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ABSTRACT

Chalcogenide glasses from the GeSe,-Sb,Te,-PbSb,Te, system are
synthesized by direct monotemperature synthesis from the initial
compounds. The thermal properties (temperatures of glass-transition T
crystallization T and melting T_, as well as the Hruby’s criterion of the
glassy samples are determined using DTA. On their basis the Hruby’s
criterion K, iscalculated. The density and the Vickers microhardness of the
glasses are measured and using the obtained values the compactness C,
the elasticity modulus E and the thermomechanical properties (micro-voids
volume V, and energy for formation of amicro-void E,) are calculated. A

correlation between these properties and the glasses composition is
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established and discussed.

INTRODUCTION

Thecha cogenideglassescanfind gpplicationinthe
optics, electronics, sensorics and other areas of the
contemporary technicg'®. They can be synthesized
relatively easy inabulk form and thethin filmscan be
deposited by conventional methods. The glassy chal-
cogenide semiconductors are characterized by high
corrosion steadiness and stability of the properties®.
Besides, they arerdatively cheap el ectronic material
whenthey are devel oped inthinfilm form.

The GeSe, ishardly obtained in glassy state, but
combined with an element or compound with modify-
ing propertiesitisrecognized asone of the best glass-
formerd”. Such modifier in the current case is the
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Sh,Te,. This compound possesses very good
thermoelectrical properties. At T=300 K itsthermal
power isa~90 uV/K; thespecific e ectrica conductiv-
ity 60=2000+-4000 S/cm; the holes concentration is
7.10"° cm3; and theectrical band gap AE=0.19 eV,

The pseudo-ternary compound PbSh, Te, decom-
posesintheglassesto PoTeand Sb,Te®, which helps
theformation of more complicated glassy network and
more stable glasses, respectively. The PbSb,Te, isnew
thermoel ectric materia with p-type conductivity, band
gap at OK AE_=0.27 eV, and it is characterized by
sgnificant anisotropy of itsthermoe ectrica andthermo-
magnetic properties™. Themonocrystalline PbSb, Te,
has dectrical conductivity 6=2350 Q*cm* and ther-
mal conductivity A=29.1x102W/(cm.K) at 300 K1,
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For the polycrystalline stoi chiometric PbSb, Te, these
values are respectively: 6=2120 Q'cm? and
1=19.2x102 W/(cm.K)™2, Thetotal thermal conduc-
tivity A _, changesfrom 2.6x107 (at 320K) to 2.0x10?
W cm® K1 (at 600 K)13.

Theregionof glassformationinthe GeSe-S, Te,-
PbSh,Te, system™ spreads from the point, corre-
sponding to 100 % GeSe, and lies partially on the
GeSe,-Sh, Te, (from 0 to 32.5 mol % Sb,Te,) and
GeSe,-PoSh, Te, (from 0to 27 mol % PbSh,Te) sides.
No glassy phases were obtained on the Sh,Te,-
PbSb,Te, side.

PbSh,Te,

100

25 50

0
GeSe,

Figure 1: Region of glassformation in the GeSe,-Sh,Te.-
PbSb,Te, system.

mol % Sb,Te,—=  Sb,Te,

On the basis of the properties of theinitial com-
pounds, one can assumethat the glassesfrom thechal-
cogenide GeSe,-Sb, Te,-PbSh, Te, systemwill possess
properties, appropriatefor their application asactive
materia for development of electronic elementsand
Sensors.

In connectionwith al presented above, theaim of
the present work isto determinethethermal (tempera-
turesof glass-trangition Ty crystalizationT  and melt-
ing T _, aswell astheHruby’s criterion K ), physico-
chemica (densty d, compactness C and microhardness
HV), mechanical (elasticity modulus E) and
thermomechanica (micro-voidsvolumeV, and energy
for formation of amicro-void E,) propertiesof cha co-
genideglassesfromthe GeSe,-Sh,Te,-PoSh, Te, sys-
tem and to find an explanation of their compositiona
dependence, if such exigts.

