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Lead and silver thiogallates are notable for their practical applications in nonlinear optical
devices, detectors, solar cells, photodiodes, and phosphors. This study aims to develop
materials with multifunctional properties and investigate the AgGaS,—PbGa,S, system.
The initial sulfides, AgGaS, and PbGa,S,, were synthesized from high-purity elements
sealed in evacuated quartz ampoules (0.133 Pa). Complex alloys of the AgGaS,—PbGa,S,
system were prepared at 1200—1350 K. Polycrystalline samples were annealed at 850 K
for 270 hours. Phase equilibria in the AgGaS,—PbGa,S, system were analyzed using a
combination of physicochemical methods, including differential thermal analysis, powder
X-ray diffraction, microstructural analysis, microhardness, and density measurements,
and the phase diagram was constructed. The system was identified as a quasi-binary
section of the quasi-ternary Ag,S—Ga,S;—PbS system, belonging to the eutectic type.
The eutectic point was determined at 1100 K and 55 mol.% PbGa,S,. Solid solution
regions were identified based on the primary components. At room temperature, the
AgGaS, solid solution region extends to 10 mol.% PbGa,S,, while the PbGa,S, solid
solution region extends to 18 mol.% AgGaS,. At the eutectic temperature, these solubilities
increase to 20 and 25 mol.%, respectively. AgGaS,-based solid solutions crystallize in
chalcopyrite-type structures, while PbGa,S,-based solid solutions adopt orthorhombic
structures.
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Introduction

Crystals of silver and lead thiogallates have
recently aroused particular interest in the study of
systems containing sulfides with the formulae A'BXC,"!
and AB,C,. First of all, this is due to the emerging
possibilities of their practical use in the manufacture
of nonlinear optical devices, detectors, solar cells,
photodiodes and phosphors [1—9]. The study of the
optical properties of PbGa,S, lead thiogallate crystals
revealed that it is a promising material for
optoelectronics [10].

In the PbS—Ga,S, system [11,12], compounds
of PbGa,S, and Pb,Ga,S; are formed. According to
ref. [11], both compounds are formed by a peritectic

reaction and melt with decomposition at temperatures
of 1203 and 1173 K, respectively. In contrast to ref.
[11], study [12] found that PbGa,S, and Pb,Ga,S;
melt congruently at 1163 and 1033 K, respectively;
and in general, the PbS—Ga,S, system behaves like
the Cu,S—Ga,S, and SrS—Ga,S, systems. According
to ref. [13], PbGa,S, is a phase of variable composition.
The PbGa,S, compound belongs to the EuGa,S,
structural type and crystallizes in the orthorhombic
system (a=20.44 A, b=20.64 A, ¢c=12.09 A ; space
group Fddd, z=32, p=4.94 g/cm3 [11]).

Study of the Ag,S—Ga,S; system showed that
three compounds are formed in the system with the
compositions AgGaS,, Ag,GaS; and Ag,Ga,S;,.
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Ag,Ga,,S,, is formed by a peritectic reaction at a
temperature of 1263 K, and the compounds AgGasS,
and Ag,GaS; are congruent at 1270 K and 1063 K,
respectively. The compounds AgGaS, and Ag,GaS,
crystallize in the chalcopyrite structural type:
a=5.7544 A | ¢=10.299 A; space group 142d. The
Ag,GaS; compound crystallizes into orthorhombic
systems with parameters a=10.777 A, b=7.706 A ,
c=7.605 A.

The purpose of this research work was to obtain
materials with multifunctional properties and study
the AgGaS,—PbGa,S, system.

Experimental

The alloys for studying the AgGaS,—PbGa,S,
system were prepared from master alloys in evacuated
quartz ampoules at a temperature of 1200—1350 K.
Pure elements were used as starting materials (Ag,
highly pure grade; Ga, GI-000 grade; sulfur highly
pure grade; and Pb containing main substance no less
than 99.999%).

Polycrystalline samples were annealed at 850 K
for 270 hours. The pressed alloys of the
AgGaS,—PbGa,S, system were studied by differential
thermal analysis (DTA), powder X-ray diffraction
(XRD), microstructural analysis (MSA microscope
MIM-7), measuring the density and microhardness
(PMT-3 device). DTA was performed using
NETZSCH 404 F1 Pegasus at room temperature to
approximately 1400 K, depending on the alloy
composition, at a heating rate of 10 K/min.
Temperature accuracy was =2 K. Powder X-ray
diffraction data were examined on a Bruker D2 Phaser
diffractometer using CuKo1 radiation (A=1.54056 A).

