Semiconductor Physics, Quantum Electronics & Optoelectronics, 2026. V. 29, No 1. P. 028-035.

Semiconductor physics

Structure—property relationships in Agq.(P_Siy)SsI argyrodite-type

solid solutions

A.L Pogodin'", M.J. Filep?, 1.0. Shender', T.O. Malakhovska', O.P. Kokhan', V. Izai’

! Uzhhorod National University, 46, Pidhirna str., 88000 Uzhhorod, Ukraine

?Ferenc Rakoczi II Transcarpathian Hungarian University, 6, Kossuth Sq., 90200 Beregovo, Ukraine
3Comenius University, Mlynska dolina, Bratislava 84248, Slovakia

“Corresponding author e-mail: artempogodin88@gmail.com

Abstract. In this work, single crystals of solid solutions Agg,sPo75S15,5S5s1 and
Ags75P025519.75S5] were obtained and studied. The synthesis was carried out using a one-
temperature method, and the single crystals were grown by directional crystallization from
a melt. Single crystals with a diameter close to 1.2 cm and a length of 3—4 cm were grown.
The crystal structure was studied using XRD with the Rietveld analysis. It was found that
solid solutions crystallize in the space group F-43m, Z =4, with parameters a = 10.549 A
(Ag6'25P0'7ssi0‘2585I) and a=10.604 A (Ag6'75P0'25Si0'75851). Electrical properties were
studied using impedance spectroscopy within a wide temperature and frequency range. It
was shown that the electrical conductivity is predominantly ionic, with the ionic component
exceeding the electronic component by 10* times. It was found that with increasing the
silicon content, ionic electrical conductivity increases (up to 10 S/cm), and its activation
energy decreases. The obtained results are explained by the peculiarities of the crystal
structure, namely by changes in the position, coordination, and dimensional arrangement of

mobile Ag” ions.
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1. Introduction

Global trends in energy development are focused on
implementing the energy-saving and resource-efficient
approaches based on improved energy storage
technologies. Electrochemical storage systems play an
important role in this context, with lithium-ion batteries
currently dominating the market [1]. Their popularity is
due to a combination of high specific energy, fast
charging, low weight, and compactness [2]. The further
development of lithium-ion systems is associated to the
creation of all-solid-state batteries (ASSB), in which
liquid electrolytes are replaced by solid ion conductors.
This approach significantly improves safety, increases
energy density, and extends battery life by eliminating
the key drawbacks of modern electrochemical power
sources [3, 4]. At the same time, the efficiency of ASSBs
is directly determined by the properties of solid ion
conductors, which should combine high ionic and
minimal electronic conductivity, stability in chemical and
electrochemical environments, and mechanical reliability
within a wide range of operating conditions [5, 6].

Solid electrolytes belong to several classes. Oxide
systems, in particular perovskites and garnet-like
structures, are characterized by high chemical stability
but limited ionic conductivity at room temperature [7, §8].
Polymer electrolytes are lightweight and flexible but
inferior in terms of transport characteristics [9, 10].
Sulfide solid electrolytes are considered the most
promising, as their ionic conductivity can reach the level
of liquid electrolytes, although stability remains
insufficient for lithium-containing compounds [11, 12].

Among sulfide ionic conductors, materials with
mobile Ag” ions are of considerable interest due to their
low effective mass, high polarizability, and ability to
migrate rapidly in the crystal lattice [13]. Simple silver
sulfide exhibits high ionic conductivity, but its practical
use is limited by phase transformations [14, 15]. More
promising are multicomponent compounds — argyrodites
with a complex crystal structure, in which a rigid anionic
framework is combined with partially occupied silver posi-
tions [16, 17]. For solid conductors, the most suitable is
statistical distribution of Ag” ions, realized in F-43m-type
space group (SG) structures, that ensures effective ion
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diffusion and thus high ionic conductivity: 8.13-10° S/cm
(Ag;SiSsI  [18]), 7.98:10° S/cm (Ag;GeSsI  [18]),
1.79-:107 S/em (AgePSsl [19]). Additionally, the similar
structure of argyrodites contributes to forming a solid
solution by iso- and heterovalent substitutions, effectively
controlling ionic conductivity and converting low-
conductivity phases into a superionic state [18, 20].

This work aims to synthesize and experimentally
study the electrical properties of Agg,sPo755125S51 and
Agg75P2sS1y75SsI single crystals with an argyrodite
structure to ascertain the relationship between their
chemical composition, crystal structure, and functional
characteristics.

