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PHASE EQUILIBRIA IN THE CulnSe;-Ge-Se QUASITERNARY SYSTEM

N.M. Allazova', R.F. Abbasova?, T.M. llyasli 2, I.1. Aliyev', M.R. Allazov ®

! Acad. M. Nagiyev Institute of Catalysis and Inorganic Chemistry
National Academy of Sciences of Azerbaijan
113, H. Javid. ave., AZ 1143, Baku, Azerbaijan
*Baku State University, 23, Acad. Z.Khalilov str., AZ 1148 Baku, Azerbaijan
¥ Azerbaijan Technical University 25, H. Javid ave., AZ 1073, Baku, Azerbaijan
Phone: +994 50 4770082, e-mail: allazova.nigar@gmail.com

Received 16.03.2020
Accepted 29.05.2020

Abstract: Phase equilibria in the CulnSe,-Ge-Se ternary system were studied by methods of differential
thermal analysis (DTA), X-ray phase (XRD), microstructural (MSA) analyzes and measurement of
microhardness. Results of these studies were summarized and presented in the paper. Phase diagrams of
CulnSe,-Ge, CulnSe,-GeSe, CulnGeSe, - Ge, CulnGeSe, — GeSe, CulnGeSe, -Se and liquidus surface
projections of quasi-ternary system established and monovariant curves, regions of phase delamination in
the liquid state, coordinates of monotectic, metathetic, peritectic and eutectic processes determined. Also, a
region of primary crystallization of a low-temperature polymorphic form (phase with a chalcopyrite
structure) of the CulnSe, compound in the presence of germanium chalcogenides specified.
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Introduction

The low-temperature chalcopyrite phase of
the CulnSe, compound is of interest as a solar
energy converter [1-3]. However, its conversion
coefficient strongly depends on imperfections of
the crystal structure which are formed mainly
during the polymorphic transition of sphalerite
<> chalcopyrite. Therefore, to reduce these
imperfections, crystallization is carried out by
flux method [4-5].

Earlier, we presented results of the study
of phase equilibria in the CulnSe,-Sn-Se and
CulnSe,-Pb-Se  systems where regions of

primary crystallization of o-CulnSe, directly
from the liquid melt were determined [6, 7].

In the present work, the possibility of
using germanium and its selenides as solvents
for the primary crystallization of the
chalcopyrite phase of the CulnSe, compound
was clarified. For this purpose, the pattern of
interaction of  CulnSe,-Ge-Se  system
components was determined, especially in areas
where the chalcopyrite phase of the CulnSe;
compound was directly crystallized from the
liquid melt.

Experimental part

The initial samples for the study were
synthesized by fusion from calculated amounts
of highly pure elements (copper - grade MO,
indium grade 1In-000, germanium with a
resistivity of 40 Ohm cm, selenium grade
OSCH 19-4) in evacuated (~ 0.1 Pa) and sealed
quartz ampoules at 1100° C for 6 hours. Then
the furnace was cooled to 600° C and stored for

200 hours.

The resulting ingots were equilibrium
polycrystals and characterized by differential
thermal analysis (DTA) and X-ray diffraction
(XRD).

During DTA, the phase transition
temperatures were determined using a
chromel/alumel thermocouple with a heating
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and cooling rate of 10 K/min on a two-
coordinate potentiometer N307/1. Calcined
aluminum oxide served as a reference.

X-ray powder diffraction patterns were
recorded with Bruker D8 diffractometer using
CuKa radiation with a nickel filter.

Microstructures of polished samples were
examined on a METAM-P1 metallographic
microscope, and microhardness measurements
carried out on a PMT-3 microhardness tester under
a load of 20 g.

Results and discussion

The nature of physicochemical interaction
of some sections of the ternary system CulnSe,-
Ge-Se is presented below. Also, projections of
the liquidus surface were constructed.

The CulnSe,-Ge section is quasibinary.
Phase diagram of this section is eutectic, there is
a region of immiscibility on the side of
germanium (Fig. 1a). The eutectic crystallizes at
50 mol.% Ge and 7900C. The monotectic
process occurrs at 8500C in the area of 67-87
mol.% Ge.

The CulnSe,-GeSe section is non-quasi-
binary and quasi-stable simultaneously, since

just two phases a-CulnSe, and o-GeSe are
determined in the sub-solidus of the system
(Fig. 1b).

