0.9 AgyoCug1GaSey | 3 | 23 |26 |48 0.88 0.12 1.00 1.08
1.0 AgGaSe, — | 25|27 |48 1.00 0.00 0.93 1.08

The calculated ratios of the Ag/(Cu + Ag) and Cu/(Cu + Ag) elements for
the obtained Ag, Cu;_,GaSe, system indicate a deviation of the molar fractions



Eurasian Journal of Physics and Functional Materials, Vol.10 (1). 39

cps/eV

cps/ev

(b)

Figure 1. EDX spectra and micrographs with elemental mapping of CuGaSe; (a) and AgGaSe, (b) powdered

compounds.

of silver and copper, respectively, from the technological ones (x) in the range
of 0.2 < x < 0.5. Whereas at x = 0.1 and x > 0.6, the molar fractions of
silver and copper do not differ significantly from the technological ones. It
should be noted that a sharp change in the molar fractions of copper and silver
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Figure 2. EDX spectrum and micrograph with elemental mapping of Ag,;CugsGaSe, powdered compound.

content for Ag Cuj_,GaSe, compounds occurs in the range of (0.4 < x <0.5).
At the same time, the ratio of (Cu + Ag)/Ga elements indicates that the com-
positions of samples at x < 0.4 are depleted in gallium, while at x > 0.5, on
the contrary, enrichment in gallium is observed, but excluding Ag, ,Cug1GaSe;
compound. The greatest deviation of selenium from stoichiometry is observed
for Ag Cu;_,GaSe, samples at x > 0.8, i.e. with a silver content of more
than 21 at.%. However, changes in the content of both gallium and selenium
occur within the error limits of the method, but excluding Ag,,CuggGaSe, and
Ag,sCugrGaSe, compounds.

X-ray diffraction

Figure 3 shows the X-ray diffraction patterns of the synthesized powders of the
Ag Cu;_,GaSe; system with x in the range from 0.0 to 1.0. The presented
X-ray diffraction pattern for the CuGaSe, edge compound contains reflections
characteristic of the tetragonal crystal structure of CuGaSe; of the space group
14 2d (PDF#31-0456) with a preferential orientation along the (112) plane. The
splitting of the (220)/(204), (312)/(116), (332)/(413) peaks, which are associated
with the tetragonal CuGaSe, phase, is an indicator of ordering in this one.
In addition, the high intensity of diffraction reflections with their small width
indicates good crystallinity of the obtained CuGaSe, samples. The samples of
the CuGaSe; compound are single-phase.

For the Ag, Cu;_,GaSe, powder compounds with x = 0.1 and 0.2, the X-ray
diffraction patterns clearly show a decrease in the intensity of the main (112)
reflection, as well as (220), (204), (312), (400), and (424) reflections compared to
the edge CuGaSe; compound. At the same time, their positions, including the
(112) reflection, undergo a slight shift to the region of small diffraction angles (up
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Figure 3. X-ray diffraction patterns of the synthesized powders of the Ag, Cu;_,GaSe; system (0.0 <x <1.0)
compared to the Powder Diffraction File (PDF#31-0456 for CuGaSe, , PDF#31-1240 for AgGaSe, ) from the International
Centre for Diffraction Data. The reflections indicated with an asterisk in the pattern of the samples with x = 0.1 and 0.2

can be assigned to AgSe (PDF#65-2878), CuygSe (PDF#88-2046), and/or Cuy_,Se (PDF#06-0680).