Results and discussions

In order to study the nature of the interaction
in the AgGaS,—PbGa,S, system, 12 alloys were
synthesized (Table).

The DTA results revealed two endothermic effects
in the thermograms of alloys containing 0—100%
PbGa,S,. Microstructural analysis data showed that
alloys similar in composition to the ternary compounds
AgGasS, and PbGa,S, (100—90 and 100—82 mol.%,
respectively) consist of one phase; with an increase in
the content of the second component, two-phase
regions are noted. In the subsolidus of the system, in
the concentration range of 10—82 mol.% PbGa,S,,
two phases (a.+B) co-crystallize. The XRD results of
alloys of the AgGaS,—PbGa,S, system are consistent
with the MSA and DTA data and confirm the
existence of solid solutions based on AgGaS, and
PbGa,S,. Considering the results of DTA, MSA, XRF
and microhardness measurements, a state diagram of
the AgGaS,—PbGa,S, system was constructed
(Fig. 1).

Results of thermal and microstructural analysis of alloys in
the AgGaS,—PbGa,S, system

Composition,

mol.% Thermal Phase

effects, K composition
AgGaS, | PbGa,S,
100 0 1270 o
90 10 1180, 1245 o
80 20 1115, 1205 ot+B
70 30 1100, 1175 ot+p
60 40 1100, 1145 ot+B
50 50 1100, 1125 ot+B
1100

45 >3 (eutectic) atp
40 60 110, 1130 ot+B
30 70 1105, 1145 ot+p
18 82 1110, 1155 B
10 90 1145, 1160 B
0 100 1165 B

As can be seen from Fig. 1, the system is a
quasi-binary section of the quasi-ternary system
Ag,S—Ga,S;—PbS and belongs to the eutectic type.
The liquidus system consists of two branches of the
primary crystallization phase AgGaS, and PbGa,S,
intersecting the eutectic point, characterizing non-
variant equilibrium

L—a(AgGaS,)+B(PbGa,S,).

The coordinates of the eutectic point are as
follows: 55 mol.% PbGa,S, and T=1100 K. Based
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Fig. 1. Phase diagram of the AgGaS,—PbGa,S, system
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on the initial components, limited areas of solid
solutions are formed. The results of X-ray phase
analysis showed that the diffraction patterns of alloys
containing 0—10 mol.% PbGa,S, and 0—18 mol.%
AgGas, are identical to the diffraction patterns of the
parent ternary compounds AgGaS, and PbGa,S,,
respectively. They are substitutional solid solutions.
Based on the data obtained, the microhardness of the
alloys of the AgGaS,—PbGa,S, system was measured
and a microhardness (Hu) vs. composition diagram
was constructed (Fig. 2).

The graph shows that the microhardness values
of samples rich in AgGaS, and PbGa,S, increase
significantly from 3860 to 3990 MPa and from 2250
to 2400 MPa with the formation of solid solutions.

The densities of samples belonging to the
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Fig. 2. Hu vs. x diagrams of the AgGaS,—PbGa,S, system

p, glem3

454}

L ] L ]

PbGaySy 20 40 60 80

Ag(Galqy

Fig. 3. p vs. x Diagram of the PbGa,S,—AgGaS, system

AgGaS,—PbGa,S, system were measured and a density
vs. composition diagram was constructed (Fig. 3). It
showed that the density of the samples varies within
the density of the original sulfides (AgGaS, and
PbGa,S,).

Conclusions

1. Using physical and chemical analysis methods
(DTA, XRF, and MSA), the T vs. x phase diagram
of the AgGaS,—PbGa,S, system was constructed. It
was determined that the AgGaS,—PbGa,S, system is
a quasi-binary cross-section of the quasi-ternary system
Ag,S—Ga,S;—PbS and belongs to the eutectic type.

2. In the AgGaS,—PbGa,S, system, the
formation of solid solutions of the initial components
was revealed. The solubility based on AgGaS, at room
temperature (300 K) is 10 mol.% PbGa,S,, and that
on the basis of PbGa,S, is 18 mol.% AgGas,.

REFERENCES

1. Lattice dynamical properties and elastic constants of the
ternary chalcopyrite compounds CuAlS,, CuGaS,, CulnS,, and
AgGaS, / Kushwaha A.K., Khenata R., Bouhemadou A.,
Bin-Omran S., Haddadi K. // J. Electron. Mater. — 2017. —
Vol.46. — P.4109-4118.

