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Abstract

Multicomponent chalcogenides of copper and silver are scientifically and practically prospective materials, widely
used in microelectronics. Thus, these materials posses unique properties such as optical, electrical, ferroelectric and
ion conductivity. One of the urgent problems in the solar energy is the development of easily producable,
environmentally friendly materials, capable of efficiently converting solar energy into electricity and other energy
types. From this point of view, the search for chalcopyrite-structured compounds, such as AgGaS:, CulnSz and PbInS;,
is of great importance. The synthesis of quaternary alloys was carried out in an evacuated quartz ampoule using pre-
synthesized melts and high-purity elements at a temperature of 1100-1400 K. After melting the samples were
gradually cooled down to 650-800 K at a rate of 10-15 degrees per hour, and then homogenization was carried out
under the condition of 300-400 seconds.The state of equilibrium in the quasi-ternary AgzS-Ga:S3-PbS system has
been studied for the first time using modern methods of physicochemical analysis. The study has found that the four
sections of the quasi-ternary system are quasi-binary, and based on them, the quasi-ternary system is triangulated
into five pseudo-ternary subsystems. It has been proved that in the ternary system a four-component compound
AgPb:GaS4is formed and there are limited solubility regions based on the initial components.

Keywords: system; quasi-ternary system; triangulation; pseudoternary; compound; eutectic.

KBA3IIIOTPIMHA CUCTEMA Ag2S-GazS3-PbS

[llapadat I'. MamenoB?, Pana A. IcmainoBa?, MyiikyHas b. 'acaHoBa?
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AHoTariqa

BaraTokoMnoHeHTHi cyMilli XxaJbKoreHiZiB MiZi Ta cpi6/1a € HAyKOBO Ta NPAKTHYHO NIepPCNeKTUBHUMHU MaTepiajiamMu,
AKi IIMPOKO BUKOPHUCTOBYIOThHCA B MiKpoeJIeKTpoHili. Ili MaTepia/iu MaloTh yHiKaJ/IbHI BJ1aCTUBOCTI, TaKi IK OITUYHA,
eJIeKTPU4YHA, CerHeToe/IEKTPUYHA Ta iOHHA NMPOBiAHICTb. OJHi€I0 3 aKTya/IbHUX NP06/eM COHAYHOI eHEePreTHKH €
po3po6Ka Jierko BUpPOGJIIOBAaHMX, €KOJIOTIYHO YMCTUX MaTepiaJiB, 34aTHUX e(PeKTUBHO NepeTBOPIOBATH COHAYHY
€Hepril B eJIGKTPUYHY Ta iHIIi BUAU eHepril. 3 i€l TOYKH 30py NOIYK CHOJIYK 31 CTPYKTYPOIO Xa/IbKONiPUTY, TAKUX
AK AgGaSz, CulnSz Ta PbInS:, Mmae Besluke 3HayeHHs. CHHTe3 YeTBePTMHHHUX CIIaBiB NPOBOAU/IM Y BaKyyMOBaHIi
KBapLoOBili aMnyJi 3 BUKOPHCTaHHAM IONepeAHbO CHMHTE30BAaHMX PO3ILJIaBiB i eJleMeHTIiB BHCOKOI YHCTOTH 3a
Temnepatypu 1100-1400 K. Ilicaa niaB/eHHs 3pa3ky NOCTYNOBO 0X0J10MKyBaJH 40 650-800 K 3i mBuakictio 10-
15 rpajyciB Ha roAuHy 3 HaCTYNmHOI0 roMmoredisanielo B ymoBax 300-400 cekyHa. Bnepme gociaigxeHo ¢asoBy
piBHOBary B KBas3inmoTpiiHiil cucremi Ag2S-GazS3-PbS i3 3acTocyBaHHSM Cy4YacHMX MeTOAIB AOCaiJKeHHs ¢izuko-
xiMiyHOro aHaaisy. B pe3yabTaTi AOC/HiJ)KeHHA BCTAaHOBJIEHO, IO YOTUPHM PO3AiJM KBa3imoTpiiiHOI cucremu €
KBa3i6iHapHuMW, i Ha iX OCHOBI KBa3inoTpiiiHa cucTeMa po36HuTa Ha I'ATh ICEBAONOTPiiiHUX migcucTeM. /loBeaeHoO,
L0 NOTpiiiHaA ccTeMa Ma€ 06Me KeHi 30HU PO3YMHHOCTI Ha OCHOBI YOTUPUKOMIIOHEHTHOI CIOJIyKH cki1aay AgPb2GaSs
Ta IepBUHHHUX KOMIIOHEHTIB.

