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1. Introduction

Presently, Li*-ion batteries are the most commercially
available and distributed secondary energy sources. This
spread is caused by a number of advantages, including
easy and fast charging, easy maintenance, relatively low
self-discharge and high energy density, etc. At the same
time, it is worth noting that there are certain
shortcomings that reduce the efficiency of Li*-ion
batteries and bring them closer to their limit of use [1-6].
One of the ways for development is the rejection of
flammable liquid electrolyte and the use of an all-solid-
state battery [1-3]. This stimulates the search for new
materials with high ionic conductivity, which can be used
as solid electrolytes.

Among inorganic materials (oxides, phosphates,
complex sulfides) that meet the requirements for solid-
state ionic conductors sulfur-containing phases are being
actively investigated [1, 2, 7]. A large class of ternary
and quaternary compounds with a similar crystal
structure, united under the name argyrodites [8, 9], is
promising in this respect. The most common and studied
are argyrodites based on four and five valence elements

with the general formula M3 E>*S3~, M{ E>*S2™ Hal,
Mg E**SZ” and M3 E**S2" Hal™ (Me' = Cu’, Ag", Li*;
E>=P* As®"; E* =Si*, Ge*, sn™: Hal = CI, Br, I).
These phases show superionic, ferroelastic and
thermoelectric properties [10-15], which are caused

by the peculiarities of the crystalline structure
(the combination of rigid anionic and disordered cationic

sublattice) [9]. In recent years, they have been prepared
in the forms of composites, ceramics and films [16-19].

The proximity of the crystal lattice parameters [14]
determines a significant amount of solid solutions
between compounds with the structure of argyrodite
formed by both isovalent and heterovalent substitution
[20-26]. This is used to optimize the functional
parameters of the materials under study.

Ag,SiSsl and Ag,Gessl compounds crystallize in a

face-centred cubic cell ( F43m ) with the lattice
parameters: 10.6543 A and 10.7116 A, respectively [10].
Ag;SiSsl and Ag;Gessl are characterized by significant
electrical conductivity. Thus, the total electrical
conductivity of polycrystalline samples of Ag;SiSsl and
Ag;GeSsl is 0.96:102 S/cm and 2.77-1072S/cm,
respectively [10]. In the case of monocrystalline samples,
for Ag;SiSsl the total electrical conductivity values are
3.5-102S/cm for Ag;SiSsl [27] and 4.7-102S/cm for
Ag;GeSs| [28], while the values of ionic component of
electrical conductivity are 8.13-:10°S/cm [27] and
7.98-107 S/cm [28], respectively.

This paper is devoted to the investigation of
electrical conductivity of monocrystalline samples of
Ag;SiSsl and Ag;GeSsl as well as Ag(Si_Ge,)Ss! solid
solutions on their basis. It is also devoted to determining
the values of the ionic and electronic components of
electrical conductivity, their activation energies and the
influence of isovalent substitution Si*" < Ge*" on the
electrical properties of the solid solutions under
investigation.
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2. Experimental

Synthesis of Ag;SiSsl and Ag;GeSsl was carried out
from simple substances: silver (99.995%), silicon
(99.99%), sulfur (99.999%), germanium (99.99%) and
presynthesized binary silver (I) iodide, additionally
purified using the directional crystallization method,
taken in stoichiometric ratios in evacuated up to 0.13 Pa
silica ampoules. The synthesis regime for Ag,SiSsl and
Ag,GeSsl included step heating up to 723 K at the rate
~100 K/h (ageing during 48 hours), further increase of
the temperature up to 1273 K at the rate close to 50 K/h
and ageing at this temperature for 24 hours. Cooling was
performed in the oven off mode.

Alloys of Ag;SiSsl-Ag,GeSsl  system  were
synthesized using the direct one-temperature method
from pre-synthesized quaternary Ag;SiSsl and Ag;GeSsl.
Synthesis mode included stepped heating at the rate close
to 100 K/h up to 1273 K and exposure for 72 hours. The
annealing temperature was 873 K (120 hours ageing).
Cooling to room temperature was carried out in the mode
of the switched off oven.

To ascertain the optimal technological regimes for
growing single crystals, alloys of solid solutions were
investigated using the method of differential thermal
analysis (Pt-PtRh thermocouple, heating/cooling rate
700 K/h, accuracy £2 K). According to the results of dif-
ferential thermal analysis, it was found that melting tem-
peratures of Ag;(Si;_xGe,)Ssl (x =0, 0.2, 0.4, 0.6, 0.8, 1)
were within the temperature range 1166 up to 1172 K.
This led to the choice of the same temperature regimes
for growing single crystals in the entire concentration
interval.

