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Differential-thermal analysis, X-ray diffraction, and metallography were used to study the interaction
between the components of the quasi-ternary CdSe—¢®e—Bi,Se system. Phase diagrams of four
polythermal sections, the isothermal section at 67K, as well as a projection of the liquidus surfacéave been
constructed. The projection of the liquidus surfaceconsists of six fields of primary crystallizationof the

phases, which are separated by 12 monovariant curseand 11 invariant points. The type of mono- and
invariant processes in the system has been investtgd and the coordinates of the invariant points hae been
determined. The system is triangulated by the quadiinary section CdGaSe-Bi,Se into two sub-systems
CdSe-CdGaSe—Bi,Se and CdGaSe—~Ga,Ser—Bi,Se. The present results can be employed for the groWwtof

CdGa,Se single crystals from non-stoichiometric melts.

Thermal analysis / Chalcogenide / Phase diagram ¢dthermal section / Liquidus surface

Introduction

Compounds A"B™,C"', with defect chalcopyrite
structure (CdGg,; structure type) are promising
materials for non-linear optics. For instance, non-
linear properties of HQG&, [1,2] and Hg.,Cd.GaS,

[2] have been extensively studied during recent years.
Some of their parameters, like resistance agadsetr |
radiation, exceed by far those of the chalcogenide
compounds that are presently used for the parametri
frequency conversion of Gdasers[2]. Among the
numerous representatives of this group, we focus on
CdGaSe,. A comprehensive review of its optical
properties can be found [8]. The ternary cadmium
gallium selenide has been known for a long tidile

but its industrial application is limited due to
difficulties in growing large bulk crystals. Althgh

the CdGaSe, compound melts congruently, it
undergoes a polymorphous transformation, which
hinders the single crystal growth using directional
crystallization of the stoichiometric solution. The
were attempts to grow Cd&e, single crystals using
chemical transport reactions with iodine as a pars
agent[5-9]. Furthermore, the growth of single crystals
from different melts is described in several stadie
[10-15], since non-stoichiometric melts can offer
growth temperatures lower than the polymorphous
transformation temperature. In this respect, the

selection of the solvent is an important issue. Nafee
tested a series of different solvents: SnN&&], SnSe
[13], ShSe [14], Bi,Seg [15], and PbSg16]. The
corresponding binary phase diagrams exhibit a
primary crystallization field of the low-temperagur
CdGaSe, modification. Unfortunately, the formation
of undesirable solid solutions on the basis of
CdGaSe, occurs in all the above systems, except
Bi»,Se; and PbSe. Therefore, we conclude that the two
latter solvents seem to be the most promising for
successful crystal growfti5]. The part of the liquidus
that belongs to the low-temperature Cd&a
modification in the CdG®e~—Bi,Se system is not
large though. However, there may exist a possytiit
widen the primary crystallization region by usirget
more complex CdSe-GHe—Bi,Se; system, where
possible ternary eutectics should lower the
crystallization temperature of intermediate alloys
inside the system.

The binary compound€dSe, GgSe;, and BjSe
melt congruently at 1512 K, 1278 [K7], and 979 K
[18], respectively; they possess narrow homogeneity
ranges, and therefore, act as components of a-quasi
ternary system. Cadmium selenide crystallizes @& th
wurtzite structure type, space grabBf;mc with lattice
parameterss = 0.42999 and: = 0.70109 nm[19].
GaSe crystallizes in the zinc blende structure type,
space groupF43m, a = 0.5422 nm[20], whereas
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Bi,Se; exhibits a trigonal structure, space grd=im,
with @ = 0.41404(7)¢ = 2.8640(6) nnjl5].