—== Pyl Paper
EXPERIMENTAL

The initial compounds GeSe,, Sh,Te, and
PbSh,Te,, aswell asthesamplesfromtheinvestigated
system were synthesized by direct monotemperature
synthesisin evacuated to aresidual pressureof 1.10°3
Paquartz ampoules. Theinitial elementsused for the
synthesis of GeSe,, Sb,Te, and PbSb,Te, were with
purity of 5N for the Ge, Se, Teand 4N for the Sb and
Pb. The synthesisconditions (temperature, duration of
theisotherma stepsand heating rate) were conformed
to the physicochemical propertiesof theinitial compo-
nents. The maximum synthesis temperature of the
samplesfrom theinvestigated system was800+10 °C
(duration of 3hat congtant vibration girring of themelt).
After adecrease of thetemperatureto 770+10 °C the
melt wastempered for 10 minutesand quenchedina
water+ice mixture (cooling rateof 10-15°C s2).

The phase transformations temperatures of the
glasses(glasstrangtion T o crysalizationT_ and melt-
ing T ) weredetermined by differentia therma andysis
(DTA) using measuring set from the F.Paulik-J.Paulik-
L.Erdey system, produced by MOM-Hungary. The
DTA wascarried out asthe glassy samplesin quantity
of 0.3gwereheated at rate of 10°C/minin evacuated
and sealed Stepanov’s vessels. Calcinated y-AlLO, was
used asareference substance.

TheHruby’s criterion (K ) was used for eval ua-
tion of the glass-forming ability of the samples:

T, -T,
KG: Tm - TCr (1)

The density of the glassy sampleswas measured
by hydrostatic method in tolueneasimmersion fluid.
TheVickersmicrohardness (HV) wasmeasured using
MIM-7 microscopewith built in microhardnessmeter
PMT-3 at loading of 20 g (30 measurements per
sample). Theaccuracy of both measurementsis+5 %.

The compactness C was ca cul ated using the equa
tion*:;

R L I

whereM,, x. and d arethe molar mass, themolar part
and thetheoretica density of theicomponent, respec-
tively.

Thedasticity moduluswas cal culated using EQ.

ey, P alzrioly Seience

Au Tudian Yournal



412

Physical properties of chalcogenide glasses from the GeSe,-Sb,Te,-PbSb,Te, system

MSAIJ, 10(10), 2014

Full Poper =

(3)[16]:

E=0.147.HV[GPa], ©)
For calculation of thethermomechanical proper-

ties (micro-voidsvolumeV, and energy for their for-

mation E,) thefollowing equationswere used™®:

-
V, =5.04-107° ﬁ [nm?] @)

E, =29.75T,[J mol] ©)

RESULTSAND DISCUSSION

Thethermal characteristicsof glassesfromthein-
vestigated system areshown in TABLE 1. For conve-
nience during theanaysis of the resultsthe m param-
eter isintroduced, which expressestheratio between
the GeSe, (x) and Sh,Te, (y) — m = Sb,Te,/
(GeSe,+Sh,Te,) = y/(x+y). Due to the same reason
the third component from the system (PbSb,Te)) is
marked with zin the dependencies.

inginof thestructural units(s.u.) SbTe, ,, whileat the
combinedintroduction of Sh,Te, and PoSb, Te,, two new
s.u. arebuiltin. Thefirst of themincludesthetrigona
pyramidsSbTe,,, thesourceof whichareboth theinitia
component Sb, Te, and the PbSb, Te, compound, and
thesecond - linear fragments—Pb-Te—(s.u. : PbTe ),
which are carried by the PbSb,Te, (PoSb,Te, —
PbTe+Sb,Te,). The: PbTe ,s.u. lead tolooseness of
the glasses structure (their compactness C decreases).
Therefore, the T, changeinthe concentrationintervals
0.0<m<0.1 and 0<z<10 mol %islimited by theeffect,
provoked by theintroduction of thes.u. SbTe, ., while
outsidethese borders—by the s.u. PbTe, .

TheT (m),_,,andT _(2), ., dependencies(TABLE
1) arepracticaly linear with negativeangle coefficient,
whichislogicad sinceat thecomplication of theglasses
composition asaresult of theparticipation of 3,4, 5or
morechemica dementstheprobability for ariseof crys-
tallinenucle withfollowing crystdlization of different
by composition phasesincreases. Theexit of the sys-

TABLE 1: Composition and ther mal char acteristicsof glasseswith composition (GeSeZ)x(szTeg)y(PbszTeA)Z.