Growing the single crystals of Ag(Si;_xGe,)Ssl (x =
0.2, 0.4, 0.6, 0.8) solid solutions was carried out using
the method of vertical zone crystallization from a
solution-melt in a two-zone tubular resistance furnace
using silica container of special configuration. To
homogenize the melt of Ag,(Si; «Gey)Ssl (x = 0.2, 0.4,
0.6, 0.8) solid solutions, 24-hour ampoule ageing at a
temperature of 1223 K (~ 50 K more than T,,) in the melt
zone was conducted. Growing the single crystal consists
of formation of the seed in the lower conical part of the
container using the method of recrystallization in the
course of 24 hours and the crystal build-up on the formed
seed. The optimum velocity of crystallization front
movement was 0.4-0.5 mm/h, the annealing temperature
was determined to be 873 K (72 hour), cooling rate to
room temperature was 5 K/h. By using this method,
Ag+(Si;_Ge,)Ssl solid solutions, characterized by dark
grey colour and a metallic luster, 30-40 mm in length
and 10-12 mm in diameter were obtained.

Investigations of electrical conductivity of
Ag7(Si1_Gey)Ssl (x = 0.2, 0.4, 0.6, 0.8) solid solutions
were carried out using impedance spectroscopy [29] in
the frequency range from 10 Hz up to 2-10°Hz and
temperature interval 293-383 K ranges using high-
precision LCR meters Keysight E4980A and AT 2818.
The amplitude of the alternating current constituted
10 mV. Measurements were carried out using the two-

electrode method with blocking gold contacts that were
applied by chemical precipitation from solutions [27].
The analysis of the received dependences, using the
Nyquist plots, was carried out in the program ZView 3.5.

3. Results and discussion

Fig. 1 shows the frequency dependences of the total
electrical ~conductivity for Ag.(Si;_xGey)Ssl  solid
solutions. For all the compositions, the frequency
dependences of the total electrical conductivity show the
increase of the conductivity with increasing frequency,
which is typical for materials with ionic conductivity in
solid state. The character of the frequency dependences
for all solid solutions indicates their belonging to ionic-
electronic conductors, for which i, >> 6.

10? 10° f(Hz) 10°

Fig. 1. Frequency dependences of total electrical conductivity
at T = 298 K for Ag;(Si;_xGey)Ssl solid solutions: (1)
Agy(SiosGeg2)Ssl, (2) Ag(SiosGen.a)Ssl, (3) Ad7(Sio.sGeo6)Ssl,
and (4) Agy(Sip2Gegg)Ssl.
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Fig. 2. Nyquist plots at T = 298 K for Ag;(Si;_xGe,)Ssl solid
solutions: experimental data correspond to the solid lines,
calculated data correspond to the open dots.
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Fig. 3. EEC and Nyquist plots for Ag;(Si,Ge,)Ssl solid solutions at different temperatures: (a) Ag7(SiogGeo2)Ssl,
(b) Ag-(Sig6Gep4)Ssl, (€) Ag7(Sip4Gege)Ssl, and (d) Ag(Sig.Geqg)Ssl. Experimental data correspond to the solid dots, calculated

data correspond to the open dots.

The standard approach based on electrode
equivalent circuits (EEC) [29-31] and their analysis on
Nyquist plots were used for detailed studies of the
frequency dependences of electrical conductivity and its
separation into ionic and electronic components. The
parasitic inductance of the cell (~2-10°H) was taken
into account during the performed analysis.

The monocrystalline samples of Ag(Si;_xGe,)Ss|
(x=0.2,0.4, 0.6, 0.8) solid solutions are characterized by
a rather low electronic (oio,>> o) and high values of
ionic conductivity components, which led to the shift of
the low-frequency semicircle to the low-frequency
region, which is the evidence of the influence of
diffusion and relaxation processes.

This feature significantly influenced the character of
the frequency dependences of total electrical conductivity

for Ag;(Si;_Ge,)Ss!l solid solutions (Fig. 1) and caused
some difficulties in the process of their analysis on
Nyquist plots using EEC. This is primarily due to
the limited 10 Hz frequency range. As a result, for
Ag7(Si;_Ge,)Ssl solid solutions it was impossible to
determine the electronic component of electrical
conductivity with sufficient accuracy in the following
temperature intervals: for x = 0.2, 0.4 within the interval
293-323 K, for x=0.6 within the interval 293-303 K,
and for x = 0.8 within the interval 293-343 K.

