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Component interaction in the Tl.Te — SiTez and TI.SiTes — Cd(Hg)Te systems was investigated by X-ray
diffraction (XRD), differential thermal analysis (DTA), and scanning electron microscopy with energy dispersive
spectroscopy (SEM/EDS) methods. The formation of four new ternary tellurides Tl18SiTe11, TlaSiTes, TI2SiTes,
and TI2Si>Tes, was found in the Tl,Te — SiTe2 system. The Tl1gSiTes and TI2SiTes compounds are formed
congruently at 778 and 618 K, and Tl4SiTes and Tl2SizTes form incongruently at 546 and 584 K, respectively.
Quaternary compounds TI>CdSiTes and Tl2HgSiTes that form in the TI>SiTes — Cd(Hg)Te systems crystallize in
the tetragonal space group I-42m and melt incongruently at 826 and 738 K, respectively. Each compound has a
homogeneity region up to 5 mol.% from the T12SiTes side at 520 K.

Keywords: thallium tellurides, phase equilibria, solid solution, X-ray difraction, differential thermal analysis,

scanning electron microscopy.

Received 16 May 2024; Accepted 10 September 2024.

Introduction

One of the current problems of chemistry is the search
for new compounds which is accomplished by physico-
chemical study of complex systems. The investigation of
chalcogenide systems of the A'— B"'— D'V — X type (where
A' - Cu, Ag, TI; B" — Zn, Cd; D'V - Si, Ge, Sn; X — S, Se,
Te) expands the search for new semiconductor materials
[1-6]. Quaternary phases of the Al,B"D'VX, type are often
formed in such systems, individual representatives of
which have already proven themselves in nonlinear optics
and other areas of semiconductor technologies [7-17].
Recent studies of similar quaternary tellurides
TI,B"DVTe, (B" — Cd, Hg, Mn; D'V — Ge, Sn) confirm
their thermoelectric properties [9, 17]. Additionally, these
compounds crystallize in a non-centrosymmetric
structure, thus they can exhibit nonlinear optical
properties. Materials based on similar compounds with
alkali metal elements that can be used in nonlinear optics
and other areas were also reported [18-20]. Quaternary
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compounds of other compositions as well as ternary
compounds are also formed in similar chalcogenide
systems, for which fields of application were proposed
taking into account their structure [21-24].

The components of the Tl;Te — SiTe; system are
semiconductor compounds. Tl;Te crystallizes in the
monoclinic space group (SG) C2/c, own structure type
[25], and melts congruently at 698 K [26]. Silicon telluride
SiTe, melts incongruently at 705 K and crystallizes in the
trigonal SG P3m1, Cdl, structure type [27]. Bandgap
energy for Tl,Te is 0.64 eV [28], and 1.85 eV for SiTe;
[29]. The existence of the TI,SiTes compound in an
unstable state is mentioned in [30], however, data on the
method of its formation were not reported.

Binary semiconductor tellurides CdTe, HgTe that
serve as components of the systems investigated in this
work have narrow homogeneity regions. CdTe melts
congruently at 1365 K [31] and crystallizes in the cubic
SG F-43m (sphalerite structure type), cell parameter
a = 6.41 A [32]. HgTe also melts congruently at 943 K
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and crystallizes in the sphalerite structure with lattice
period a = 6.37 A [33]. CdTe is one of the important n-
type semiconductors for the photovoltaic conversion of
solar energy [34]. HgTe combined with CdTe
(HgxCdixTe) is the main material used for infrared
detectors [35].The development and optimization of
methods for synthesis of new multifunctional materials are
based on data of the phase equilibria of the corresponding
systems [36-38].

Ealier, we reported the synthesis and structure of the
quaternary compounds TI,Cd(Hg)SiTes [24] that
crystallize in the tetragonal symmetry, SG 1-42m, with the
lattice parameters a 8.4121(6), ¢ 7.0289(9) A
(TI,CdSiTes) and a 8.3929(4), ¢ 7.0396(5) A
(TI;HgSiTes). Here, we present the results of an
experimental study of polythermal sections Tl,Te — SiTe;
and TI,SiTes— Cd(Hg)Te by differential thermal analysis
(DTA) and X-ray diffraction (XRD) methods.