The boundary systems CdSe-&g, CdSe-
Bi,Se, and GaSeBi,Se were investigated in
[21-25]. There is one congruently melting compound
CdGaSe, in the CdSe-G&e system. According to
[21], the coordinates of the two eutectic points are
39 mol.% GaSe; / 1208 K and 64 mol.% G3e /
1206 K, which are in agreement with those given in
[23]. The polymorphous transformation of CdSe
takes place at 1090 K. The solid solubility in,&a
extends to 17 mol.% CdSe at 1206 K; on the CdSe
side the solid solution contains 32 mol.%,6a at
the eutectic temperature. The solid solubility in
CdGaSe, is ~2 mol.% and is shifted to the Sa
side. Monotectoid decomposition of the solid salnti
at 988 K is observed for alloys in the concentratio
range of 5-25 mol.% G8e. According to[22], the
coordinates of the eutectic points are 45 mol.% and
55 mol.% GaSe for 1203 and 1213 K, respectively.
The solid solubility in the system components is 13
and 25 mol.% G#&e [23]. The low-temperature
modification of CdGgSe, crystallizes in a defect
chalcopyrite structure (space groff) with unit cell
parametera = 0.57430 and = 1.0752 nnj15].

The CdSe-BbBg system was investigated [B4].

In this system, a peritectic reaction results ie th
formation of theCdBi,Se; compound, which is stable
only in the temperature interval 877-1009 K. The
coordinates of the peritectic point are 95 mol.%
Bi,Se; / 1009 K. The solid solution based on CdSe
contains 0.25 mol.% B%e at 723 K; when raising the
temperature it extends to 1 mol.% at 1000 K. The
solid solution of BiSe contains up to 3 mol.% CdSe
at 723 K.

The GaSe—Bi,Se system is described [A8,25]
The system is quasi-binary and of the eutectic.type
The liquidus consists of the primary crystallizatio
fields of the GgSe and BpSe; solid solutions. The
coordinates of the eutectic point are 65 mol. %458 /
900 K [18] or ~61 mol.% BiSe / 893 K [25]. The
solid solubility of the components does not exceed
5 mol.%[25].

The CdGgSe—Bi,Se; phase diagram is of the
eutectic typg15]. Its liquidus consists of three fields
of primary crystallization of solid solutions based
the high- and low-temperature modifications of
CdGaSe, and BjSe;. The eutectic point is located at
~86 mol.% BjSe and 929 K. A horizontal line at
1092 K corresponds to the polymorphous
transformation of high-temperature CdGe into
low-temperature CdGSe,.

Analyzing the above phase diagrams, we expect
that lowering the crystallization temperature is
feasible in the CdSe-G®e—Bi,Se quasi-ternary
system because of the possible formation of ternary
eutectics. This work is focused on the investigatd
phase equilibria in the CdSe—Sa-Bi,Se; system,
performed in order to find concentration regionatth
are suitable for the growth of single crystals o t

low-temperature modification of Cdg&e, using the
solution-melt method.

Experimental

For the investigation of the CdSe—Se—Bi,Se
system, 54 alloys were prepared, the compositiéns o
which are plotted on the concentration trianglevaho

in Fig. 1. Their synthesis was carried out by fusing
calculated amounts of the elements (purity bettant
99.99%) in evacuated quartz ampoules. The alloys
were held for 3 hours at the maximum temperature,
which  was 1320-1170 K depending on the
composition. Afterwards, the ampoules were cooled
slowly (10 K/h) down to 670 K. At this temperature,
the alloys were annealed for 250 hours and then
rapidly quenched in cold water.

The obtained alloys were investigated with
differential-thermal analysis (DTA), X-ray diffraon
(XRD), and metallography. DTA signals were
recorded on a Paulik-Paulik-Erdey derivatograph
(Pt/Pt-Rh thermocouple). XRD was performed on
powders using a DRON—-4-13 diffractometer Kzu
radiation), and the microstructure of polished y#lo
was examined on a Leica VMHT Auto microhardness
tester.

Triangulation

The isothermal section of the CdSe-&&-Bi,Se
system at 670 K was constructed using XRD and
metallography results F{g.2). The CdGgSe
compound forms a quasi-binary section with32.
The section divides the CdSe—-Sa—Bi,Se system
into two sub-systems, namely £Sa&-Bi,Se—
CdGaSe, and CdSe-BSe~CdGaSe,. The CdBjSe,
compound is formed by a peritectic reaction in the
CdSe-BjSe—~CdGaSe; sub-system. This compound
is stable only in a limited high-temperature intdrv
and does not exist at the annealing temperaturék670
Within the range of existence of CdBg, the CdSe—
Bi,Se—CdGaSe, sub-system could be conventionally
triangulated into CdG&e—Bi,Se—CdBiLSe, and
CdGaSe—~CdBiLSe—CdSe sub-systems.