Also unsuccessful was the attempt to solve this
problem by changing the geometric dimensions of the
samples (increasing the ratio of area to thickness), which
is probably associated with significant values of
activation energy of the electronic component of
electrical conductivity.
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Fig. 4. Compositional dependences of ionic (1) and electronic (2) components of electrical conductivity (a) and activation energies
of ionic (1) and electronic (2) components of electrical conductivity (b) at T = 298 K for Ag;(Si;_xGe,)Ss! solid solutions. The insert
shows the compositional dependence of the ratio of the ionic component of electrical conductivity to the electronic one for

Ag(Si;_Ge,)Ssl solid solutions.

On Z'-Z" dependences, two semicircles were
observed for all solid solutions, but it remains
noteworthy that the high-frequency semicircle for
Ag7(Sig4Geq6)Ssl and Ag-(Sig.Gegs)Ssl solid solutions is
very weakly expressed throughout the temperature range
under study (Fig. 2, curves 3 and 4; Fig. 3, curves ¢ and
d). In respect to the above features, for T= 298 K
(Fig. 2), only a high-frequency semicircle and a low-
frequency section (a component of the corresponding
semicircle) described with EEC (Fig. 3) are presented.

To describe the Nyquist plots for all solid solutions,
one EEC was selected (Fig. 3), which can be separated
into two parts: ionic, which includes a description of the
processes associated with the ionic component of
conductivity, and electronic one, which is responsible for
the electronic component of electrical conductivity,
respectively.

Low-frequency semicircles/areas in the Nyquist
plots correspond to the diffusion relaxation processes on
the electrode/crystal boundary, which is expressed via the
included capacitance of the double diffusion layer Cg
(Fig. 3). The prevailing influence of diffusion and ionic
relaxation processes, against the background of
sufficiently low specific value of electronic and high
values of ionic components of electrical conductivity,
lead to a fuzzy representation of high-frequency
semicircles, which in turn are described by the processes
of electrical conductivity on domain boundaries for
which the connected resistance Rgq, (Fig.3) with a
parallel capacitance Cq,; corresponds in EEC. Thus, the
ionic conductivity of Ag;(Si;_xGe,)Ssl (x = 0.2, 0.4, 0.6,
0.8) solid solutions is defined by the resistance of domain
boundaries Rgy;.

Parallelly to the parameters responsible for the ionic
component of electrical conductivity in EEC, the
parameters responsible for the electronic component
of electrical conductivity are included, namely: the
electronic resistance of domains Rqe and the electronic

resistance of the domain boundaries Rgne With parallel
capacitances Cg and Cype, respectively, which contributes
to the representation of both semicircles in the Nyquist
plots. Consequently, the electronic component of
electrical conductivity of Ag,(Si;_Ge,)Ssl (x = 0.2, 0.4,
0.6, 0.8) solid solutions is defined by the sum of the
resistance of domain boundaries Rq,. and the resistance
of domains Rge.

EEC shown in Fig. 3 describes the temperature
behaviour of impedance inherent to these solid solutions
in the entire temperature range under study (Figs 2 and 3)
and is well consistent with the description of all ionic and
electronic processes. During the temperature increase, a
sequential degeneration of two semicircles into one is
observed, which is especially noticeable for
Ag7(SigeGeg2)Ssl and Ag7(SigsGeg.4)Ssl solid solutions at
the temperature close to 373 K (Figs 3c and 3d) due to a
significant increase in the ionic component of electrical
conductivity.

The analysis of impedance spectra made it possible
to investigate compositional (Fig. 4a) and temperature
(Fig. 5) dependences of ionic and electronic components
of electrical conductivity for Ag;(Si;Gey)Ssl (x = 0.2,
0.4, 0.6, 0.8) solid solutions. It was ascertained that iso-
valent cationic Si** —Ge™ substitution leads to a nonli-
near compositional dependence of the ionic component
of electrical conductivity (Fig. 4a, curve 1), which mani-
fests itself in its sharp increase, as compared to the initial
quaternary Ag;SiSsl and Ag;GeSsl. Thus, if the value of
the ionic component of electrical conductivity constitutes
of 8.13-10°% S/cm [27] for Ag;SiSsl and 7.98-10 S/cm
[28] for Ag;GeSsl, then for Ag/(Si;«Gey)Ssl solid
solutions its value lies within the range from 2.85-107 to
5.00-10 % S/cm. The values of the electronic component
of electrical conductivity (Fig. 4a, curve 2) were deter-
mined by extrapolation of linear sections of temperature
dependences (Fig. 5, lines 2). Thus, the compositional
dependence (Fig. 4a, curve 2) for Ag;(Sip.Gepg)Ssl
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Fig. 5. Temperature dependences of ionic (1) and electronic (2) components inherent to the electrical conductivity of
Ag7(Si1 «Ge,)Ssl solid solutions: (a) Ag7(SiosGeq.2)Ssl, (b) AG7(Sio6Geo.a)Ssl, (€) Agr(SioaGeos)Ssl, and (d) Agy(Sio 2Geoe)Ssl-

solid solution shows a minimum of the electronic
component of conductivity (~1.3-10 % S/cm).