I. Experimental

Samples of the investigated systems were synthesized
in an MP-60 muffle furnace from high-purity (at least
99.99 wt.%) elements TI, Cd, Si, Te in evacuated to the
residual pressure of 10° mm Hg and sealed quartz
containers. The maximum synthesis temperature was
1000 K for the Tl,Te-SiTe, system, all HgTe-containing
alloys, and alloys in the range of 0-50 mol.% CdTe, and
1350 K for samples containing 50-100 mol.% CdTe.
Homogenizing annealing was held for 250 hrs at 520 K,
and the samples of the Tl,Te — SiTe, system were annealed
at 470 K. After annealing, the samples were quenched into
room-temperature saline solution.

Powder X-ray diffraction spectra of the system
samples were recorded at a DRON 4-13 diffractometer
using CuKa radiation in the range of 10°<2@<80°, scan
step 0.05°, 5 s exposure at each point. The boundaries of
solid solutions were determined from X-ray diffraction
data using the Rietveld method encoded in the CSD
software package [39]. Differential thermal analysis
utilized a computer-controlled set-up of a Thermodent-04
furnace and signal amplifier bloc with a combined Pt-
Pt/Rh thermocouple and Al,O; as a standard. DTA
measurements were calibrated using reference substances
In, Bi, Te, Sh, NaCl, Ag, Cu. Temperature measurement
accuracy was 5 K.

The composition of the Tl1gSiTe1s compound was
additionally investigated by scanning electron microscopy
with energy dispersive spectroscopy (SEM/EDS) on the
Tescan Vega 3 LMU microscope with an Oxford
Instruments Aztec ONE X-ray microanalyzer and an X-
MaxN20 detector, magnification x1000.

1. Results and discussion

2.1. The Tl2Te-SiTez system

The Tl;Te-SiTe, system was investigated by the XRD
and DTA methods to verify the existence of the TI,SiTes
compound. The existence of binary tellurides Tl,Te and
SiTe, was confirmed, and four new sets of reflections were
found on the diffraction pattern that correspond to the
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compounds of the compositions TligSiTen, TlaSiTes
T|25iT€3, T|23i2T85.

Diffraction patterns of compounds at the
Tl Te —SiTe, section at 470 K are presented in Fig. 1. The
formation of new ternary phases is observed at 10, 33.33,
50, and 66.67 mol.% SiTe;.
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Fig. 1. Diffraction patterns of compounds of the Tl,Te —
SiTe, system at 470 K.
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The investigated phase diagram (Fig. 2) shows that
the Tl,Te — SiTe; section is a quasi-binary system. DTA
results are consistent with XRD data. The system liquidus
is represented by seven curves of the primary
crystallization of compounds Tl,Te, Tl1gSiTern, TlaSiTes,
LT-TI,SiTes, HT-TI,SiTes, TlSi,Tes, and SiTe,. Of the
four new ternary tellurides, Tl1gSiTer1 and T1,SiTez melt
congruently at 778 and 618 K, and TISiTes and
TI,Si;Tes melt incongruently at 546 and 584 K,
respectively.
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Fig. 2. Phase diagram of the T1,Te-SiTe; section:
1-L;2-L+ThTe; 3—L + TlLigSiTei; 4 — L + TlaSiTey;
5—L+LT-ThLSiTes; 6 — L + HT-T1,SiTes; 7 — HT-T1,SiTe;
+ TLSi;Tes; 8§ — L + ThLSi;Tes; 9 — L + SiTey;
10 — TI,Te + TLsSiTey; 11 — TLigSiTe; + TlsSiTeq;
12 —Tl4SiTes+ LT-T1,SiTes; 13 — LT-T1,SiTes + T,SixTes;
14 — T1,S1,Tes + SiTe,.

Three invariant eutectic processes taking place in this
system correspond to the reactions



Andrii Selezen, Mykola Moroz, Yuri Kogut, Oleksandr Smitiukh, Vasyl Kordan, Lyudmyla Piskach

100um

100um

EDS Layered
Image

Te L series

e[
b) 100um
Il Mas Sum Spectrum
Tl

Te
Si

Fig. 3. SEM/EDS results for the Tl;3SiTe;; compound: microphotograph of the sample surface (@), mapping results
(b), elemental composition, wt.% (c).

Le; T|2Te + T|185iT611 (4 mol.% SiTez, 679 K),

Le, < TISiTes+ LT-TISiTes (38 mol.% SiTe,, 521 K),
Les «> ThSi;Tes + SiTez (83 mol.% SiTez, 563 K).
Incongruent melting of TI4SiTes is described by the
peritectic reaction Lpi + TligSiTen <> T14SiTes at 546 K.
The TI,Si>Tes compound forms in a peritectic reaction
Lp2 + HT-TLSiTe; « TI:Si;Tes at 584 K. The horizontal
at 567 K corresponds to the polymorphous transition of
the equimolar compound TI1,SiTes.