N Composition m Ty °C T.,°C Tom, °C Ko
GeSe, Sh,Te; PbSh,Te,

20 90 10 0 0.1 232 443 477 6.20
12 90 0 10 0 208 385 453 2.60
18 85.5 45 10 0.05 237 390 462 213
3 81 9 10 0.1 246 361 457 1.20
2 72 18 10 0.2 217 246, 328 477 0.75
5 72 8 20 0.1 193 246, 304 438, 477 0.64

Thepardlel anaysisof the compositional depen-
denciesof theglass-trangtion temperature T — Tg(m)zzlo
u Tg(z)m=0.l’ respectively, showsthe presence of well
expressed maximum for the composition, correspond-
ingtop. 3(GeSe,),(Sb,Te,),(PbSh,Te)), .. Thismeans
inpractice, that the glassesaround thiscomposition are
the most stable ones and theintroduction of PbSb,Te,
upto10mol %i ncreasastheTg and stabilizestheglasses
structure. On the other hand, the glassesfrom the bi-
nary GeSe,-Sb, Te, systemin the compositional inter-
val 0.0<m<0.1 possess higher T, valuescompared to
the glasses from the binary GeSe,-PbSb, Te, system
around 0<z<10mol %. Thi sT, deviation hasto bere-
lated to achangein thestructure, whichinitialyisbuilt
only by GeSe, ,-tetrahedrons. With the addition of
Sb, Te, thestructure becomes denser dueto the build-

tem from onerelatively stable condition asaresult of
ongoing crystallization inevitably |eadsto decrease of
the glasses stability and from there to decrease of the
crystalization temperature. It hasto bemarked, that at
the compositions, correspondingto p. 2and 5, 2 exo-
therma effectsof crystallization areobserved. Thisis
not by chance, sincethese compositionsare situated
near the outline, tracing theglassforming region. The
nearnessof the crystallization temperaturesof the*high
temperature” effects (328 and 304 °C) of p. 2 and 5,
aswell asthecoincidenceof the T of the“low tem-
perature” effects (246 °C) of the same points, make us
assumethat the crystallizing phasesinthesetwo samples
arenear or equa by composition. Thehigher crystalli-
zationtemperature could berelated tothecrystalliza-
tion of the Sb,SeTe, phase, proven in our previous
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workson this system®*4, Most probably, the second
phasecrystdlizing at thelower temperatureiselemen-
tal dloy fromthe Te-Sesystem, rich of Te.
Themelting temperature (T, ) of thesamples con-
taining 10mol % PoSh, Te, (z=10) lightly increaseswith
theincreaseof m—TABLE 1. The second endother-
mal effectat T =477 °C is most probably related to the
existence of an eutecticinthe GeSe,-Sb, Te, system,
reported by Surinach et al.[*. Sincethethermal analy-
siswasled upto 750 °C and taking into account the
fact that the GeSe, compound meltsat 740 °C and the
compounds, which could beformed asaresult of the
high temperature processespassinginthemdt, arewith
lower melting temperature, one can say that al endot-
hermal effectsconnectedto T, do not refer to “pure”
chemica compounds, but to solid solutions. Thisstrongly
bothersthe addressing of agiven melting temperature
to defined crystdlized phase. Andyzing the path of the
obtained T,_(m),_, , dependence one can say that the
addition of any of the possibly existing phasesinthis
system - GeSeTe (T, ~650 °C); GeSe (T, =675 °C);
Sh,Te, (T, =620°C), PbSb, Te, (T, =637 °C), will lead
to decrease of the T _ of the glasses. We do not take
into account theinfluence of the PbTe, which hashigher
melting temperaturethanthisof GeSe,, sincethe PoTe
content isconstant. Thisleadsto theconclusionthat the
T_increasewith theincrease of mismost probably
related to the peculiarities of theliquiduslinein the
GeSe,-Sb, Te,-PbSh, Te, system, aswell astothefor-
mation of an intermedi ate phase with melting tempera:
turealittlebit higher than this of the GeSe,.
Theinfluenceof PoSb,Te,intheT (2) _,, depen-
dence is even more complicated, since with the ap-
proaching of thecompositionstowardstheborder, lim-
iting theglassforming region conditionsfor crystaliza:
tion of more than one phase are created. In this case

= Fyl] Peper

the phasesaretwo and their temperatures have “logi-
cal” values —lower than T _ of thecomposition, corre-
spondingto p.3.