to 0.6°) as Cu is replaced by Ag (Figure 4). The reflection detected at 26 ~ 27°
(marked with an asterisk) in the X-ray diffraction patterns of Ag,,Cug9GaSe,
and Ag,,CuggGaSe, compounds indicates the presence of a secondary cubic
phase of AgSe (PDF#65-2878), Cu; gSe (PDF#88-2046), and/or Cuy—,Se (PDF#06-
0680) in their composition. For example, in work [14] the coexistence of the
Cu; gSe secondary phase along with the main tetragonal CuGaSe; phase in the
powders of Ag,,CugoGaSe; solid solutions was detected. The authors proposed
using iodine (I) in the synthesis of powders Ag Cu;_,GaSe; solid solution to
prevent the formation of the Cu; gSe secondary phase, which was successful only
for the Ag,,Cup9GaSe, compound. Whereas in Ag Cu;_,GaSe, compounds
with a large substitution of copper by silver (x = 0.2, 0.3, 0.38), the presence of
iodine led to the formation of an Agl secondary phase. Moreover, the authors
report the coexistence of an AgSe secondary phase in thin films Ag Cu;_,GaSe,
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solid solutions at x in the range 0.2-0.38. In another work [6], a Cuy_,Se
secondary phase was also detected in CuGaSe, films with a Cu/Ga ratio of
1.17, whereas at lower values of the Cu/Ga ratio this phase was not detected.
In [20], it was noted that the existence of the Cuy_,Se secondary phase is in
good agreement with the phase diagram of CuGaSe;, and CuGaSe; films with
a ratio of Cu/Ga elements equal to about 1:1 are single-phase and do not contain
secondary phases. It is noted that the structure of CuGaSe, chalcopyrite is stable
in the temperature range of 800-1150 °C and the Ga/Cu ratio for the CuGaSe;
single-phase compound is between 1.0 and 1.38 [21]. When the Ga/Cu atomic
ratio is less than 1.0, a mixture of CuGaSe; + (CupSe);— is predicted, and when
Ga/Cu is greater than 1.38, the compound is expected to contain secondary
phases of the CuGazSes and CuGasSeg type. On the other side, the single-
phase region of the AgGaSe, chalcopyrite phase is relatively narrow and covers
the range of 0.96 < Ag/Ga < 1 at 660 °C, which decreases with decreasing
temperature [22]. In the silver-rich part of the phase diagram, the inclusion of
Ag,GaSeq together with AgGaSe, is reported, and the phase boundary is set to
Ag/Ga = 1. Secondary phases such as Ag,Se and Ga,Se3 are expected accord-
ing to the phase diagram only at Ag/Ga > 9 and Ag/Ga < 0.14, respectively.
In our case, it is difficult to determine which of the possible secondary phases
is present in the Ag,,Cup9GaSe, and Ag,,CupgGaSe, compounds due to one
clearly visible reflection and the proximity of the positions of the reflections
characteristic of these secondary phases and the main CuGaSe, phase in the
X-ray patterns. Nevertheless, the combination of the elemental composition data
presented in Table 1 and the above analysis of the literature data indirectly in-
dicate the existence of a secondary Cu,_,Se phase in the Ag,,CugoGaSe; and
Ag,,CupgGaSe, compounds. For these samples, the Ga/(Cu + Ag) ratio is less
than 1.0 (0.89 and 0.79, respectively) and the (Cu + Ag)/Ga ratio is significantly
less than 9 (1.13 and 1.27, respectively) [22, 23]. Apparently, in these cases,
when copper is replaced by silver, the Cu,_,Se phase is formed along with
the chalcopyrite phase of Ag,,Cup9GaSe; and Ag,,CuggGaSe; due to (Cu +
Ag)-enrichment in the cation sublattice.

The presented X-ray diffraction patterns for Ag, Cu;_,GaSe, compounds
with 0.3 < x < 0.6 demonstrate an irregular change in the intensities of diffrac-
tion reflections in the entire 26 range when copper is replaced by silver. In
particular, for the Ag,;CugsGaSe, compound, a change in crystallographic ori-
entation occurs, whereas in all other cases a preferential orientation along the
(112) plane is characteristic, similar to the edge CuGaSe; compound. All diffrac-
tion reflections detected in the X-ray diffraction patterns of the Ag Cu;_,GaSe,
system are characteristic of the tetragonal CuGaSe, and/or AgGaSe, phase,
the positions of which are shifted toward smaller angles compared to the edge
CuGaSe; compound. This is clearly seen for far diffraction angles. In the case of
the Ag, ,Cug4GaSe, compound, the X-ray diffraction patterns show the appear-
ance of low-intensity (103) and (211) reflections characteristic of the tetragonal
AgGaSe, phase. Figure 4 clearly shows that the (112) diffraction peak under-
goes asymmetric broadening or splitting depending on the stoichiometry of the
samples. At the same time, its position shifts, as noted above, towards smaller
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angles as copper is replaced by silver, and these positions are within the two
edge points of the compound system, i.e. CuGaSe, and AgGaSe,. From the
obtained observations, it can be concluded that the Ag, Cu;_,GaSe, compounds
at 0.3 < x < 0.6 are a mixture consisting of Ag Cu;_,GaSe, solid solution
and ternary and/or binary selenides depending on the elemental composition,
which are difficult to identify due to their similar crystal structure of the chal-
copyrite type. Moreover, in the compositions of Ag Cu;_,GaSe, compounds
at 0.3 < x < 0.6, the presence of the cubic modification of AgGaSe, (COD#96-
1509351) of the F43m space group is not excluded; this phase is characterized
by intense diffraction reflections (111), (202), and (311) at 26 ~ 27.2°, 45.2°, and
53.6°, respectively, with the intensity ratios I111/I02 = 1.5 and Iy11/I311 = 2.6.
It should be noted that the greatest deviation from stoichiometry is observed in
Ag, Cui_,GaSe; compounds at x = 0.3 and 0.4, which may have affected their
phase composition.
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Figure 4. The range of X-ray diffraction patterns of the Ag, Cu;_,GaSe, system (Fig. 3), which includes the (112)
diffraction reflection, depending on the silver content ( x ).