The sample with the input composition Tl1gSiTer1 was
additionally investigated by SEM/EDS to study the
qualitative and quantitative composition. A micrograph of
the sample surface is shown in Fig. 3 a. The results of
qualitative elemental analysis are shows in Fig. 3 b. The
results of the study of the elemental ratio of the sample are
plotted in Fig. 3 ¢. The averaged result of the research is
the composition TligSi1eTe11.06 Which agrees well with
the ratio of TI:Si:Te atoms of 18:1:11.

2.2. The Tl;SiTes—CdTe system

Phase equilibria in the TI,SiTe; — CdTe system were
investigated on 17 alloys. Typical XRD patterns of alloys
are shown in Fig. 4. The existence of the quaternary phase
TI,CdSiTes was confirmed. The phase has a homogeneity
range of 45-50 mol.% CdTe that can be expressed as
Th«Cdi-1 5xSiix2Tes Where x=0-0.1. The lattice periods
at the annealing temperature 520 K satisfy Vegard's rule
and vary linearly in rande a = 8.4121-8.4352 A, and
¢ = 7.0289-7.0026 A. The inclusion of silicon atoms with
a smaller radius and cadmium atoms with a larger radius
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is stoichiometric and leads to an increase in cell
parameters. The presence of heavy atoms of elements is
important to improve some properties of materials, for
example thermoelectric. As result of the substitution in
this material, the metallic component is increased, which
will lead to decrease of band gap. The results presented in
[24] refer to the extreme point corresponding to the
TI,CdSiTes composition, which corresponds to the ratio of
the initial components 2T1:1Cd:1Si:4Te. Variation of the
crystal lattice parameters in the solid solution range of the
quaternary compound at 520 K is plotted in Fig. 5. A
graphical representation of the change in unit cell
parameters within a solid solution based on a quaternary
compound TI>CdSiTes at 520 K is shown in Fig. 5. Solid
solubility based on CdTe is less than 3 mol.%.

Phase diagram of the TI,SiTes — CdTe system is
presented in Fig. 6. The system is a quasi-binary section
in the quasi-ternary system Tl,Te — CdTe — SiTe,. The
liquidus is represented by four curves of the primary
crystallization of high-temperature modification of HT-
TI,SiTes, a- and o'-solid solutions of HT and LT
modifications of TI,CdSiTes, and B-solid solution of
CdTe. According to DTA results, the quaternary phase
melts incongruently in the peritectic process
Lp+ p-CdTe « o'-T1,CdSiTes at 826 K. The composition
of the peritectic point was determined by extrapolation of
three lines to their intersection at 32 mol.% CdTe.
Polymorphous transition of the quaternary phase occurs at
613 K. The eutectic process at 602 K corresponds to the
equilibrium  Le & HT-TI;SiTes +a-Tl,CdSiTes;  the



Phase equilibria in the TI>Te-SiTe, and T1,SiTes—Cd(Hg)Te Systems

100 mol. % T1,SiTe,

‘WN‘N‘“JNW»MW"_‘“,MW
25 mol. % CdTe/
75 mol. % TL,SiTe,
A N B R e bt
[ 35 mol. % CdTe/
) 65 mol. % TLSiTe,

NI At

S S| W\ WV N S SIS N
50 mol.

MM ’}L % CdTe/
.}\..AJ,LM«A.M*

Intensity, arb. u.

50 mol. % T1,SiTe,
e T R

85 mol. % CdTe/

Lo L s mer s i,

95 mol. % CdTe/
5 mol. % Tl,SiATc:

)

100 mol. % CdTe
40

10

A A |

60

20 30 50

70 80
20, degree
Fig. 4. Diffraction patterns of alloys of the TLSiTe;—
CdTe system.

eutectic point is at 10 mol.% CdTe. The horizontal at
564 K corresponds to the polymorphous transition of
T|2$iTE3.
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Fig. 6. Phase diagram of the T1,SiTe— CdTe section:
I-L;2—-L+B-CdTe; 3— L+ o'-T,CdSiTes;
4 — a'-TICdSiTes; 5 — o'-TLCdSiTes + B-CdTe;
6 — B-CdTe; 7— L+ HT-TL,SiTes; 8 — L + a-T1,CdSiTes;
9 — HT-T1:SiTe; + a-T1,CdSiTes; 10 — a-Tl,CdSiTes;
11 — LT-T1,SiTe; + a-T1,CdSiTes;
12 — a-T1,CdSiTes + B-CdTe.