Results
The common section at Tol.% BpSe: ‘GaBi;Se'—
‘CdBigSq( section fig. 3)

The liquidus of the ‘GaBbe/—'CdBigSe, section
consists of the primary crystallization fields wf 3,

“a, B, v, & & and & are solid solution ranges of
GaSe, CdSe, BiSe, CdBLSe, hight-temperature
and low-temperature Cdg®e, modifications,

respectively.
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B1,Se,

\ o single-please alloys
[ rwo-phiase alleys

,. * three-phase alloys
/ﬂr-i-t-i-f-ir-t-f-rt
e ey -a--- 4 CAB 1S,
.“

Ga.Se, CdGa.Se. CdSe

Fig. 1 Composition of the investigated alloys of the CdSaSe—Bi,Se system.
Bi.Se,

670 K

Ga.Se, CdGa.Se, CdSe

Fig. 2 Isothermal section of the CdSe-S&—Bi,Se system at 670 K.

Chem. Met. Alloy8 (2010)



S.M. Sosovskat al., The quasi-ternary CdSe—£5#—Bi,Se; system

and B. The secondary crystallization involves two
binary eutectics ([l= a+y (field 5), L= 6+y (6)] in the
sub-liquidus part of the G8e—CdGaSe—Bi,Se sub-
system (0-50 mol.% ‘CdB%ey in the section). The
crystallization in this part of the section is cdetpd
by a eutectic reaction at 892 K (poin{ B Fig. 7).
The alloy with 50 mol.% ‘CdBBey is a two-phase
one (g, Fig. 7). For the alloys from the concentration
interval ~55-62 mol.% ‘CdBBey, the L+3= 3+
peritectic reaction is observed at 942 K, as welthee
secondary crystallization fields, B+f3 (field 7) and
L+&+B (field 8). Since the alloys of this part of the
section are located in the CdSa—Bi,Se—~CdBiL,Se,
sub-system, the primary crystallization field ofeth
solid solution of the ternary compougdfield 10) can
be found in the sub-liquidus part. The loweringtod
CdBi,Se, decomposition temperature indicates the

existence of a certain homogeneity region based on

CdBi,Se,, and one additional invariant solid-state
process &~ B+y+d. Crystallization of these alloys

completes with the k& 5+y+& ternary eutectic process
(922 K, B).

The common section at $00l.% BjSe: ‘BiGaSe'—
CdBi,Se (Fig. 4)

The ‘BiGaSg—-CdBi,Se section contains three fields
of primary crystallization: L# (field 2), L+ (3), and
L+3 (4). There are 5 regions of secondary
crystallization involving the liquid phase (b+y
(field 5), L+a+5 (6), L+d+y (7), L+o+p (8), LH3+&
(9)) in the sub-liquidus part. The alloys locatadhe
GaSe—-CdGaSe-Bi,Se; sub-system (0-50 mol.%
CdBi,Se;) solidify according to the ternary eutectic
reaction L= a+6+y at 892 K E4, Fig. 7). The alloy
containing 50 mol.% BSe contains two phase&,,
Fig. 7. For most samplesfrom the CdGgSe—
CdBi,Se—CdSe sub-system, the crystallization
continues with the invariant peritectic horizontal,
which belongs to theé-Us;—<-3 plane (942 K) and
finishes with the ternary eutectic reactior B+y+¢ at
922 K (E,, Fig.7). The horizontal line at 853 K
corresponds to the eutectoid decomposition of
CdBi,Se,.