With an increase in x to 0.7 and 0.8, no splitting of the main diffraction
(112) reflection is observed in the X-ray diffraction patterns of Ag Cu;_,GaSe,
compounds, but an increase in its intensity and compression occur (Figure 4).
A slight shift in the positions of the reflections towards smaller angles is still
observed, and the reflections (103), (211), (220), (400), (332)/(008), and (316),
characteristic of the tetragonal AgGaSe, phase, become clearly visible. In the
case of the Ag,,Cug3GaSe, composition, the asymmetric broadening of the (112)
diffraction peak may indicate traces of the binary phase (for example, Cuy_,Se)
or CuGaSe;, in particular the tetragonal Cugy4Gagg1Se; phase (COD#96-153-
2446). When x increases to 0.9, no significant changes occur in the X-ray
diffraction patterns (Figure 3). A slight shift in all reflections is observed still,
and a redistribution of the intensities of the main reflections characteristic of
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the tetragonal AgGaSe, phase occurs. With complete substitution of copper by
silver, the detected reflections indicate the formation of the AgGaSe, chalcopyrite
structure of the space group I 4 2d (PDF#31-1240) with a preferred orientation
along the (112) plane. For Ag Cu;_,GaSe, compounds at x = 0.8-1.0, in
particular the edge compound, no signs of secondary phases were detected. It is
reported in the literature that the single-phase region of existence of the AgGaSe,
compound is 0.96 < Ag/Ga < 1 [22]. Although in our case the value of the
Ag/Ga ratio is outside this range (Table 1), no secondary phases were detected.
Figure 5 shows the dependences of the crystal lattice parameters a, ¢, and V
on the silver content in the Ag Cu;_,GaSe, compounds, where x varies in the
range 0.0-1.0 with a step of 0.1. Based on the X-ray diffraction results, when
calculating the parameters of the tetragonal crystal lattice for the Ag, ;Cug7GaSe,
and Ag,,CugsGaSe; compounds, the cubic AgGaSe, phase, which was present
as a secondary or intermediate phase, was taken into account. In these cases, as
well as in all other cases, the refinement curve between the experimental and
theoretical models showed generally good agreement. According to the fitting,
the compounds of the Ag, Cu;_,GaSe; system, where 0.0 < x < 1.0, crystallized
in the 142d chalcopyrite phase with unit cell parameters a and ¢ varying in
the ranges from 5.617 A to 5.992 A and from 10.88 A to 11.05 A, respectively.
These ranges correspond to the theoretical values for CuGaSe, (a = 5.614 A,
c = 11.02 A, PDF#31-0456) and AgGaSe, (a = 5.993 A, ¢ = 10.88 A, PDF#31-
1240). Moreover, the lattice constant of the cubic AgGaSe, phase is also in good
agreement with the theoretical ones (2 = 5.67 A, COD#96-1509351), and which
increases slightly with an increase in the silver content from 0.3 to 0.4.
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Figure 5. Dependence of the lattice constant and the volume of the unit cell of the Ag Cu;_,GaSe; compound on the
change in silver content (change in x from 0 to 1.0 ). The error in calculating the lattice parameters did not exceed
0.002 A . Blue dotted line is a linear fitting. Red dotted line is polynomial fitting. The region with the greatest deviation
of the experimental mole fractions of silver (Ag/(Cu + Ag)) from the technologically ones ( x ) is highlighted in grey..

The presented dependences demonstrate (Figure 5) that the a constant of the
tetragonal lattice of Ag Cu;_,GaSe, increases as copper is replaced by silver,
and this dependence is close to linear (the coefficient of determination R? = 0.97
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and root mean squared error RMSE = 0.01). The greatest deviation of the a
constant from the linear approximation (dotted blue line) is observed in the
region x = 0.2-0.6. It should be noted that for Ag, Cu;_,GaSe, compounds
with x = 0.2-0.5, the greatest deviation of the calculated molar fractions of
silver (copper) from the experimental value Ag/(Cu + Ag) (Cu/(Cu + Ag)) is
observed (Table 1). In addition, according to X-ray diffraction, Ag,,Cug9GaSe;
and Ag,,CupgGaSe, compounds contain a secondary phase of binary selenide,
and in compounds at x = 0.3-0.6, phase splitting occurred depending on the
composition, which probably affected their lattice parameters. In particular,
when calculating the lattice parameters for the Ag,;CugsGaSe, compound,
phase splitting was taken into account (substitution of CuGaSe,, AgGaSe, edge
compounds), but the lattice constants were equal for both phases and amounted
to 5.822 A and 11.02 A, respectively. However, the ¢ lattice constant changes
nonlinearly over the throughout interval x, i.e. from one edge compound to
the other, and has an inflection point in the dependence curve at x = 0.4.
Nevertheless, two linear sections can be distinguished: when replacing 10%
copper with silver, the constant ¢ does not change, and then begins to increase
linearly with further substitution of copper with silver up to 40% (R? = 0.99,
RMSE = 0.001), but then decreases linearly until complete substitution (R? =
0.98, RMSE = 0.007). The increase in the parameter c in the range 0.2 < x < 0.4
and its higher value compared to the theoretical one (for CuGaSe, ¢ = 11.02 A,
PDF#31-0456) is probably due to a combination of two factors: the substitution
of copper by silver with a large ionic radius (1.13 A for Ag*, 0.98 A for Cu ™)
and the enrichment of the cation sublattice of the total content of copper and
silver (Table 1). In addition, in Ag,Cu;_,GaSe, compounds, the substitution
of silver for gallium atoms in the cation sublattice is unlikely due to the large
difference in their ionic radii (0.62 A for Ga3*), whereas in the case of copper it
is not excluded. Although such an effect of increasing the constant ¢ was not
observed for the compound at x = 0.1, it does not change.