DTA curve for the equimolar sample of the TI>SiTes
— CdTe system is plotted in Fig. 7. It features three
endothermic effects at 613, 826, and 988 K, which
correspond to the o « o phase transition of the
TI,CdSiTes compound, the peritectic melting of
TI,CdSiTes, and the liquidus temperature, respectively.
Three exothermic effects are also present corresponding to
these processes during cooling, demonstrating substantial
supercooling.
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Fig. 7. DTA curve for the sample of TLCdSiTes
composition.

2.3. The Tl:SiTes— HgTe system

The TI,SiTes — HgTe system was investigated by
XRD and DTA methods. Diffraction patterns of typical
samples of the system are presented in Fig. 8. As in the
cadmium-containing system, the existence of the
corresponding quaternary compound TIHgSiTes was
confirmed that crystallizes in the tetragonal structure, SG
I-42m [24]. Similarly, the mercury-containing quaternary
compound has a homogeneity range 45-50 mol.% HgTe
(ThxHg1_1 5xSii+xnTes, x=0-0.1). The change in the
parameters of the unit cell of the solid solution is linear,
corresponding to the Wegard rule, and is at the
homogenization annealing temperature in ranges:
a=8.3929(4)-8.3972(2) A, and c=7.0396(5)-
7.0122(4) A. The change of the lattice parameters within
the solid solution range of TI,HgSiTes at 520 K is plotted
in Fig. 9.

The system is a quasi-binary section, its liquidus is
represented by three curves of the primary crystallization
of HT-TI,SiTes and a and B solid solutions of TI,CdSiTes
and HgTe, respectively (Fig. 10). The coordinates of the
peritectic process Lp + B-HgTe < a-Tl,HgSiTes are
42 mol.% HgTe at 738 K. The system undergoes an
invariant eutectic process corresponding to the
equilibrium Le « HT-TLSiTes + a-Tl.HgSiTes, with the
eutectic point at 12 mol.% HgTe, 582 K).
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Fig. 8. Diffraction patterns of samples of the TI,SiTe—
HgTe system at 520 K.

The samples up to 25 mol.% HgTe feature an effect at
565 K that corresponds to the polymorphous transition of
the ternary phase TI,SiTes. The thermogram of the sample
of the 95 mol.% HgTe composition features an effect
corresponding to the peritectic process, therefore solid
solubility based on HgTe is less than 3 mol.%.

The incongruent melting of the TI,HgSITes
compound is illustrated by the DTA curve (Fig. 11) for
this sample (50 mol.% TI,SiTes/50 mol.% HgTe). This is
characterized by the broad endothermic effect upon
heating which can be divided into two, at 738 and 765 K.
We can assert this as the two exothermic effects upon
cooling are clearly separated. The first process at 738 K
corresponds to the peritectic formation of the Tl,HgSiTes
compound, the second is the liquidus temperature.
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6— B-HgTe; 7—L+ HT-T]zsiTe3; 8 —HT-TLSiTe; + a-
Tl,HgSiTes; 9 — HT-TLSiTes + a-Tl,HgSiTes.
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Fig. 9. Change of the lattice parameters of samples of
the T1,SiTe; — HgTe system at 520 K.

Conclusions

Polythermal sections Tl,Te — SiTe; and

TI,SiTe; — Hg(Cd)Te were studied using XRD and DTA
methods. The formation of four new ternary tellurides
TllgSiTen (10 mol.% SiTEz), T|4SiTE‘4 (333 mol.% SiTez),
TI,SiTes (50 mol.% SiTey), TSiTes (66.7 mol.% SiTey)
was established in the Tl,Te — SiTe, system. The
qualitative and quantitative composition of the ternary
compound TlgSiTe1; was confirmed by SEM/EDS. Phase
diagrams for the three sections were constructed. The
compounds TI;HgSiTes and TI,CdSiTes each has a
homogeneity region of up to 5 mol.% at 520 K. New
semiconductor ternary and quaternary compounds found
in these systems may find application as nonlinear optical
materials.
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Fig. 11. DTA curve for the sample of the Tl,HgSiTes
composition.
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Phase equilibria in the TI>Te-SiTe, and T1,SiTes—Cd(Hg)Te Systems
Angpiii Cenesenn?, Mukona Mopos?, FOpiii Koryr?, Onexcangp Cmitiox?,
Bacuns Kopuan®, JTrogmuina ITickau?