On thethermogram of the samplewith composi-
tion, correspondingto p. 5, onemoreeffect isobserved,
which coincidesto an effect of p. 2. If weexcludethis
endothermal effect, which wasrelated above to the
closeness of this composition to the eutectic in the
GeSe,-Sh,Te, system, the path of the T (2) _, de-
pendenceislogicd asfar asitistypica for themelting
effectsof “solid solutions” (in this case we make anal-
ogy to asolid solution with the same composition as
theglass). For thistimeitishardtore atethesemelting
temperaturesto the composition of acurrent phase. In
any case, thisphasewill obligatory containthe compo-
nentsof theseeventua compounds, whosemetingtem-
peratureis|ower thanthemelting temperature of GeSe,
(GeSeTe, GeSe, Sh,Te,, aswell aseventually this of
Seand/or Te).

TheHruby’s criterion K  characterizesthe ability
of agiven composition to passinto glassy state. For
caculationof K _thehighervaluesof T_and T have
been used. Withtheincrease of the Sb, Te, a constant
PbSb, Te, content (z=10), the Hruby’s criterion lightly
decreases, asat m>0.1 atendency towards saturation
isobserved—-TABLE 1. The behavior of the K (2) _,
dependenceisanalogical - K, decreaseswith aten-
dency towards saturation at z>10. The path of these
two dependenciesislogica, sncewith theincrease of
m, respectively of z, thecomposition of thechal cogenide
glasses approachesthe glassforming border.

Theobtained vauesof thedensity d of thesamples
fromthe GeSe,-Sh,Te,-PbSb, Te, system (TABLE 2)
fal betweenthevauesof theinitiad componentsdens-
ties (dgese, = 4.34 9.cM 39, dg,,7e, = 6.57 g.c3*8 and

dposp,Te, = 7.5 9.cr3H),

TABLE 2: Density d, compactnessC, microhardnessHYV, elasticity modulusE and ther momechanical char acteristics(V,
and E,) of glassy samplesfrom the GeSe -Sh,Te,-PbSb, Te, system

N oz m d, glem® C HV, kgf/mm? E, GPa V4,.10°3 nm?® Ep, kd/mol
20 0 0.1 4.498 -0.0451 95 13.97 0.0268 15.02
12 10 0 4530 -0.0954 109 16.02 0.0222 14.31
18 10 0.05 4.648 -0.0958 94 13.82 0.0273 15.17

3 10 0.1 4.745 -0.0988 83 12.20 0.0315 15.44

2 10 0.2 5.046 -0.0816 80 11.76 0.0309 14.58

5 20 0.1 4,925 -0.1375 67 9.85 0.0351 13.86
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Inthed(m),_,, and d(2),_, ,dependencesthe den-
sty increases(TABLE 2) Thisisrdaedtothedifferent
density values of theinitia components Sb,Te, and
PbSb,Te,.

The compactness C does not depend in practice
onthecompostionuptom<0.10and weskly increases
with thechange of m from 0.10to 0.20. Thesearch of
corre ation between the d(m) and C(m) dependencies
a z=congt isimpeded to alargedegree dueto the physi-
cochemical properties of the initial component
PbSh, Te,, which meltsincongruently anditisabsolutely
possiblethat duringthesynthesisof theglassesit “masks”
theinfluenceof thecomposition onthedensity.

Thedecomposition (partia or full) of PbSh,Te, by
thescheme PbSb, Te, -»PbTe+Sh, Te, leadstoincrease
of thetotal quantity of Sb,Te,, which cannot be left
non-reflected in the d(m) and C(m) dependencies at
z=const. Furthermore, instead of talking about andysis
of the PbSh, Te, influence, oneshould talk about influ-
enceof PbTeon the glassescharacteristics. Besides,
both PbSh, Te, and PbTe possess high molecular mass
and they can participate, and most probably partici-
pate, with structurd units SbTe,,, and linear fragments
-Pb-Te-. Thismeansthat threefactorswill influence
the path of the above-stated dependencies ssmulta-
neoudy inoppogtedirections: building of thelinear frag-
mentsinto thestructure, aswell asbuilding of thetrigo-
na pyramids SbTe,,,, which by their sidecanleadto
both increase or decrease of themicro-voids. Depend-
ing on which effect islimiting, thecompactnessC will
increase (weekly or strongly) or will decrease. Evidence
for thisare the C(m),_,, and C(2),_,, dependencies
(TABLE 2). Inthefirgt casethelimitinginfluenceonthe
C path hasthedensification of thestructureunder the
impact of thebuilding of the SoTe, , pyramidsinto the
GeSe, , tetrahedrons. Inthe second case, limitingisthe
influence of the breakage of the Se-, Te- and (Se-Te)-
bridgesand thebuilding of thelinear -Pb-Te- fragments
between the atoms of Se-, Te- or Se-Te.