As a result of the change in the crystal lattice constants, the unit cell volume
increases nonlinearly from the CuGaSe; compound to the AgGaSe, compound:
at x < 0.4, an exponential increase occurs, and at x > 0.4, a linear dependence is
observed. The obtained results of the dependence of the crystal lattice parameters
on the silver content in Ag, Cu;_,GaSe, system are consistent with and comple-
ment our previously obtained data for this system with x = 0.0, 0.3, 0.46, 0.63,
1.0 [24]. In this work, a slight decrease in the parameter ¢ with an increase in
the silver concentration in the samples was also observed, while the parameters
a and V changed nonlinearly from one edge to the other, but had two linear
sections with an inflection point in the region of x = 0.4 [24]. An increase in the
volume of the crystal lattice leads to a shift of the main (112) reflection towards
smaller angles in the X-ray diffraction patterns of the Ag Cu;_,GaSe;, system
with an increase in the Ag/(Cu + Ag) ratio, i.e. an increase in x from 0.0 to 1.0
(Figure 4).

The increase in the volume of the crystal lattice occurs due to the substitution
of Cu ions (0.98 A) by larger Ag* ions (1.13 A ) and mainly due to the increase
in the lattice a constant (Figure 5) [11, 25]. According to [14], the expansion of
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the Ag Cu;_,GaSe; crystal lattice when copper is replaced by silver occurs in
the a direction, since there are no discontinuous buffer Ga atoms, as on the ¢
axis. This indicates that Ag atoms are built into the crystal lattice at Cu sites, and
not at Ga sites [14]. This is in good agreement with our results.

From the obtained X-ray diffraction results, it can be concluded that the
Ag Cuj_,GaSe; system at x < 0.3 and x > 0.6 exhibits a lattice matrix of the
CuGaSe; and AgGaSe, type, respectively, and at x = 0.3-0.6, partial mixing
of these phases occurs, while the existence of another modification of AgGaSe,
is possible. This is in good agreement with earlier work [13]. In work [13] it is
noted that for chalcopyrite selenides the mutual solubility of the two end points
becomes more equal compared to the sulfides, although it is known that the
Cu-Ag binary system has very limited solubility and is a unique system because
it violates the Hume-Rothery solubility rules in solids [26, 27]. In work [13] it
is noted the CuGaSe, and AgGaSe, alloys are miscible in all proportions at
Acu-ag(M) < 0.13 (the difference in 2 — c/a values), and the miscibility gap
increases with increasing A. The authors showed that the a lattice constant
increases linearly dependent on composition, parameter c initially increases as x
changes from 0 to 0.2, and then decreases smoothly (0.4-0.7 miscibility gap).
This is due to the fact that when Cu/Ag substitution occurs in the sublattice,
fluctuations of the only type Ag-Se-Ga-Se-Ag and Cu-Se-Ga-Se—Cu occur,
and their sum is similar to double Ag-Se-Ga-Se—Cu. While along the ¢ axis,
composition fluctuations create bonds Ag-Se—-Ag and Cu-Se—Cu. This explains
the decrease in the parameter ¢ found in our case for x > 0.4 despite the
substitution of cations with a large ionic radius. Similarly, in work [14] it was
found that for Ag Cu;_,GaSe; bulk the lattice constant ¢ slightly decreases
with increasing x (11.03 A), while the constant a linearly increases from 5.62 A
to 5.70 A with increasing x (0 < x < 0.38).