Under the influence of germanium mono-
selenide, the temperature of the polymorphic
transition of the CulnSe, compound does not

change, and the isothermal line of this
transition, determined at 810°C, crosses the
liquidus at 44 mol% GeSe. Primary

crystallization of the chalcopyrite phase (a-
CulnSe;) occurs directly from the liquid melt in
the concentration region 44—78 mol% of GeSe.
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Fig. 1. Phase diagrams of the CulnSe,-Ge (a) and CulnSe,-GeSe (b) systems.

As, it is known, GeSe is formed by peritectic
between the liquid and germanium. In the section,
before intersection of liquidus (c.-CulnSe;) curves,
the temperature of primary crystallization of
germanium decreases from 720 to 625°C.
Crystallization in the system is over through four-
phase peritectic reaction:

L+ Ge «<>a-GeSe  at 575°C

Solubility based on the starting
components is practically absent.

The CulnGeSe4-Ge section is non-
quasibinary. According to [8, 9], the CulnGeSe,
compound is formed by the peritectic reaction in
the quasibinary CulnSe,-GeSe, system at
712°C.

The liquidus of the CulnGeSe,-Ge system
consists of two primary crystallization curves of
a-CulnSe; and germanium, which intersect at
40 at% Ge and 640°C (Fig.2a).
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The CulnGeSe;-GeSe section is non- mol% GeSe and 660°C (Fig. 2b).
quasi-binary. The liquidus of the system Crystallization in the system is completed by
consists of two curves of primary crystallization  a four-phase peritectic reaction:
of a-CulnSe, and germanium that intersect at 40
L+ a-CulnSe, <> CulnGeSes + a-GeSe at 575°C
Solubility based on the starting components is practically absent.
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Fig. 2. Phase diagrams of the CulnGeSe, - Ge (a) and CulnGeSe, - GeSe (b) systems.

The CulnGeSe4-Se section is quasi-stable  system is completed at a temperature of ternary
and participates in the incongruent triangulation  peritectic, 215°C. There is no solubility based
of the CulnSe,-Ge-Se ternary system. The on the starting components.
liquidus of the system mainly consists of the The microhardness of the CulnGeSe,
curve of the primary crystallization of the a- phase is determined at 300 MPa, and the
phase (the low-temperature polymorphic form microhardness of the selenium phase is 450
of CulnSe;) (Fig. 3). Crystallization in the MPa.
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Fig. 3. Phase diagram of the CulnGeSe, - Se system
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The projection of the liquidus surface of the
CulnSe,-Ge-Se system (Fig. 4) is constructed
on the data of phase diagrams of the above-
mentioned sections of the quasi binary systems
CulnSe;-GeSe;[8], CulnSe,-Se [10] and Ge-Se
[6]. Here, the quasibinary section CulnSe, —

{P:} L +Ge <> CulnGeSe,+GeSe
{P,} L +CulnSe; <> CulnGeSe;+Ge
L <> CulnGeSe,+GeSe+ GeSe,

{Ei}

As known, metathetic processes in the CulnSe,-
Se and Ge-Se systems occur with the
participation ~ of  germanium and the
delamination regions are closer to germanium.

= . — -
CulnSe2 10~

GeSe; is a diagonal section and divides the
quasi ternary system into two subsystems:
CulnSe; — GeSe; — Se and CulnSe; — GeSe; —
Ge.

In the first subsystem, two triple peritectic and
one eutectic process were found:

at 575°C
at 630°C
at 560°C
In the these

quasi-ternary  subsystem,

immiscible regions merge with each other and
form one common immiscible region in the
liquid state.

30
S E

' I\
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Fig. 4. Projection diagram of the liquidus surface of the CulnSe,-Ge-Se system. Primary
crystallization field: 1-B-CulnSe,, 2-a-CulnSe,, 3-GeSe;,, 4-, 5-CulnGeSes, 6-Ge, 7-Se

In the first subsystem, B-CulnSe;, «-
CulnSe, GeSe,, GeSe and germanium phases
are crystallized primarily. A part of the primary
crystallization of germanium occurs under
monotectic line.

