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The thermodynamic modeling and optimization of the Ge-Sb and Ge-Sb-Sn systems were critically car-
ried out by means of the CALPHAD (CALculation of PHAse Diagram) technique. The solution phases, liquid,
diamond, bct and rhombohedral, were described by the substitutional solution model. The compound
SbSn was treated as the formulae (Ge,Sb,Sn);(Ge,Sb,Sn); in the Ge-Sb-Sn system. A self-consistent ther-

modynamic description of the Ge-Sb-Sn system was developed. Three isothermal sections at 692, 594
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and 518K, the projection of the liquidus surfaces, and the complete reaction scheme for the Ge-Sb-Sn
system in the literature were reproduced.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Germanium based alloys materials have gained increasing
attention in recent years because of its potential application as
Ge-Sb-Sn-0 (GSSO) inorganic resistance materials formed by
thermal lithography [1], as amorphous Ge alloy films [2] and
as Ge-Sb-Te and Bi-Ge-Sb-Sn-Te phase-change recording films
[3,4]. To be a good candidate, the alloy must exhibit good ther-
mal stability and avoid phase segregation after recording or erasing
cycles. Thus, to obtain the thermodynamic properties of the alloys
is of importance. In this work, the Ge-Sb and the Ge-Sb-Sn sys-
tems are optimized by means of the CALculation of PHAse Diagram
(CALPHAD) technique.

2. Literature information
2.1. The Ge-Sb system

The phase diagram of the Ge-Sb system is a simple eutectic sys-
tem. The liquidus has been investigated by Stohr and Klemm [5],
Ruttewit and Masing [6], Zhurikin et al. [7], Malmejac et al. [8] and
Alfer et al. [9]. The experimental data determined by Refs. [5-9]
were generally consistent with each other. A very small solubility
of Sb in the diamond was determined by Zhurikin et al. [7], Trum-
bore [10], Trumbore et al. [11], Akopyan and Abdullayev [12] and
Glazov and Abdullyev [13]. Olesinski and Abbaschian [14] reviewed
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the Ge-Sb system on the basis of the information [5-13] and recom-
mended the temperature and composition of liquid in the eutectic
reaction at 865 K and 85.5 at.% Sb. And the Ge-Sb system was opti-
mized later by Chevalier [15].

The activities of Ge and Sb in liquid at 1073, 1173 and 1273 K
were measured by Kostov et al. [16]. The enthalpy of mixing of
liquid at 1250 and 1273 K was determined by Predel and Stein [17]
and Alfer et al. [18], respectively.

The Ge-Sb system was optimized by Wang et al. [19], regarding
to the experimental information [5-18]. More recently, the Ge-Sb
system was reinvestigated by Nasir et al. [20]. Comparing with the
literature [5,6,14,15,19], the main difference is the temperature and
composition of the invariant reaction liquid — diamond +rhom, in
which the reaction temperature is 860 and 865 K, the composition
of liquid is 85.7 and 77.5 at.% Sb, and the maximal solid solubility
value of Ge in the rhombohedral phase is 0 and 6.3 at.% in Refs.
[19,20], respectively.

On the basis of the phase diagram reinvestigated by Nasir et al.
[20] and the thermochemical data [16-18], the Ge-Sb system was
re-optimized in this work.

2.2. The Ge-Sn system

The Ge-Sn system has been compiled by Olesinski and
Abbaschian [21] and well optimized by Feutelais et al. [22]. The
thermodynamic parameters obtained by Feutelais et al. [22] were
adopted in the present work, and the calculated phase diagram was
shown in Fig. 1.
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Fig. 1. Calculated Ge-Sn phase diagram by Feutelais et al. [22].
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Fig. 2. Calculated Sb-Sn phase diagram by Kroupa and Vizdal [26].

2.3. The Sb-Sn system

The available experimental information for the Sb-Sn sys-
tem was reviewed by Romanowska [23] and Manasijevic et al.
[24]. Jénsson and Agren [25] performed the first thermodynamic
assessment of the Sb-Sn system. Later, the Sb-Sn system was
re-optimized by Kroupa and Vizdal [26] on the basis of the new
experimental data of Vassiliev et al. [27]. The thermodynamic
parameters obtained by Kroupa and Vizdal [26] were adopted in
the present work, and the calculated phase diagram was shown in
Fig. 2.

2.4. The Ge-Sb-Sn system

Gubenko and Miller [28] investigated the partial vertical sec-
tions at Ge—(Sn+2wt.% Sb) and Ge-(Sn+5.5 wt.% Sb). Kuznetsov
et al. [29] determined the vertical section at Ge—(Sn +29.5 at.% Sb),
a part of the Ge-side solidus surface (to 1at.% Sn and 0.06 at.% Sb)
and the partial liquidus surface (0-60 at.% Ge).

The detailed investigation of the Ge-Sb-Sn system were done by
Dichi et al. [30], who determined three isothermal sections at 692,
594 and 518K, two vertical sections at 10at.% and 20 at.% Ge, the
projection of liquidus surfaces, and presented the complete reac-
tion scheme. The experimental data reported by Dichi et al. [30]
was mainly considered in this optimization.

3. Thermodynamic models and assessment procedure
3.1. Unary phases

The Gibbs energy function G?(T) = OG?(T) — H?ER (298.15K) for
the element i (i=Ge, Sb, Sn) in the phase ¢ (¢ =liquid, diamond,
rhom, or bct) is described as follows

GY(T)=a+bT +cTInT +dT? +eT> + T~ ! + gT7 + hT° (1)
where H3R (298.15K) is the molar enthalpy of the element i at

298.15Kin its standard element reference (SER) state, diamond for
Ge, rhombohedral for Sb and bct for Sn. The Gibbs energy of the

element i, G?(T), in its SER state, is denoted by GHSER;, i.e.,

GHSER; = °G¥(T) — HS™® (298.15K) 2)
In the present work, the Gibbs energy functions are taken from

the SGTE (Scientific Group of Thermodata Europe) pure elements
database compiled by Dinsdale [31] and listed in Table 1.