Theanaysisof theHV(m),_, andHV(2) _,, de-
pendencies(TABLE 2) showswel | expressed tendency
towards decrease of themicrohardnessva ueswiththe
increase of m (z=10) and z (m=0.1). Thispath of the
concentration dependencies of HV ismost probably
related to the partial HV values of theinitial compo-
nents GeSe,, PbSh, Te, and Sb, Te,, which decreasein

Woateriolsy Science  mmm——

the same row: 100-200¢, 4519 and 18 kgf/mm?22°1,
respectively.

TheE(m),_,and E(2),_,, dependencieshaveana-
logical path (TABLE 2), asinthefirst dependencea
tendency towardssaturation at m>0.1isobserved. This
similar path of the concentration dependenciesof HV
and Eiscaused by their mutuad relationin Eq. (3).

Two factors (Tg and HV) with oppositeactionin-
fluence the path of the concentration dependencies
V,(m),_,andV (2), _,,- They aredirectly connected
to the glasses structure and influence simultaneoudly,
according Eq. (4), thevaluesof V, —TABLE 2. Hence,
thereasons, which lead to change of the concentration
dependenciesof HV and T, also reflect on the con-
centration pathof V. Themoreimportant inthiscase
isto mention, that inthe 0.0<m<0.1interval, theTg and
HV actinonedirection (Tg increases, whileHV de-
creases) and according to Eq. (4) themicro-voidsvol-
umeV, increases. At m>0.1 T, and HV actinopposite
direction: thedecrease of T_leadsto decreaseof V,
and the decrease of HV leadstoincreaseof V,. The
influence of thefirst factor (Tg) islimiting, which ex-
plainsboth theweak decreaseof V, anditssaturation
tendency. Thismeansin practicethat the system tends
towardsstructural relaxation.

TheE (m),_ . adE(2), .. dependencies go
over thepath of the Tg(m)zz10 and Tg(Z)m:o, , dependen-
cies, accordingto Eq. (5), going through maximum at
m=0.1 and z=10, respectively —- TABLE 2.

CONCLUSIONS

Chal cogenide glasses from the GeSe,-Sb,Te.-
PbSb,Te, system were synthesized.

Thetemperaturesof glass-trandtion (Tg), crystali-
zation (T ) and melting (T ), aswell asthedensity d
and the microhardness (HV) of the sampleswere mea-
sured by classica analysismethods. Thecharacteristic
temperatures T, T, and T vary between 193-246,
246-443 and 438-477 °C, respectively, and the path
of their concentration dependenciesislimited by arow
of factors: theratio between thestructural unitsGeSe, ,,
SbTe,, and PbTe, ,; thecloseness of the samples com-
position to the glassforming borders; the number and
thekind of the crystallizing phases; the peculiarities of
theliguiduslinein theinvestigated system; themelting
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temperatures of theintermediate phases. The density
values of thesamplesfall between theseof theinitial
components, which together with the physi cochemical
specificsof the PbSh, Te, dictatethe path of thed(m),_, .
andd(2),_,, dependencies. Thepath of the concentra-
tion dependenciesof HV isrelated to the partial HV
valuesof theinitiad components, the physicochemical
properties of PbSh, Te, and to above-counted factors,
influencing the characteristic temperatures.

On the base of the experimental resultsfromthe
measurements|ed, the Hruby’s criterion K, the com-
pactness C, the éasticity modulus E and the main
thermomechanica characteritics(V, and E,) werecd-
culated. The concentration dependenciesof thesechar-
acteristicswereanayzed and discussed.
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