2. Experimental

The synthesis of Agg25Po75S19.255s1 and Ags 75Pg.2551).75S51
solid solutions was performed using a one-temperature
method in quartz ampoules evacuated to 0.13 Pa from
pre-synthesized Ag¢PSsI and Ag,SiSsI taken in the cor-
responding stoichiometric ratios. The latter were syn-
thesized according to the procedure described in detail in
Refs. [18, 19]. The ampules containing the initial
materials were heated to 950 °C at a rate of 100 °C/h and
held at this temperature in the melt for 72 h, which
ensured the completion of the component interaction.
The temperature was then lowered to room temperature
at a rate of 50 °C/hour. As a result, bulk polycrystalline
alloys Ags2sPo 7551925851 and  Agg75Pg25Sip.75SsI were
obtained, each weighing 20 g. The obtained alloys were
transferred to quartz ampules with conical bottoms for
the crystal growth via directional crystallization from the
melt. The detailed technological regimes of growing the
Age25P075S1025Ss1 and Age 75Pg25S1075Ss1 single crystals
are described in Ref. [21]. As a result, dark gray single
crystals with a metallic luster, 1.2 cm in diameter and
3—4 cm in length, were obtained.

The grown single crystals were studied using X-ray
diffraction (XRD) and impedance spectroscopy (EIS)
methods. For XRD analysis, the AXRD Benchtop (Proto
Manufacturing Limited) equipped with a DECTRIS
MYTHEN2 R 1D detector, Bragg—Brentano 6/20 imaging
geometry, Ni filtered CuK,, radiation, 10-120° 20 angle
scanning range with a dynamic region of interest, and 1 s
exposure was used. The EIS method was realized using
the high-precision LCR meter AT 2818 with a frequency
range of 1-10' to 3-10° Hz, temperature range of 20 to
110 °C, and AC amplitude of 10 mV. The measurements
were performed using gold contacts deposited by
chemical deposition from solutions [22].

The structural parameters were calculated using the
Rietveld method [23, 24] in the EXPO 2014 program
[25, 26]. The visualization of crystal structures and the
determination of the parameters of structure-forming
polyhedra were performed in the VESTA 3.5.7 program
[27]. An analysis of frequency dependences of the total
electrical conductivity was performed using the ZView
3.5 program. The analysis considered the cell inductance
equal to 210 H.

3. Results and discussion
3.1. Crystal structure

Let us consider the crystal structures of Agg.(P1_Siy)SsI
single crystals. It should be noted that the crystal
structure of Agg 5Py sSiysSsI single crystals is discussed in
detail in Ref. [21]. Based on this, the results of full-
profile analysis using the Rietveld method (Fig. 1)
indicate that the solid solutions Agg 5Py 75Siy25S51 and
Ags75P025Sig 75551 crystallize in the argyrodite-type
structure with SG F-43m, Z = 4, a = 10549 A
(Ag6.25P0.75S1025S51), a = 10.604 A (Age.75P0.25S10.75551).
The reliability of the ascertained structural parameters is
confirmed by low R,, values: 2207% for
Age.25P075S1025Ss1, 2.612% for Age75Po2s5Si0.75S51, and
concurrence of the calculated and experimental curves in
Fig. 1.

It has been ascertained that heterovalent cationic
P st substitution, which causes the formation of
Ags(P1_<Siy)SsI solid solutions, occurs in one position
(4b), leading to the formation of common P(Si) positions
in the crystal structure (Fig. 2). These common P(Si)
positions are coordinated by four sulfur atoms SI in
position 16e, forming corresponding [P(Si)S,] tetrahedra
(Fig. 2), which are the basis of a rigid anionic sublattice.
It should be noted that these tetrahedra are characterized
by the absence of distortion.

In the structures of Aggo5Py75Si25Ss1 and
Ags75Po25S10.75Ss1 crystals, there are two symmetrically
independent positions of silver Agl (24g) and Ag2 (48h)
in which the site occupancy factor (SOF) is less than 1,
indicating their statistical placement in symmetrically
equivalent positions. The Agl (24g) position is in a
triangular coordination S1S2S2, while Ag2 (48h) is
tetrahedrally coordinated by three sulfur atoms in
positions S1S2S1 and an iodine atom Il in position 4a
(Fig. 2). It should be noted that due to the statistical
occupancy of positions, these silver atoms form a
cationic sublattice, which is disordered.
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Fig. 1. Calculated and experimental powder patterns for
Agei(P1_,Si,)SsI solid solutions.
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Fig. 2. Unit cells and structure-forming polyhedra in the crystal structures of Agg,5Pg75S19 25551 (a) and Agg 75Pg.25S1) 75551 (b) single

crystals.
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Fig. 3. Nyquist plots and EEC for Agg,s5Pg 75Sip25SsI (a) and Agg 75Pg 2551y 75SsI (b) crystals at various temperatures (filled rings

designate experimental data, unfilled rings — fitted by EEC).