2. Dislocations that decrease size mismatch within the lattice
leading to ultrawide band gap, large second-order susceptibility,
and high nonlinear optical performance of AgGaS, / Zhou H.,
Xiong L., Chen L., Wu L. // Angew. Chem. Int. Ed. — 2019. —
Vol.58. — No. 29. — P.9979-9983.

3. Li G., Chu Y., Zhou Z. From AgGaS, to Li,ZnSiS,:
realizing impressive high laser damage threshold together with
large second-harmonic generation response // Chem. Mater. —
2018. — Vol.30. — No. 3. — P.602-606.

4. Pressure effect of the vibrational and thermodynamic
properties of chalcopyrite-type compound AgGaS,: a first-
principles investigation / Yang J., Fan Q., Yu Y., Zhang W. //
Materials. — 2018. — Vol.11. — No. 12. — Art. No. 2370.

5. Synthesis and characterization of AgGasS, nanoparticles:
a study of growth and fluorescence / Paderick S., Kessler M.,
Hurlburt T.J., Hughes S.M. // Chem. Commun. — 2018. —
Vol.54. — P.62-65.

6. New sellmeier and thermo-optic dispersion formulas
for AgGaS, / Kato K., Okamoto T., Grechin S., Umemura N.
// Crystals. — 2019. — Vol.9. — Art. No. 129.

7. Mammadov S. The study of the quasi-triple system
FeS—Ga,S;—Ag,S by a FeGa,S,—AgGaS, section //
Kondensirovannye Sredy i Mezhfaznye Granitsy. — 2020. —
Vol.22. — No. 2. — P.232-237.

8. Asadov S.M., Mustafaeva S.N., Guseinov D.T. X-ray
dosimetric characteristics of AgGaS, single crystals grown by
chemical vapor transport // Inorg. Mater. — 2017. — Vol.53. —
P.457-461.

Sharafat H. Mammadov, Guseyn R. Gurbanov, Rana A. Ismailova



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 1, pp. 22-26 25

9. Anisotropy of acousto-optic figure of merit for the
collinear diffraction of circularly polarized optical waves at the
wavelength of isotropic point in AgGaS, crystals / Mys O.,
Adamenko D., Skab I., Vlokh R. // Ukr. J. Phys. Opt. — 2019.
— Vol.20. — P.73-80.

10. Optical phonons in PbGa,S, crystals / Kamenshchikov
V.N., Stefanovich V.A., Gad’mashi Z.P., Sidei V.I.,
Suslikov L.M. // Phys. Solid State. — 2007. — Vol.49. —
P.351-355.

11. Chilouet A., Mazurier A., Guittard M. Systeme
Ga,S;—PbS diagramme de phase, etude crystallographique //
Mater. Res. Bull. — 1979. — Vol.14. — P.1119-1124.

12. A new low-phonon lead thiogallate crystal as a matrix
for mid-IR lasers / Badikoya D., Badikov V., Doroshenko M.,
Fintisova A., Shavyrdyaeva G. // Photonics. — 2008. — No. 4.
— P.24-27.

13. Electron paramagnetic resonance of Dy*" ions in lead
thiogallate single crystals / Asatryan G.R., Badikov V.V.,
Kramushchenko D.D., Khramtsov V.A. // Phys. Solid State. —
2012. — Vol.54. — P.1245-1248.

Received 23.05.2024

DA30BA JIATPAMA CUCTEMM AgGaS,—PbGa,S,
IIL.T. Mammados, I.P. Iypbanos, P.A. Icmainosa