It is known that the CuGaSe, and AgGaSe, chalcopyrite structure can be
obtained from two zinc blende unit cells, which are aligned in the ¢ direction and
a pair of two different cations is placed on one sublattice [11, 25]. This implies
two distortions of the ideal structure: tetragonal deformation (2 = c/a), which
is slightly different from the ideal value of 2, and a tetrahedral deformation (u),
i.e. a displacement of the group VI atoms from their ideal value u = 0.25, which,
due to the asymmetric environment, move preferentially towards the III-group
atoms [28]. It is the difference between the chalcopyrite and cubic zinc blende
(sphalerite) structures. Table 2 presents the values of tetragonal deformation of
the crystal lattice for Ag Cu;_,GaSe, compounds in the range 0.0 < x < 1.0.
As can be seen, for the all Ag Cu;_,GaSe, system, the calculated 7 values are
less than 2, which confirms the formation of a tetragonal crystal structure. At the
same time, tetragonal deformation tends to increase with increasing silver content
in Ag, Cu;_,GaSe, powder samples, which indicates a general disordering in the
material. The calculated values of 7 for the obtained samples of Ag Cu;_,GaSe,
powders are in good agreement with the data obtained in work [25]: for CuGaSe;
c/a=1.960, 1.965, 1.96623, and for AgGaSe, c/a = 1.823, 1.793. Moreover,
our results match with the data of the work [14] for Ag Cu;_,GaSe, system: with
an increase in the mole fraction of AgGaSe, from 0% to 100%, the parameter
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21 decreases from 1.96 to 1.82, respectively. In addition, with an increase in
the mole fraction of AgGaSe, from 40 to 70%, there is a sharp decrease in the
parameter 27, from 1.92 to 1.87.

Table 2.
The tetragonal deformation (277 = ¢/a) and the anion displacement (u) of the
powdered Ag Cu;_,GaSe, compounds where 0 < x < 1.0 with a step of 0.1.

Mole fraction, x | 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
21 196 | 196 | 1.95 | 194 | 191 | 1.89/1.89 | 1.87 | 1.87 | 1.85 | 1.84 | 1.82
u 026 | 026 | 0.26 | 0.27 - - - 029 | 029 | 0.29 | 0.30

Table 2 presents the calculated values of the anion displacement (u) for
the Ag Cu;_,GaSe, system using equation (4) [25, 29]. For compounds with
x = 0.1-0.9, the values of u were calculated to assess their behavior and may
differ from the experimental ones [25]. The obtained values of the anion dis-
placement for two edge points are in good agreement with the works [13, 25,
30-34].

1 1
U= —= (4n* —2)1/2 4
2" as 4 —2) 4)

The bond lengths Rcyag)-se and Rga-se, calculated using equations (5)

and (6) [25], respectively, are not equal to each other. The value of R(cyag)-se

increases (from 2.45 A to 2.70 A) with increasing silver substitution in the
compounds, whereas the value of Rg,_se remains virtually unchanged at x in
the range of 0.0-0.3 and is ~ 2.39 A, but at x greater than 0.6 it decreases
to 2.36 A. It can be noted that CuGaSe, has an almost “ideal” chalcopyrite
structure (7 ~ 1.0, u ~ 0.25), while AgGaSe, is far from “ideal” similar to
sulfides (CuGaS, and AgGaS,, respectively) [16].

1 + 2 1/2
R(cu,ag)-se = {”2 + %1 a (5)
1 2 1/2
RGa-se = {(” - 1/2)2 + %1 a (6)

Raman spectroscopy

The chalcopyrite structure is a tetragonal body-centered lattice and belongs to the
space group 142d, i.e. to the point group D12 [35, 36]. The general vibrations of
which, including optical and acoustic modes, are distributed as

T = Ay +2A, + 3B, +4By + 7E,

where the symmetry for the acoustic modes is B, + E [35]. Figure 6 shows the
Raman spectra of the synthesized powders of the Ag Cu;_,GaSe, system with
x in the range from 0.0 to 1.0.