Karouosi cnosa: cucteMa; KBas3inoTpiliHa cucTeMa; TpiaHTyJsLis; ICeBAONOTPiiHA CUCTeMa; C0JIyKa; eBTEKTHKA.
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Introduction

Multicomponent chalcogenides of copper and
silver are scientifically and practically prospective
materials, widely used in microelectronics. Thus,
these materials posses unique properties such as
optical, electrical, ferroelectric and ion
conductivity [1-9]. The search for new less-
studied quaternary chalcogenide semiconductos
of copper and sulfur is one of the relevant issues
both in semiconductor physics and solid state
physics. One of the urgent problems in the solar
energy is the development of easily productable,
environmentally friendly materials, capable of
efficiently converting solar energy into electricity
and other energy types. From this point of view,
the search for chalcopyrite-structured
compounds, such as AgGas;, CulnS; and PblInS; is
of great importance [10-14]. Searching for and
obtaining promising materials with new
functional properties, especially growingtheir
high-purity mono crystals, as well as studying the
temperature-composition dependence of the
relevant systems are crucial from the
technological point of view [15]. In this aspect, the
study of Ag,S-Ga,S;-PbS quasi-ternary system is

highly relevant, it can contribute to the
development of photosensitive luminescent
materials.

Side systems (Ag.S-PbS, Ag,S-Ga;S3, PbS-Ga;S3)
and initial components that make up the Ag,S-
GazS3-PbS quasi-ternary system have been studied
sufficiently in literature sources [16-20].

The Ag,S-PbS system is a quasi-binary section
of the Ag,S-Ga,S3-PbS quasi-ternary system and
belongs to the simple eutectic type. The eutectic
point coordinates are 26 mol% PbSand T = 870 K.
Under the influence of lead sulfide, the
temperature of (Ag2S)i=(Ag2S)u and
(Ag2S)ue>(Ag2S)mi phase transitions decreases
(with eutectoid character) and occurs at 735 and
451 K, respectively. Based on Ag,S and PbS, 1.0
and 2 mol% solid solution regions are formed,
respectively [16].

The Ag,S-Ga,S3 system was thoroughly studied
by the authors [17-20]. The researches have
determined that the Ag;S-Ga,S; system is
quasibinary and characterized by the formation of
ternary thiogallate compounds: AgeGaSs, AgGaS;
and Anga20531 [19; 20]. Ag9G356 melts
congruently at 1063 K, forms eutectic equilibria
with Ag,S and AgGaS;: LSa-Ag,S+AgeGaSs and
L5AgeGaSe+AgGaS;.  The  eutectic  point
coordinates are: 5 mol% Ga,Sz and T=1018K,
15 mol% GazSs and T = 1038 K. High-temperature
modification of AgeGaSs compound crystallizes in

a cubic structure (a=10.798A0%), whereas low-
temperature modification crystallizes in an
orthorhombic structure (a=10.777, b=7.706,
c=7.605 A% [19].

The AgGaS; compound also melts without
decomposition at 1268 K and crystallizes in a
hexagonal syngony (a=>5.7544, ¢=10.299 A9,
space group 142d). The third compound in the
system Ag,GayeS31 is formed by the peritectic
reaction at 1268K L+Ga;S35Ag,GazS31 and
together with AgGaS; creates the eutectic at
1188 K [20].

The PbS-Ga,S3 system represents a quasibinary
section of the Pb-Ga-S ternary system and is
characterized by the formation of PbGa,Ss and
Pb,Ga;Ss compounds. Both compounds melt
congruently at 1163 and 1063 K, respectively.
Both ternary compounds crystallize in the
orthorhombic system.

Experimental part

The synthesis of quaternary alloys was carried
out in an evacuated quartz ampoule using pre-
synthesized melts (Ag:S, PbS, Ga,S3) and high-
purity elements at a temperature of 1100-1400 K.
After melting the samples were gradually cooled
down to 650-800 K at a rate of 10-15 degrees per
hour, and followed by homogenization under the
condition of 300-400h. After that,
physicochemical analysis methods were applied
to the studied samples.