The common section at #0l.% BjSe: ‘BiGas;Se'—

Although the diagram of the ‘BiG&e'—'CdsBi,Se;’
section is similar to the previous one, it has save
peculiarities. One difference is that the section
contains a primary crystallization field 6f (field 3).
Fields 4 correspond to the simultaneous existerice o
the low- and high-temperature modifications of
CdGaSe, Together with the liquidus isotherms they
are used to determine geometrically the positiothef
two ternary peritectics Jand U (Fig. 7). Another
difference is that the section crosses the G8&a
CdBi,Se—~CdSe sub-system (67-100 mol.%
‘Cd3Bi,Se&’), where the crystallization is completed

by a peritectic reaction at 942 K. The thermal
decomposition ofCdBi,Se, takes place at 853 K,

however, a liquid phase is not required for the
reaction.

The CdGaSe—CdBL1Se section Fig. 6)

The CdGaSe—~CdBiSe, section is not quasi-binary.
Its liquidus consists of primary crystallizatioelfis of
solid solutions based on high-temperature and low-
temperature CdG8e, and CdSe. The horizontal line
at 1078 K corresponds to the beginning of the

T,K
1100

1000+

%O"ﬁ

800

700_\» 15

600
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‘CdBiSe,,, mol. %

T I
80 ‘CdBiSe,’

Fig. 3 Phase diagram of the ‘GaBig'-
‘CdBigSeo section: (1) L; (2) L#; (3) L+5;
(4) L+B; (5) Lty+a; (6) L+y+d; (7) L+3+B; (8)
L+B+E; (9) L+3+E; (10) L+ (11) LHc+y; (12)
&y, (13) y+&+B; (14) y+o; (15) y+a+s; (16)
P+o+&; (17)y+8; (18)B+5+y; (19)y+.
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Fig. 4 Phase diagram of the ‘BiGase
CdBi,Se, section: (1) L; (2) L#&; (3) L+5; (4)
L+(3; (5) L+ta+y, (6) L+o+a; (7) L+d+y; (8)
L+B+5; (9) LHB+E; (10) L++E; (11) L+; (12)
L+y+E; (13) 5+y+&; (14) v+&; (15) B+y+E; (16)
aty; (17) a+y+d; (18) y+3; (19) 3+y+B; (20)
Bty

8 Chem. Met. Alloy8 (2010)



S.M. Sosovskat al., The quasi-ternary CdSe—£5#—Bi,Se; system

secondary crystallization af with & (field 5). The
peritectic reaction L = 5+ at 942 K is typical for all
the alloys from the CdG&e—-CdBiLSe—~CdSe sub-
system. In turn, the decomposition of Cgiiy is the
reason why all intermediate alloys are three-phase
ones at the annealing temperature of 670 K.

TK
1300+ !
1200
1100+ RN " ¢ s W
2 > )
10001,

\
900" ‘1/:/

800

700_ 17 18 | 19 20

600

‘BiGa,Se,’

20 0 6 80 ‘Cd,BiSe,

‘Cd,Bi,Se,’, mol. %

Fig. 5 Phase diagram of the ‘BiG3e'-
‘CdsBi,Seysection: (1) L; (2) L#; (3) L+3';
(4) L+8'+5; (5) L+3; (6) L+B; (7) L+a+y; (8)
L+a+d; (9) L+3+y; (10) L+3+5; (11) LB+E;
(12) L+5+E; (13) d+y+E; (14) 5+B+E; (15) B+E;
(16) y+&+B; (17) a+y; (18) a+d+y; (19) y+5;
(20) 5+y+B; (21) y+B.
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Fig. 6 Phase diagram of the Cd&Ga-—
CdBi,Se, section: (1) L; (2) L#'; (3) L+5; (4)
L+p; (5) L+5+p; (6) LHB+E; (7) &; (8) E+P; (9)
PHy+&; (10)5+&; (11) 5+y+B; (12) B+y; (13) L+
5+ 8’

CdGaSe, 80  CdBiSe,

Projection of
surface

the CdSe-G8e-Bi,Se liquidus

Based on the described phase diagrams of the
boundary systems and four sections, a projection of
the CdSe-G&e-Bi,Se liquidus surface on the

concentration triangle has been constructed). ().
The liquidus surface is represented by six fielfls o
primary crystallization. Three of them belong te th
solid solutions based on the system compon@nts;
andy. The other three fields correspond to the primary
crystallization of the ternary compounds; 5, andé.