The Raman spectrum of the CuGaSe; edge compound shows an intense

vibration at 183 cm~! and low-intensity vibrations at 95, 246, and 273 cm~ 1.
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All detected vibrations are due to the CuGaSe, phase [35, 37-40]. According to
[35], the vibration at 183 cm ™! corresponds to the A; symmetry mode, while the
vibration at 95 cm~! corresponds to the B; symmetry mode, and the vibrations
at 246 and 273 cm~! correspond to the E symmetry mode. The A; mode is the
most intense and is caused by the vibration of the selenium atom relative to the
copper and gallium atoms at rest. The By mode involve the motion of the cations
in antiphase, and the B, and E modes mostly correspond to the combined
motion of all atoms [41]. The Raman spectra for AgGaSe, and CuGaSe; are
expected to be very similar. The vibrational mode positions for the AgGaSe,
phase are very close to those for the CuGaSe; phase, but are slightly shifted
toward lower frequencies [42], since the atomic weight of Cu and Ag differs
and is 63.546 g/mol and 107.8682 g/mol, respectively [35, 42]. In the obtained
Raman spectrum for the AgGaSe, compound, a vibration at 176 cm™! of the
A1 symmetry and a broad peak centered at about 255 cm~! were detected. At
the same time, the broad peak in the region at 255 cm™! has a higher intensity
than the A; mode, what is not typical for the AgGaSe, compound. Despite the
low intensity of the A; mode compared to the broad Raman band, its position is
in good agreement with other works [42, 43]. The presence of a broad Raman
band at about 255 cm™!, which is not typical for the AgGaSe, compound, is
due to the degradation of this compound during Raman studies [23]. It was
found that the AgGaSe, compound is very sensitive to laser beam exposure
during Raman measurements and can react with air when exposed to light [23].
Therefore, the appearance of a wide Raman peak centered around 255 cm™! is
probably due to the incorporation of oxygen and the formation of amorphous
selenium as a result of a photoinduced redox reactions at the sample surface.
Nevertheless, the presence of secondary phases in the samples of both CuGaSe;
and AgGaSe, edge compounds was not detected from the Raman spectra. For
example, no characteristic Raman vibrations were detected for phases: Cuy_,Se
(260 cm™1), GaySes (105, 118, 155, 250, 290 cm ™!, the bold number indicates
the strongest peak), Ag,Se (155, 170, 230 cm 1 ), and AgGasSeg (120, 141,
156, 240, 255, 288 cm ! ) [23, 44, 45]. This is in good agreement with the X-ray
diffraction results.

From the Raman spectra of the Ag Cu;_,GaSe; system it is evident that they
change smoothly as copper is replaced by silver. So, the B; mode at 95 cm™!,
responsible for the motion of cations in antiphase, tends to shift to the low-
frequency region with increasing silver content. In this case, the B; mode is
observed for compounds of the Ag Cu;_,GaSe, system up to x = 0.7. Vibration
at 95 cm™! is characteristic of the CuGaSe, phase and was detected in a number
of experimental studies of this chalcogenide compound [35, 39, 40]. Whereas
in the known studies of AgGaSe,, a similar Raman vibration was not detected
[23, 39, 46]. In the work [39] for AgGaSe, compounds, calculations showed
the presence of a Raman active vibration at 84 cm™! of E5 (TO-LO) symmetry.
This vibration was not detected in the Raman spectra of the edge composition
or compounds with compositions close to AgGaSe, (Figure 6). In addition, the
positions of the By and Es modes differ significantly. The presence of the B;
mode in Ag, Cuj_,GaSe; compounds with x in the range of 0.0-0.7 is in good
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Figure 6. The Raman spectra of the synthesized powders of the Ag Cu;_,GaSe; system with x in the range from 0.0
to 1.0 . The vibrational frequency values in Raman spectra are given in cm~! . The inset shows the dependence of the
Ay oscillation position and its full width at half maximum (FWHM) as a function of the silver content.

agreement with the results of X-ray diffraction; the obtained system at x < 0.3
has a lattice matrix of the CuGaSe, type, while at 0.3 < x < 0.6, mixing of
the main phases with their splitting occurs, and at x = 0.7, the presence of
the CuGaSe; phase (or Cug24Gaj61Sen) in the form of single local inclusions is
possible.

For the Ag, Cu;_,GaSe; system, the A; mode, similar to the B; mode, tends
to shift to the low-frequency region, as expected, when copper is replaced by
silver. The inset to Figure 6 shows the dependence of the A; mode position
and the value of its full width at half-maximum (FWHM) as a function of the
silver content. The FWHM was estimated from Lorentzian fits. It is seen that
the change in the position of the A; mode occurs almost linearly; the value of
FWHM varies in the range of 5.54—6.67 cm~! at x < 0.9. It should be noted
that for compounds with x = 0.1 and 0.2, the shift of the A; mode to the
high-frequency region rather than the low-frequency region is probably due to
the larger value of the (Cu+Ag)/Ga ratio compared to the CuGaSe, composition
(Table 1), i.e. (Cu+Ag)-enrichment of the sublattice [47].

In the obtained Raman spectra of Ag Cu;_,GaSe, compounds at x < 0.3
and x = 0.6, 0.7, an asymmetric broadening of the A; mode towards higher
and lower frequencies, respectively, is observed. In the case of compounds
with x < 0.3, such broadening is possibly due to the presence of a less intense
vibration of the B, symmetry at about 195 cm™! [35, 47-49]. The position of the
B, mode is very close to the position of the strong A; mode and, possibly, for
this reason, the B, vibration is not observed in our spectra. In the work [50], it
was noted that the observed asymmetric broadening of the 184 and 273 cm™!
peak in the Raman spectra of CuGaSe; films doped with Ge is characteristic of
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the Fano line shape. In the case of compounds with x = 0.6, 0.7, the asymmetric
broadening of the strong A; mode is probably also due to the presence of a less
intense vibration around 155 cm~!. In the works [39, 46, 51] it was found that
for the cleaved surface of the AgGaSe, crystal the peak near 155 cm™! is well
resolved, whereas for the polished sample the peak appeared as a hump towards
the low-frequency side of the A; mode.