3.2. Electrical conductivity

The frequency dependences of the total electrical con-
ductivity of Agg2sPo75Sip2sSsI and  Age75Pg25S19.75Ss1
crystals are similar and typical for materials with ionic
electrical conductivity in the solid state. That is, with
increasing frequency, the total electrical conductivity
increases sharply. A standard approach [28] based on the
analysis of electro-chemical equivalent circuits (EEC) of
Nyquist plots (Fig. 3) was used to determine the
parameters of ion transport and the electronic component
of electrical conductivity.

In the Nyquist plots (Fig. 3) within 30...110 °C
(Age25P0.75S10.25S51) and 40...110 °C (Age.75Po25510.75550),
arc-shaped sections (low-frequency region) with defor-
mation within the high-frequency region are observed,
while at lower temperatures the low-frequency sections are
linear. This is explained by the low values of electronic
conductivity, which cannot be determined below these

temperatures. Therefore, at temperatures below 30 °C
(Ag625P0.75S1025S51) and 40 °C (Age75P0.25Si0.75851), the
EEC elements responsible for the electronic component
of electrical conductivity (R,, Rge/Cape) Were not used for
fitting. Thus, low-frequency linear/arc-shaped sections are
fitted with EEC elements as lines/semicircles, while high-
frequency sections — as high-frequency semicircles (Fig. 3).

According to Fig. 3, low-frequency linear sections/
semicircles on Nyquist plots correspond to the capaci-
tance of a double diffusion layer (Cy) that arises at the
crystal/electrode boundary, while the representation of
the deformed high-frequency sections is associated with
an ionic resistance (R;,,) with parallel capacitance (Cj,,)
of defect-limited regions. It should be noted that these
defects are most likely small-angle boundaries, disloca-
tions, etc. It is known [29] that during the growth of
single crystals by directional solidification from a melt,
the presence of these defects is observed quite often.
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Fig. 4. Temperature dependences of ionic (a) and electronic (b) components of electrical conductivity for Agg,sPg7551025551 (1),

Ags.5Po.5S1p 5851 (2) [21], and (Age.75Po25S10.75551 (3) single crystals.
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Fig. 5. Compositional dependences of the ionic component of electrical conductivity at 25 °C and its activation energy (a);
compositional dependences of the electronic component of electrical conductivity estimated at 25 °C and the ratio between the ionic

and electronic components of electrical conductivity (b).

In parallel with the elements (Cy, Rion/Cion)
associated with ion transport in EEC, elements
responsible for the electronic component of electrical
conductivity are included — volume electronic resistance
R, and electronic resistance R, with parallel capacitance
Care, Which arises at the boundaries between defects. It
should be noted that these parameters affect the nature of
Nyquist plots throughout the entire studied frequency
range. Thus, the value of the ionic component of
electrical conductivity can be calculated as 1/R;,,, and the
electronic component as — 1/R, + R p,.

As a result of the analysis, the values of the ionic (in
the entire studied temperature range) and electronic
(Wlthl]fl 30...110 °C (Ag6'25P0'75Si0‘25851) and 40...110 °C
(Ags.75P025S19.75S51)) components of electrical conduc-
tivity were determined, and their temperature depen-
dences were plotted in Arrhenius coordinates (Fig. 4).

It has been ascertained that the values of the ionic
component of electrical conductivity (Fig. 4a) within
the studied temperature range are linear for
Age25P075S10.25Ss1 and Age 75Pg 25519 75Ss1. In contrast, the
electronic component of electrical conductivity (Fig. 4b)
changes nonlinearly with increasing temperature.