The homogenized alloys of the Ag,S-Ga;S;-PbS
quasi-ternary system were studied using
differential thermal analysis (DTA), X-ray
fluoresence (RFA) and microstructure analysis
(MSA), along with methods for determining the
density and microhardness of the alloys. The DTA
analysis of the alloys was performed using a
NETZSCH 404 F1 Pegasus device with a heating
rate of 10 K/min, up to maximum temperature of
~1400 K. Powder X-ray difraction measurements
were taken on a D2 Phaser radiometer (CuKq
lamp, Ni filter), microhardness was measured
with PMT-3 device, and microstructural studies
were conducted using a MIM microscope. The
density was determined by the pycnometric
method with toluene as a filling ligating fluid.

Results and discussion

It should be noted in advance that there is no
available literature data on the Ag,S-Ga,S3-PbS
quasi-ternary system and it has been studied for
the first time by us. Below is an overview of the
quasi-binary and partially quasi-ternary section of
the system.
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The AgGaS;-PbGa,Ss section is a quasi-binary
section of the quasi-ternary system with the
eutectic characteristics [21]. The liquid of the
system consists of solid solutions formed on he
basis of AgGaS, and PbGa,Ss which crystallize
along the initial crystallization curves o and 3 and
solidify at the eutectic point. (Fig. 1.). The eutectic
point coordinates are 45 mol% AgGaS; 1100 K.
The lattice parameters of solid solutions formed

T.K

1400

1200

L+a

on the basis of AgGa$; vary as follows: a = 5.754-
6.042,c=10.26+10.34 A%, d = 4.60+4.75 g/cm3.

o-Solid solutions based on PbGa;Ss cover the
solidity interval of 82-100 mol% PbGa;Ss. These
solid solutions crystallize in the rhombic
structure: a=20.44+20.72, b= 20.64+20.90, c=
12.09+12.24 A° fq. Fddd2, Z=32, d=
4.94+4.80g/cm3.

L+B
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Fig. 1. Phase diagram of the AgGaSz-PbGazSs system [21]

The AgGaS;-Pb,Ga,Ss section is quasi-binary,
simple eutectic type. Coordinates of the eutectic
point are 45 mol% AgGaS,, T=950 K [22] (Fig. 2.).
According to the results of the microstructure and
X-ray analysis, 12 mol% of AgGaS; (e-solid
solutions) and 13 mol% of Pb;Ga,Ss (o-solid

600

400

solutions) are formed. Phases with e-type variable
composition crystallize in chalcopyrite type
(a=5.754+5.804; c=10.299+10.328 A?).
(Pb2GazSs)1-x(AgGaS2)x type o-solid solutions
crystallize in rhombic syngonia (a = 12.38+12.30;
b=11.90+11.84; c=11.03+10.90 A?) .

AgGaS; 20

60 80

Pbg(iﬂ:Ss

Fig. 2. Phase diagram of the AgGaSz-Pb2GazSs system [22]

The AgGaS;-PbS section is characterized by the
formation of a quadruple compound with
AgPb,GaSs composition (Fig. 1). The AgPb,GaS,

compound is formed by the peritectic reaction
L+B(PbS)SAgPb,GaSs and melts decomposing at
1225 K temperature (Fig. 3.).
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Fig. 3. Phase diagram of AgGaS:z-PbS system

The AgPb,GaSs compound silver thiogallate is
AgGaS; eutectic equilibria with (40 mol% PbS,
T=1150K). 5 mol% PbS based on AgGaS; and
10 mol% AgGaS; based on PbS form a variable
composition phase. According to the results of
radiographic analysis, AgPb,GaS: compound
crystallizes in orthorhombic syngonia (a =8.20,
b =6.84,c=6.62 A0).

T.K
1400

1200

1000

800

The AgoGaSe-AgPb,GaSs cross section is a
partial quasi-binary cross section of the quasi-
ternary system [23]. Since the AgPb,GaS,

compound melts by decomposing, it behaves as a
non-quasi-binary section in the range of 70-
100 mol% AgPb,GaS,s and at temperatures up to
1180 K (Fig. 4.).

AgPhaGaSy

Fig. 4. Phase diagram of the AgoGaSes-AgPb2GaS4 system [23]

Three-phase alloys (L+B+y) crystallize
together in the subsolidus in the indicated interval
of the system. Two phases (@+y) crystallize
together in the solidus of the system. Eutectic
equilibrium occurs at 50 mol% Ag¢GaSes and
T =990 K. Substitution-type solid solutions are
formed based on the component in a limited
interval.