Raman vibrations in the high - frequency region of the spectra of
the Ag,Cuq_,GaSe;, system do not experience a significant shift to the low-
frequency region like A; and B; vibrations with an increase in silver content,
but undergo expansion and an increase in intensity, and at a certain ratio of
copper and silver are no longer resolvable as distinct peaks. This behavior of
the change in low-energy oscillations, as noted above, is associated with the
degradation of the AgGaSe, compound during Raman studies [23]. According
to X-ray diffraction, in samples of compounds with x = 0.1 and 0.2, along with
the main phase of chalcopyrite, there is a secondary phase Cu,_,Se. However,
Raman spectroscopy does not detect characteristic oscillations for this binary
phase in the samples [44, 45, 52]. This may indicate a local inclusion of crystals of
this phase in the powder samples.

Time-resolved microwave photoconductivity method

TRMC decay kinetics studies revealed detectable photoresponses in all samples of
the Ag Cu;_,GaSe; system. A detailed analysis showed that the decay curves
can be well described by either a single exponential function or a sum of two
exponentials, corresponding to “fast” and “slow” components.

Figure 7 presents normalized TRMC decay curves for Ag, Cu;_,GaSe; sam-
ples (0.0 < x < 0.3) measured at room temperature. The data demonstrate that
the sample composition significantly affects the photoresponse parameters.

A nonlinear dependence of the photoresponse amplitude on the incident light
intensity was observed. Table 3 summarizes the characteristic decay times for
the fast (77) and slow (7;) TRMC components. The fast-component decay time
remains nearly constant, whereas the slow-component decay time increases with
increasing x in Ag, Cu;_,GaSe, (0.0 <x <0.3).

The fast TRMC component is likely associated with first-order processes, in
particular band-to-band recombination of free charge carriers. This process is
consistent with the observed nonlinear dependence of the signal amplitude on
the excitation intensity.

For the slow component, two possible mechanisms can be considered: (i)
trapping of charge carriers at impurity centers and (ii) secondary processes
involving the thermal release of charge carriers from traps. Therefore, the
observed increase in the slow-component decay time may be associated with
either a decrease in the concentration of impurity traps or a reduction in trap

depth.
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Table 3.
Characteristic decay times for the fast (77) and slow (7;) TRMC components in
the Ag, Cu;_,GaSe; system.

Sample Tf, NS | T, NS
CuGaSe, 8+5 | 7005
Ag,,CugoGaSe, | 105 | 400 £5
Ag,,CuggGaSey | 75 | 240+£5
Ag,,Cug7GaSey | 7+£5 -
Agy,CugeGaSey | 65 -
Ag,5CugsGaSey | 65 -
AgyCugsGaSe; | 6£5 -
Ag,,Cug3GaSey | 65 -
Ag,gCup2GaSe; | 6 +5 -
Ag,oCug1GaSey | 5+£5 -
AgGaSe, 8+5 |780+£5

AP, arb.units
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0.5 -
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\ [
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Figure 7. Normalised TRMC decays for samples Ag,,CugsGaSex (1), Ag,,CugsGaSe; (2), Ag,;CupoGaSe; (3), and
CuGaSe, (4), at room temperature. Decays normalised to maximum. I = 1016 photons/cm 2 per pulse.
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Table 3 shows that there is a slow component with time gradually decreases
for the samples at 0.0 < x < 0.3. Then, the decays become single-component
up to x = 1.0. This result is in good agreement with the structural data, as
shown in Section 3.2. The compounds with x less than 0.3 and greater than
0.6 were a solid solution (local inclusions of the Cuy_,Se phase were present
in the compositions at x = 0.1 and 0.2), whereas in the range of x = 0.3-0.6
they were a mixture of a solid solution and ternary or binary phases depending
on the elemental composition. Thus, the two compositions at x = 0.0 and
x = 1.0 have the fewest defects and impurity phases, which are deep traps for the
photogenerated current carriers. They contain only small defects, which causes
the longest decay times of the slow component. According to [24] and TRMC
decay kinetics studies it is shown that deep acceptor levels, Vs, are replaced by
shallow donor levels, V¢, with an increase in the silver content in the powders
for each set of samples. Thus, an increase in the photogenerated current carrier
lifetimes in Ag, Cu;_,GaSe; (0.0 < x < 0.3) can be attributed to a decrease in
the depth and number of charge carrier traps.