®da3oBi piBHoBaru B cucremax Tl>Te-SiTez Ta TL.SiTes—Hg(Cd)Te

Hayionanvhuii ynisepcumem 600H020 20Cnodapcmea ma npupodokopucmyeéauns, Piene, Yipaina
2Bonuncoruil nayionanvnuii ynieepcumem imeni Jleci Yxpainku, Jyyvk, Yrpaina
3/ TvgigcoKull HayioHaneHull yHieepcumem imeri leana @panka, JIvsis, Ykpaina, a.o.selezen@nuwm.edu.ua

Meronamu  pentreHogaszoBoro (PDA), mudepenuiiino-repmiunoro (JATA) Ta crnekrpoemiciitHoro
(CEM/EJC) aHami3iB MpOBEAECHO E€KCIICPUMEHTAIbHE NOCHIIKCHHS (Di3MKO-XIMIUHOI B3a€MOJii KOMIIOHEHTIB y
xanpKoreHinHux cucremax TloTe — SiTez ta T12SiTes— Cd(Hg)Te. ¥V kBazibinapHiii cuctemi TloTe — SiTez mpu
cniBBigHOLICHH] KOMNOHEHTIB sk 10, 33.33, 50 T2 66.67 M011.% SiTe2 criocTepiraeTbest yTBOPEHHS YOTHPOX HOBUX
TepHAPHUX TEIYPHIIB, SKi BiAnoBimarore mMonekysipauMm ckinagam: TligSiTeir, TlaSiTes, Tl2SiTes ta TI2SizTes
BigmosiaHo. Crionyku Tl1gSiTe11 ta T12SiTes xapakTepu3y0ThCsl KOHTPYEHTHUM THIIOM YTBOPEHHS 11pu 778 Ta 618
K. Tenypumu TlsSiTes ta T12Si2Tes mnaeistees iHKOHTpyeHTHO mpu 546 ta 584 K BiamosimHo. MeTomom
CKaHYI0YO01 eJIEKTPOHHOT MIKPOCKOMI] Y KOMIDIEKCI 3 €HEpProANCIIEPCHOIO CIIEKTPOCKOIIIE0 MIATBEPIXKEHO SIKiCHHIT
Ta KiJbKiCHHH ckmag HOBOI TepHapHOi cmoiykd TligSiTei, mo cramoButs TlisSiitooTeiros. Y cucremax
T1,SiTez— Cd(Hg)Te inkoHrpyeHTHO yTBOPIOIOTHCs TeTpapHi crioiayku T12CdSiTes Ta Tl2HgSiTes mpu 826 Ta 738
K BignosigHo. CrIOMyKH KPHCTANI3yIOTHCS B HEIIEHTPOCUMETPUYHIH CTPYKTYpi TerparoHanbHoi cuHroHii TN I-
42m ta MaroTh 00JaCTh TOMOT€HHOCTI 10 5 M0J1.% 3i croponu T12SiTes mpu 520 K. B intepsaii icHyBanus (asu
cknany TlxCdi15:Sit+xnTes, ne x = 0.1 mepiogu rpaTku NpH TeMmmepaTypi TOMOICHI3yHUOro Biamary
3MiHIOIOTECA y Aianasoni: a = 8.4121 - 8.4352 A, a mepion ¢ = 7.0289 - 7.0026 A. BcraHoBieHo icHyBaHHS
TBEPAOr0 po34nHy Ha OcHOBi TerpapHOi dasu TI2HQSiTes, mpOTHKHICTE SKOTO 3MIHIOETHCS B [iama3oHi
kouuentpamii Tlo+xHg1-1.5xSi1+x2Tes, e x = 0.1, a mepiou rpaTKy Mpu LOMY 3MIiHIOIOTECS B Mexax: a = 8.3929
-8.3972 ATtac=7.0396 - 7.0122 A.

KuawouoBi ciaoBa: Tamiii temypuau, (azoBi piBHOBaru, TBEpAWH pPO3YHMH, PEHTreHO(DA30BHI aHANI3,
I epeHIiitHo-TepMIYHII aHai3, CKaHyloua eIeKTPOHHA MiKPOCKOIIIs.

663


mailto:a.o.selezen@nuwm.edu.ua