The AgoGaSs-PbS crosssection is a quasi-binary
of the Ag»S-Ga,S3;-PbS quasi-ternary system, of
eutectic type [23]. The eutectic point coordinates
are : 45 mol% PbS and T=950K. based on
AgoGaSe. 5mol%, on PbS - 8.5 mol% solid solution
is formed. (Fig. 5.).
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Fig. 5. Phase diagram of AgoGaSs-PbS system [23]

The AgPb,GaSs-Pb,Ga,Ss system being a partial
quasi-binary section of the quasi-ternary system
behaves as a quasi-binary, in the solidity interval

T.K
1400

1200 |

1000

of 100-42 mol% Pb;Ga;Ss and below 970 K
(Fig. 6.).

1063

atc

800 |

L L

1 1

AgPb:GaSy 20 40

60 80 Pb:Ga:Si

Fig. 6. Phase diagram of the AgPb2GaS4+-Pb2GazSs system

The system is non-quasi-binary above 1125 K
and in the range of 0-42 mol% Pb2Ga:Ss. In this
part, first L+B, L+pf+a, and then B+a and L+y
phases crystallize. Two phases a+oc crystallize
together in solidus (Fig. 6.). The liquidus of the
system B(PbS) consists of initial crystallization
curves, a(AgPb,GaSs) and o1(Pb2GazSs) phases,
intersecting at 65 mol% Pb;Ga;Ss content and
temperature of 970 K. Based on AgPb,GaS,
14 mol% and based on PbyGa;Ss 10 mol% a
variable composition phase is formed.

The Ag,GazoS31-PbGayS, section is also a partial
quasi-binary section, characterized by obtaining a

limited solubility area based only on the initial
component Ag>GazS31 (Fig. 7.). The section is
quasi-binary only at the solidus. The peritectic
reaction L+p(GazS3)Sae(Ag2GazeSs1) occurs  at
temperatures above 1085 K. The eutectic eqs
contains 65 mol% PbGa,Ss and crystallizes at
1085 K. 2(Ag2GazS31) and o2 (PbGazSs) phases
crystallize together in solidus in the range of 10-
100 mol% PbGazSs. A 10 mol% solid solution is
formed based on Ag>GazoSz1. The solution limit is
not set on the basis of PbS.
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Fig. 7. Phase diagram of the Ag2Ga20S31-PbGazS4 system

The coordinates of invariant points in the indicated systems are presented in the table.

Table
Invariant points in the quasi-binary and partially quasi-binary sections of the Ag2S-GazS3-PbS quasi-ternary system
Section Invariant point T,K Reaction
AgGaSz-PbGazS4 eutectic 1100 LSa+f
AgGaS2-Pb2GazSs eutectic 950 LSe+o
AgGaS2-PbS peritectic 1225 L+PbSSAgPb,GaSs
eutectic 1150 LSe+y(AgPb2GaS4)
AgoGaSe- AgPb2GaSs eutectic 990 LS @+Y(AgPb2GaS4)
AgyGaSe-PbS eutectic 950 LS @ +B
AgPb2GaSs- Pb2GazSs eutectic 970 LSy+o
Ag2Gaz0S31 - PbGazS4 eutectic 1085 LSa+02

4 quasi and 3 partial quasi-binary sections
were studied on the Ag,S-Ga,S3-PbS quasi-ternary

AgdGaSe

GasxS3

Ag2GaxSsi

AgGaS:

system. Based on quasi-binary sections a quasi-
ternary system is triangulated. (Fig. 8.)

Pb2GaySs

AgS

PbS

Fig. 8. Triangulation of the Ag2S-GazS3-PbS ternary system

It has been established that the quasi-ternary
system is triangulated into 5 subsystems:AgGaS,-
Gazsg-PbGa2$4, AgGaSZ-PbGa2$4-Pb2Ga2$5, AgGaSZ-
PbS-szG&les, AggGasﬁ-PbS-AgGaSz, Ang-Ag9G356-

PbS.

The triangulation of the quasi-ternary system
and its quasi-binary sections allowed to determine
the composition of the alloy to grow mono crystals
of high-temperature melting compounds such as

PbS, Agzs, Gazs3, AgGaSz, AngzGaS4.
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Conclusion

The phase equilibrium in the Ag,S-Ga,Ss-PbS
quasi-ternary system was studied for the first time
using the research methods of complex
physicochemical analysis. As a result of the
research, it was determined that the four sections
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