The fields are separated by 11 monovariant lines.
There are 7 binary and 5 ternary points in theesyst
among them 3 ternary peritectics and 2 ternary
eutectics. The type and temperature of all invarian
processes are given as a schemeFig.8. The
coordinates of the eutectic poinfTablel) were
estimated geometrically and further refined during
metallographic observations of specific alloys. The
ternary peritectic compositions were evaluated
geometrically using the relevant phase diagrams and
liquidus isotherms.

The CdGaSe—Bi,Se quasi-binary section divides
the system into two sub-systems, ,&&-Bi,Se—
CdGaSe, and CdSe-BEe~CdGaSe,. Three binary
eutectics and one binary peritectic are locatedhen
sides of the G&e-Bi,Se—CdGaSe, triangle; two
ternary peritectic processes occur inside the dgi@an
Point U, corresponds to the peritectic &+ a+6
(1089 K). The ternary eutectic reactidy (892 K)
takes place in the plane limited byy-5.

Point U in the CdGge-Bi,Se—~CdSe sub-
system corresponds to the ternary peritectic psces
L+58"= 8+3 (1088 K), which takes place within the
d—ps—U,{3 plane. The invariant process 3U
L+( = 6+&, exists because of the incongruent melting
of CdBi,Se, and is located within th&—U;—-
plane. The CdG&e-Bi,Se-CdSe sub-system is
divided by the non-quasi-binary section Cd&a-
CdBi,Se, into the CdGaSe—~CdBipSe~CdSe and
CdGaSe—Bi,Se—~CdBiLSe, sub-systems. The
crystallization of all alloys from theCdGaSe—
CdBi,Se—CdSe sub-system is completed by a ternary
eutectic reaction (£ L« p+3+y). In the other sub-
system, the solidified alloys exhibit a mixture tbe
solid solutions based on CdsS®, Bi,Se;, and CdSe,
because the Cdf8e, compound is not stable below
853 K.

The polymorphous transformation of CdSe
appears on the liquidus surface as the invariantecu
U;psU,. Both modifications of CdG&e, possess their
own primary crystallization field.

Comparing the investigated system with earlier
studied systemgl2-16], we can recognize the absence
of quaternary phases and the limited solid solybili
based on CdG&e, and the presence of primary
crystallization fields of both the HT- and LT-
modification of the ternary phase. The sectionijan
CdGaSe, and the third component is quasi-binary of
the eutectic type in all the systems. The field of
primary crystallization of the LT modification ia &ll
cases rather large and depends on the melting pbint
the third component of these systems. As the solid
solubility based on CdG&e is limited, the
temperatures of the invariant processes related to
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Fig. 7 Projection of the liquidus surface of the CdSe,Sea-Bi,Se; system.

(uasi-binary system
ia.5e.-Bi,5e,
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Bi,5e.-CdSe
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(ra,5e,-CdSe
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Fig. 8 Liquid-solid equilibria in the CdSe—G®%e—Bi,Se quasi-ternary system.

Table 1 Composition of the invariant points in the quasiharyCdSe—-GgSe;—Bi,Se; system.

Invariant point

Composition, mol.%

CdSe G556 Bi,Se;
= 7 31 62
E, 12 10 78
U, 24 54 22
U, 28 50 22
Us; 13 10 77

10
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the phase transition are very close (within 20 K).
Taking into account that the solid solution ranges
the systems with GegeSnSeg, ShSe extend by less
than 2-3 mol.%, but are practically absent in the
systems with PbSe and,Bkg, the latter two are of the
most interest as solvents for the solution-melt
technique. However, the use of PbSe for crystal
growth requires special equipment due to high
viscosity of the melts (indicated by the possibilitf
glass-formation of certain alloys of this systeiffus
the use of BiSe as the solvent is expected to produce
the best crystals among all the investigated system

Conclusion

The constructed phase diagram of the CdSeS&a
Bi,Se system exhibits a considerably large region of
primary crystallization of the low-temperature
CdGaSe, modification, and therefore, can be used
when selecting the initial composition of the nfeit
the growth of single crystals of the low-temperatur
CdGaSe, by the solution-melt method.
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