In the insert to Fig.4a, the compositional
dependence of the ratio of ionic component of electrical
conductivity to the electronic one is shown. As a result, it
was ascertained that for Ag:(Si;_Ge,)Ssl (x = 0.2, 0.4,
0.6) solid solutions, the ionic component is more than 10°
times higher than the electronic one and for
Ag+(Sig2Geg5)Ssl solid solution, the ratio oion/ce is 10°.

In Fig. 5, the temperature dependences of the ionic
(lines 1) and electronic (lines 2) components of electrical
conductivity in Arrhenius coordinates are shown. It is
ascertained that they are linear and are described by the
Arrhenius law, which testifies to the thermoactivating
character of conductivity. With their help, the activation
energy was determined both for the ionic and for the
electronic components of electrical conductivity
(Fig. 4b). On the compositional dependence of the
activation energy of ionic conductivity (Fig. 4b, curve 1),
a nonlinear decrease in the activation energy for
Ag7(Si; «Gey)Ssl (x = 0.2, 0.4, 0.6) solid solutions, and its
maximum for Ag-(Sig.Geyg)Ssl were found. In this case,
the activation energy of the electronic component of
electrical conductivity ~after cationic Si**— Ge™
substitution (Fig. 4b, curve 2) increases nonlinearly, and
is characterized by the presence of a maximum for a solid
solution of similar composition (Ag-(Sig.Geg8)Ssl).

4. Conclusions

Synthesis of Ag(Si;_Ge,)Ssl (x = 0.2, 0.4, 0.6, 0.8) solid
solutions was carried out, and using vertical zone
crystallization method the single crystals of dark grey
colour with metallic luster were grown from solution-
melt with the length 30-40 mm and diameter 10-12 mm.

Total electrical conductivity was measured using
impedance spectroscopy with gold contacts in the
frequency range from 10Hz up to 2:10°Hz and
temperature range 293-383 K in  monocrystalline
samples of Ag:(Si;_xGex)Ssl (x = 0.2, 0.4, 0.6, 0.8) solid
solutions. Being based on the frequency dependences of
the total electrical conductivity, the Nyquist plots were
plotted and then analyzed using electrode equivalent
circuits. Using this approach, the total electrical
conductivity was separated into ionic and electronic
components, which allowed plotting their compositional
dependence and to determine the ciq,/0¢ ratio. It has been
ascertained that the temperature dependences of the ionic
and electronic components of electrical conductivity are
linear and described by the Arrhenius law, which
indicates  the  thermoactivation = mechanism  of
conductivity. According to the results of temperature
studies, activation energies of both ionic and electronic
component of electrical conductivity have been
determined.
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Enexrpuuni BiacTuBocTi 3amimenux kationom moHokpucramiB Ag7(Si;_Gey)Ssl
LIL Cryaensik, A.L Ioroxin, I.A. Illenaep, M.H. ®inen, O.I1. Koxan, P. Kopéansky

AHoTanisi. fIkicHi MOHOKpUcTanu TBepAuX po3uuHiB Ag7(Si; «Gey)Ssl (x = 0.2, 0.4, 0.6, 0.8) BupOILeHi i3 po3unHy-
pO3IUIaBy METOJOM BEpPTHKaJIbHOI 30HHOI KpHcrainizamii. BumipioBaHHS e€JIeKTPONPOBIAHOCTI TBEPAMX PO3UYMHIB
Ag7(Si;_«Ge,)Ssl npoBeseHO MeTOMOM IMIEAAHCHOT CHEKTPOCKomii B jaiana3oni yactot Bix 10 T mo 2-108 I'm ta
temneparypaomy intepBami 293-383 K. IoHHI Ta €JICKTPOHHI KOMIIOHEHTH CJICKTPOIPOBIIHOCTI, a TaKOK ix
CHIBBITHOIIIEHHSI BU3HAYAJIM 32 JIONIOMOTOI0 Jliarpam Hafiksicra.

Kunrouosi citoBa: apripositi, KpucrasidHa CTpYKTypa, CyNepioHHi IPOBITHUKY, KaTIOHHE 3aMiILEHHs, €JIEKTPOIIPOBIIHICTb.
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