In the second subsystem, the phases B-
CulnSe;, a-CulnSe,;, GeSe; and selenium are
primarily crystallized. A part of the primary

crystallization of o-CulnSe, occurrs under
delamination. Here crystallization is over at
200° C in a triple eutectic, the composition of
which is designated as E,. Prior to this, a four-
phase peritectic process of separation of the
CulnGeSe, compound takes place along the
isothermal plane at 215°C.

Conclusions

Thus, 7 fields of primary crystallization of
phases are established

CulnSe; — Ge — Se system and phase equilibria

in the quasi-ternary were studied. The transition boundary of the
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primary crystallization fields a-CulnSe; and (-
CulnSe, was determined, it is indicated in Fig. 4

PHASE EQUILIBRIA IN THE CulnSe,-Ge-Se

by blue line (n1nznsna).
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CulnSe,-Ge-Se KVAZIUCLU SISTEMINDO FAZA TARAZLIGI
IN.M. Allazova, ?R.F. Abbasova, T.M. flyast, ‘I.I. dliyev, *M.R. Allazov

'AMEA-min Kataliz vo Qeyri-iizvi Kimya Institutu
Az 1143, Baki, H. Cavid pr., 113
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AZ 1148, Baki, Z. Xolilov kii¢, 23
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Differensial-termiki (DTA), rentgen-faza (RFA), mikroqurulus (MQA) va mikrobarkliyin dl¢giilmasi
dsullart ilo CulnSe,-Ge-Se ii¢lii sisteminin biitiin gatiliq sahalarinda faza tarazligi éyranilmisdir va
naticalor timumilasdirilib vo bu maqalada verilir. Kvaziticlii sistemin CulnSe,-Ge, CulnSe;-GeSe,
CulnGeSes - Ge, CulnGeSe, — GeSe, CulnGeSeys -Se kasiklorinin faza diagramlart va 6ziinin
likvidus sathinin ortoqonal proyeksiyasi qurulmugdur. Sistem daxilinda maye fazada tabagalogma
sahasi, monovariant ayrilar, monotektik, metatektik, peritektik vo evtektik proseslorin koordinatlar:
tayin edilmisdir. CulnSe, birlogsmosinin agsagr temperaturlu polimorf formasmn:n (xalkopirit
quruluslu  fazamin) ilkin  kristallagsma  sahalorino  germanium  xalkogenidlorinin  tasiri
daqiqlasdirilmigdir.

Agar sozlar: sistem, faza taraziligy, likvidus sathinin proyeksiyasi, xalkopirit fazas:, faza kegidi
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Memooamu ougpepenyuanoHo-mepmuieckoeo (ATA), pernmeenoghazo06020 (PDA),
muxpocmpykmyproco (MCA) u uzmepenuem Mukpomeepoocmu uUccied08anbl (hazoevie pasHOBeCUs.
6 mpounou cucmeme CulnSe2-Ge-Se 6o sceil konyenmpayuonnot obaracmu. Pezynemamol
uccneoosanuli. 0000wWenvl U NpeocmasieHvl 8 Hacmosweln cmamve. Ycmanognenvl ¢hazoswvie
ouazpammul cucmem CulnSe,- Ge, CulnSe,-GeSe, CulnGeSe, - Ge, CulnGeSe,— GeSe, CulnGeSe, -
Se, a maxoce Ouacpammvl npoekyuu NOGEPXHOCMU JUKBUOYCA KBAZUMPOUHOU CUCEMDbL.
Onpedenenvl MOHOBApUAHMHbIE Kpuble, 0OIACMU PACCIAUBAHUSL (PaA3 8 IHCUOKOM COCMOSHUL,
KOOpOUHAMbL  MOHOMEKMUYECKUX, MemameKmu4yecKux, nepumekmu4eckux u 96MmeKmudecKux
npoyeccog.  Ymounenvl — 001aCmb  NEPEUYHOU  KPUCMALIU3AYUU — HUZKOMEMNEPAmypHOU
noaumop@roti  ¢opmel  (hazer co cmpykmypou XarvKonupuma) coeounenusi CulnSe, 6
NPUCYMCMBUE XATbKO2EHUOO8 2EPMAHUAL.

Knwuesevie cnosa: cucmema, ¢azosvie pasHosecus, NpoOeKyus NOBEPXHOCMU JUKBUOYCd,
Xanvkonupummuas @asa, ¢azoswiii nepexoo.
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