Conclusion

The study of compounds of the Ag, Cu;_,GaSe; system (0.0 < x < 1.0) depend-
ing on the silver content was carried out. Powders of the Ag Cu;_,GaSe; system
were obtained by a two-temperature method. At the first stage, the CuGaSe;
and AgGaSe, edge compounds were obtained in vacuum from elementary com-
ponents at 1100 °C for 100 hours. To obtain a system with x in the range
of 0.1-0.9, CuGaSe; and AgGaSe, powders were mixed in the required ratio
and annealed in vacuum at 650 °C for 100 hours. Electron microscopy showed
that the selected annealing parameters make it possible to obtain compounds of
the Ag Cu;_,GaSe; system with the required stoichiometry. However, powder
samples with x in the range of 0.2—-0.5 have a slight deviation of the mole frac-
tions of silver (x ) and, accordingly, copper from the technological ones. At the
same time, all samples had no deviation from the stoichiometry for gallium and
selenium, with the exception of compositions at x = 0.2 and 0.8. The detected
deviation of the mole fractions of the substituting elements is probably due to
the limited solubility of CuGaSe, and AgGaSe, compounds, which could lead
to local inclusion of highly volatile secondary phases.

It was found that the CuGaSe, and AgGaSe, compounds had a tetragonal
crystal structure of the chalcopyrite type (space group 142d) and were single-
phase. Substitution of copper with silver in the entire studied range of x (0.1-0.9)
leads to the formation of Ag Cu;_,GaSe; solid solution. Wherein the samples
in the range of x less than 0.3 and more than 0.6 have a lattice matrix of the
CuGaSe; and AgGaSe, type, respectively, and the samples with x = 0.3-0.6
are a mixture of a solid solution and a ternary or binary phases depending on the
elemental composition, which are difficult to identify due to the similar crystal
structure of the chalcopyrite type. For the Ag,,Cug9GaSe; and Ag,,CugsGaSe,
compounds, the presence of a secondary phase Cu,_,Se was detected, the ex-
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istence of which is not confirmed by Raman spectroscopy, which may indicate
small local inclusions of this phase. The Raman spectroscopy results for samples
with x less than 0.5 are in good agreement with the X-ray diffraction results,
whereas for samples with x greater than 0.5, for a better interpretation of the re-
sults, it is desirable to conduct studies at other wavelengths due to photoinduced
redox reactions at the sample surface during Raman measurements, similar to
the AgGaSe, edge compound. Nevertheless, for Ag Cu;_,GaSe, compounds
with x = 0.5-0.9, the detected intense vibration in the 181-177 cm~! region
and vibrations in the 240—280 cm ™! region, as well as the nature of their shift
with increasing substitution of copper atoms by silver, confirm the formation of a
solid solution. The modes detected in the Raman spectra of AgGaSe, are also
characteristic of this compound.

It was found that the a constant of the tetragonal lattice of Ag Cu;_,GaSe;
increases linearly when Cu is replaced by Ag over the entire range of x, whereas
the ¢ constant initially increases slightly and then decreases linearly with an
inflection at x = 0.4. The unit cell volume increases nonlinearly from the
CuGaSe; compound to the AgGaSe, compound and is due to the substitution
of Cu ions by larger Ag ions. The expansion of the Ag Cu;_,GaSe, crystal
lattice upon substitution of copper by silver in the a direction indicates that Ag
atoms are introduced into Cu sites rather than Ga sites.

Based on the study of the loss kinetics of photogenerated current carriers, it
was found that a change in the composition of the compound Ag Cu;_,GaSe;
affects the parameters of the microwave photoresponse. It was shown that the fast
component of the photoresponse is contributed by the process of electron-hole
recombination, and the slow component is due to the processes of thermal release
of current carriers from traps, i.e. associated with a change in the magnitude of
the energy characteristic of impurity traps. At the same time, the decay time of the
slow component is determined by the structure: it decreases up to x = 0.3, then
this component disappears and reappears for x = 1.0, which can be attributed
to the large number of defects that act as deep traps for photogenerated current
carriers in Ag Cu;_,GaSe, compared to CuGaSe, and AgGaSe, . Whereas the
edge compositions (x = 0.0 and x = 1.0) have the fewest number of deep
traps and contain only shallow defects. Moreover, the increase in the lifetime
of photogenerated current carriers in Ag Cuj_,GaSe, (0.0 < x < 0.3) can be
explained by a decrease in the depth and number of charge carrier traps, in
particular, by the replacement of deep acceptor levels Vs, with shallow donor
levels V.4 with an increase in the silver content.

The new results obtained are the physical fundamental parameters for com-
pounds of the Ag Cu;_,GaSe; system, which facilitate the synthesis of thin
tilms of these compounds with the necessary physical properties for the creation
of photocathodes for efficient hydrogen generation.
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