Tioramnat CBUHIIO Ta cpibja BUPI3HSIOTHCS IIMPOKU-
MU MOXJIMBOCTSIMU TPAKTUYHOTO 3aCTOCYBAHHSI B HEJIHIAHUX
ONTUYHUX TMPUCTPOSIX, AETEKTOpaX, COHSYHUX Oarapesix, ¢Go-
Tomiomax Ta JiroMiHOo(opax. MeTow UbOr0 AOCTIIKCHHS €
po3pobKa MaTtepiaiiB i3 0araTo(pyHKUiOHAIbHUMU BIIACTH-
BocTsiIMM Ta BUBYeHHs cuctemu AgGaS,—PbGa,S,. Buxinni
cynbdinu AgGaS, i PbGa,S, Oyiu cuHTe30BaHi 3 BUCOKO-
YUCTUX EJIEMEHTIB y KBaplLOBUX aMIlyjaX, eBaKyHOBaHUX [0
tucky 0,133 Ila. KoMmmiaekcHi cmjaBu CHCTEMHU
AgGaS,—PbGa,S, 6ynu omepxani 3a temmnepatypu 1200—
1350 K. IMonikpucraniuHi 3pa3ky BiAnajaioBalyd 3a TeMIIEpaTy-
pu 850 K mporsrom 270 romun. Ma3oBi piBHOBarm B cucTeMi
AgGaS,—PbGa,S, Oynu nociikeHi 32 JOTIOMOTOI0 KOMITIEKCY
(bi3UKO-XiMIYHUX METO/IB, BKJIIOYAIOUN ArdepeHiaTbHUI Tep-
MIUHUIA aHaJIi3, PEHTIeHIBChKY MTOPOIIKOBY IU(PaKIIiio, MiKpo-
CTPYKTYPHMI aHajIi3, BUMipIOBaHHSI MiKpOTBEPAOCTi Ta TYCTH-
HU, IO I03BOJWJIO MoOymyBaTu (a3oBy miarpamy. byio Bcra-
HOBJIeHO, 110 cuctema AgGaS,—PbGa,S, € kBazibiHapHUM Te-
pepizom kBazi-moTpiiiHOi cuctemu Ag,S—Ga,S;—PbS i Hane-
KUTh 710 €BTEKTUYHOTO TUIY. EBTEKTUYHA TOYKA MA€E KOOPIM-
Hatu: temneparypa 1100 K i Bmict 55 m01.% PbGa,S,. Mi-
JISHKM TBEPAUX PO3UYMHIB iIeHTU(DIKOBAHO HA OCHOBI ITOYATKO-
BMX KOMITOHEHTIB. 3a KiMHATHOI TeMmepaTypu OiJsHKa
TBEpAUX PO3YMHiIB Ha ocHOBi AgGaS, po3MUPIOETHCS 10
10 mo1.% PbGa,S,, a Ha ocHoBi PbGa,S, — 1o 18 mo1.% AgGas,.
3a eBTEKTUYHOI TeMIlepaTypH Li pO3UMHHOCTI 3pOCTaloTh 10 20
i 25 mMon.%, BimnosigHo. TBepai po3unmHu Ha ocHoBi AgGas,
KPUCTAJTI3YIOTbCSI B CTPYKTYpax THUIY XaJbKOMIPUTY, TOMi K
TBepAi po3umHu Ha ocHOBi PbGa,S, MaioTh opTOpOoMOiIUHYy
CTPYKTYDY.

Kumouosi cioBa: PbS—Ga,S;—Ag,S; kBazibinapHa cuctema;
TBepai po3unHu; AgGaS,; morpiitHa cucreMa; eBTeKTUKa.
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Lead and silver thiogallates are notable for their practical
applications in nonlinear optical devices, detectors, solar cells,
photodiodes, and phosphors. This study aims to develop materials
with multifunctional properties and investigate the AgGaS,—
PbGa,S, system. The initial sulfides, AgGaS, and PbGa,S,, were
synthesized from high-purity elements sealed in evacuated quartz
ampoules (0.133 Pa). Complex alloys of the AgGaS,—PbGa,S,
system were prepared at 1200—1350 K. Polycrystalline samples
were annealed at 850 K for 270 hours. Phase equilibria in the
AgGaS,—PbGa,S, system were analyzed using a combination of
physicochemical methods, including differential thermal analysis,
powder X-ray diffraction, microstructural analysis, microhardness,
and density measurements, and the phase diagram was constructed.
The system was identified as a quasi-binary section of the quasi-
ternary Ag,S—Ga,S;—PbS system, belonging to the eutectic type.
The eutectic point was determined at 1100 K and 55 mol.%
PbGa,S,. Solid solution regions were identified based on the
primary components. At room temperature, the AgGaS, solid
solution region extends to 10 mol.% PbGa,S,, while the PbGa,S,
solid solution region extends to 18 mol.% AgGas,. At the eutectic
temperature, these solubilities increase to 20 and 25 mol.%,
respectively. AgGaS,-based solid solutions crystallize in
chalcopyrite-type structures, while PbGa,S,-based solid solutions
adopt orthorhombic structures.
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