Regarding this, the activation energy can only be
determined for the ionic component of electrical
conductivity. It should be noted that similar temperature
behavior of the components of electrical conductivity is
also observed for the Agg 5Py sSiysSsI single crystal [21].
Let us consider the effect of heterovalent cationic
P — Si™ substitution on the change in the electrical
parameters of Agg.(P1_xSi)SsI single crystals at room
temperature (Fig. 5). It has been ascertained that the
heterovalent cationic P> — Si™ substitution leads to a
monotonic nonlinear increase in ionic conductivity
values (by one order of magnitude) and a corresponding
decrease in its activation energy (Fig. 5a) compared to
initial AgePSsI and Ag;SiSsl crystals. In contrast, the
value of the -electronic component of -electrical
conductivity estimated at 25 °C in the process of cationic
P — Si™ substitution monotonically and nonlinearly
decreases (10° — 107 S/cm) without the presence of
extreme points (Fig. 5b). It is noteworthy that for all
Agsix(P1_xSiy)SsI single crystals, the ionic component of
electrical conductivity exceeds the electronic component
by 10* times, while for the initial quaternary
chalcogenides, this parameter is 10° (Fig. 5b).
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3.3. Ion transport mechanism

This work seeks to explain the increase in ionic
conductivity and decrease in its activation energy in
Age+x(P1xSix)SsI solid solutions compared to the initial
quaternary chalcogenides using peculiarities of their
crystal structure (Fig. 2). As described above, the crystal
structures of the studied solid solutions contain two
symmetrically independent positions of silver for which
SOF < 1. It should be noted that SOF(Ag2) < SOF(Agl),
which indicates greater delocalization in the crystal
structures of silver in the Ag2 position compared to Agl.
Thus, the parameters of silver in the Ag2 position (SOF
value, maximum distance d,,, between positions (ion
transport limiting), change in position coordination) will
be more responsible for the efficiency of ion transport,
and ion transport should be considered as ion diffusion
through the “channels” formed by this position (Fig. 2). It
has been ascertained that heterovalent cation P> — Si™
substitu-tion leads to a decrease in SOF(Ag2) and the
maximum distance (d.x) between these positions (Fig.
6). As a result, the values of these parameters for all solid
solution compositions are less than for Ag;SiSsI, and in
the case of Agg2sPo.75Sig25SsI and AggsPosSigsSsI [21],
less than for both initial chalcogenides (Fig. 6). This
favorable change in ion transport conditions (Fig. 6) in
solid solutions explains the general trend toward an
increase in ionic conductivity and a decrease in its
activation energy (Fig. 5a) compared to the initial
AgePSsl and Ag;SiSsl, but does not explain why the
ionic conductivity is higher for AggsPysSiysSsI, and its
activation energy is lower than for Ag6 ,sP75Sig25Ss1,
although the considered structural descriptors should
show the opposite.

An effort is made to consider the following equally
important factor of ion transport efficiency, namely the
change in coordination (displacement) of mobile
positions relative to the centers of tetrahedra [AgSs3I]
(Fig. 2). It is known [13, 18] that the greater this
displacement (to the planes of triangles or edges), the
lower the energy barrier required for ion transport.

For this purpose, [AgS;] pyramids (Fig. 7) were
constructed, which form the basis of [AgS;I] tetrahedra
(Fig. 2). The following parameters were calculated using
Ag—S bond length values [21]: the distortion coefficient
(D) and the effective coordination number (ECoN).
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Fig. 6. Compositional dependences of the maximum distance
between silver in the Ag2 position and SOF of Ag2. The inset
shows the compositional dependences of the distortion
coefficient and effective coordination number of [AgS;]
pyramids.

These parameters were used to measure the displacement
of the chosen atom from its ideal, perfectly symmetrical
geometry. Thus, D shows the variation in the distances
between the central atom and its surrounding atoms,
ECoN measures the “effective” contribution of each
surrounding atom to the central atom bonding (depending
on bond length) [27].

Thus, heterovalent P*® — Si** substitution for all the
studied solid solutions Agg.x(P1xSix)Ss leads to a
decrease in the degree of displacement of silver in the
Ag?2 position relative to the center of the triangular plane
S1S2S1 compared to initial compunds, as indicated by
the increase in ECoN values and the corresponding
decrease in D (insert to Fig. 6). It is noteworthy that the
smallest displacement of Ag2 (ECoN = 3; D = 0) relative
to the plane of the triangle is observed precisely for the
composition Agg 5P 7551925551 (insert to Fig. 6), for
which other structural parameters (SOF, d,x) are most
optimal for efficient ion transport, while a further
increase in silicon content leads to a gradual increase in
the degree of displacement of the mobile position of Ag2
relative to the same plane, as indicated by a gradual
increase in D and a decrease in ECoN (insert to Fig. 6).

Fig. 7. [AgS;] pyramids in crystal structures of Agg.(P;_Si,)SsI solid solutions: I — Agg»5Pg75S1025Ss1, 2 — AgssPgsSigsSsl,

3 — Agg75P0.25510.75S51.
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Thus, the relationship between structural
parameters, which can increase or decrease ion transport
efficiency (Fig. 6), manifests in the observed
compositional dependences of ion conductivity and its
activation energy.

4. Conclusions

In this work, Age25Po75519258s1 and Agg 5P 2581975851
single crystals were obtained and studied. They were
prepared by one-temperature synthesis followed by
directional crystallization from the melt. X-ray structural
analysis showed that both compositions crystallize in the
argyrodite structure with the SG F-43m. It has been
ascertained that heterovalent cation substitution
P — Si™ occurs in one crystallographic position with
the formation of common [P(Si)S,] tetrahedra, which are
the basis of a rigid anion sublattice, while the cation
sublattice of argentum is disordered.

Impedance spectroscopy showed that the studied
materials are typical solid ionic conductors with the ionic
component of electrical conductivity dominating the
electronic component by four orders of magnitude. It was
found that the ionic conductivity increases and its
activation energy decreases with increasing the silicon
content, while the electronic component monotonically
decreases. The linear temperature dependence of ionic
conductivity in Arrhenius coordinates allowed us to
determine its activation parameters.

It has been shown that the increase in ionic
conductivity is due to the following structural factors:
a decrease in the site occupancy factor of mobile Ag2
positions, a reduction in the maximum distances between
them, and a change in the local coordination of silver.
The compromise found between different structural
descriptors explains the non-monotonic compositional
behavior of electrical conductivity and confirms the key
role of crystal chemical factors in the formation of
effective ion transport in argyrodite-like systems.
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B3aeMo03B’A30K MiK CTPYKTYPOI0O Ta BJIACTHBOCTSIMH Yy TBepauX po3umHax Agg..(P;.Siy)SsI 3i crpykryporo
apripoauTy

A.L Ioroain, M.H. ®@ixen, L.O. Mlennep, T.O. ManaxoBcbka, O.I1. Koxan, B. I3aii

AHoTamisg. Y gaHiii poOOTi OepKaHO Ta MOCTIHKEHO MOHOKPHUCTAIU TBEPAMX PO3YMHIB Age 5P 7551925551 Ta
Ag675P025S1p 75551, CuHTE3 MOHOKpHCTANiB 3ICHEHO OJHOTEMIIEPATYpHHM METOAOM, a IX BHPOIIYBaHHS
MIPOBOJIMIIOCH METOJIOM CHPSMOBAHOI KpHCTami3amii 3 po3IJiaBy. BHpOIeHO MOHOKPHCTANM diaMeTpoM OIM3BKO
1.2 cm Ta moexkuHOIO 3—4 cM. KpucramiyHy CTpyKTypy BHPOIICHHX MOHOKPHCTAIIB JOCITIIKEHO MeTogoM PDA
3 BHKOPUCTaHHSM NOBHONpodiibHOro aHanmizy PirBenbna. BcraHoBieHo, 110 TBepAl PO3YMHH KPUCTATI3YIOTHCS
y mpocropoBiii rpymi F-43m, Z=4 3 mapamerpamu a=10.549 A (Age2sPo75Sip2sSsI) Ta a=10.604 A
(Age.75P025519.75SsI). EmexTpudni BIACTHBOCTI OOCTIMKEHO METOJOM IMIIEZaHCHOI CIIEKTPOCKOMii y IIHPOKOMY
TEMIIEpaTypHOMY Ta YaCTOTHOMY AianasoHax. [loka3aHo, 110 €JeKTPOIPOBIHICTE Mae MEPEBAXKHO I0HHUH XapakTep,
npiaoMy ioHHa ckazosa y 10* pasis mepeBuirye enekTponHy. BHsBIEHO, 0 31 3GUIBIICHHSIM BMICTY KPEMHIO i0HHA
eneKTponpoBiaHicTs 3poctae (10 1072 Cm/cm), a ii eHepris akTHBaLii 3MEHITYeThCst. OTPHUMAHI PE3yNIBTATH TOSCHEHO
OCOOITMBOCTSAMH KPUCTATIYHOI CTPYKTYpPH, 30KpeMa 3MiHAMH MO3UIIii, KOOPAWHAII Ta MPOCTOPOBOTO PO3TALITYBAHHSI
pyXiuBHX ioHiB Ag’.

KuiouoBi ciioBa: apripoanTi, MOHOKPUCTAIH, iI0HHA TIPOBIAHICTD, TBEPA1 PO3UHHH.
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