3.2. Solution phases
In the Ge-Sb-Sn system, there are four solution phases, liquid,

diamond, rhombohedral, and bct. Their molar Gibbs energies are
described by the following expression:

G = XeG2,(T) + x5p G, (T) + X5n G, (T) + RT(Xce In XGe
+Xsp INXgp + Xsn In X5 ) + EGE, (3)

where R is the gas constant; Xge, X5, and xs;, are the mole fractions

of the pure elements Ge, Sb and Sn, respectively; £ Gf, is the excess
Gibbs energy, expressed by the Redlich-Kister polynomial [32].

EG?., = XGeXSijLge‘Sb(XGe - Xsb)l + XGeXSanLge'Sn(XGe - XSn)l

j J
+XSbXSnZ] L(Sbb_Sn(be —Xsn) + xGebeXSnLge,sb_SH (4)
J
where ]LGe,Sb' ILesn andJLSb‘Sn are the binary interaction param-

eters between elements Ge and Sb, Ge and Sn, and Sb and Sn,
respectively. Its general form is

L? =a+bT +cTInT +dT? + €T + fT! )

but in most case only the first one or two terms are used according
to the temperature dependence of the experimental data. L"ée Sb.Sn
is the ternary interaction parameter expressed as:

¢ _ or¢ 179 279
LGespsn = XGe Leespsn TXsb Lespsn +Xsn"Lgespsn (6)
where nge'Sb'Sn =a;+b;T (j=0, 1, 2). g; and b; are the parameters

to be optimized in this work.



Table 1
Thermodynamic parameters of the Ge-Sb-Sn system.?
Phase Temperature (K) Thermodynamic parameters Reference
298.15-900 GHSERG. =—9486.153 + 165.635573T — 29.5337682TIn(T) + 5.568297 x 10312 — 1.513694 x 10-5T% + 1632987 [31]
900-1211.40 GHSERG. =—5689.239+102.86087T — 19.8536239T In(T) — 3.672527 x 103T2
1211.40-3200 GHSERge = —9548.204 + 156.708024T — 27.6144T In(T) — 8.59809 x 1028T-°
298.15-903.78 GHSERg;, = —9242.858 + 156.154689T — 30.5130752TIn(T) + 7.748768 x 10-3T2 —3.003415 x 10-673 + 100625T" [31]
903.78-2000 GHSERsp, = — 11738.83 +169.485872T — 31.38TIn(T) + 1616.8491024T°
100-250 GHSERs, = — 7958.517 +122.765451T — 25.858TIn(T) + 0.51185 x 107372 — 3.192767 x 10-5T3 + 18440T! [31]
250-505.08 GHSERs, = — 5855.135 +65.443315T — 15.961TIn(T) — 18.8702 x 10372 +3.121167 x 1075T3 — 61960T!
505.08-800 GHSERs,, =+2524.724+4.005269T — 8.2590486TIn(T) — 16.814429 x 107372 +2.623131 x 10-T% — 1081244T-! — 1.2307 x 10>°T-°
800-3000 GHSERs, = — 8256.959 + 138.99688T — 28.4512TIn(T) — 1.2307 x 10>°T*
Liquid Model: (Ge, Sb,Sn);
298.14-900 G(liquid, [31]
Ge)=+27655.337+134.94853T — 29.5337682TIn(T) +0.005568297T% — 1.513694 x 10-6T> + 163298T ! +8.56632 x 102117
900-1211.4 G(liquid, Ge)=+31452.25 +72.173826T — 19.8536239T In(T) — 0.003672527T? + 8.56632 x 10~2'T7
1211.40-3200 G(liquid, Ge)=+27243.473 +126.324186T — 27.6144TIn(T)
298.14-903.78 G(liquid, [31]
Sb)=+10579.47 + 134.231525T — 30.5130752TIn(T) + 0.007748768T2 — 3.003415 x 10-5T3 + 100625T ! — 1.74847 x 10-2077
903.78-2000 G(liquid, Sb)=+8175.359 + 147.455986T — 31.38TIn(T)
100-250 G(liquid, [31]
Sn)=—855.425+108.677684T — 25.858TIn(T)+5.1185 x 1074T? —3.192767 x 10-6T> + 18440T' +1.47031 x 10~ 1877
250-505.08 G(liquid,
Sn)=+1247.957+51.355548T — 15.961TIn(T) — 0.018870272 +3.121167 x 10-5T3 — 619607~ +1.47031 x 108717
505-800 G(liquid, Sn)=+9496.31-9.809114T-8.2590486TIn(T) — 0.016814429T2 +2.623131 x 10-6T> — 1081244T-!
800-3000 G(liquid, Sn)=—1285.372 +125.182498T — 28.4512TIn(T)
oL = +3289.7 - 0.5212T This work
orlia.  _ _
e e ]
ol _ _5695.1 — 1.7090T 126]
e g6 [26]
, lSilt)iSn - :
LSb,Sn =+1840.9 [26]
OLIGlz:Sb,Sn = —12521.6 + 13.0000T This work
;L:GEESb'S" = —37997.8 + 42.5440T Thfs work
Liespsn = +31152.9 — 8.0000T This work
Diamond Model: (Ge, Sb,Sn);
298.14-3200 G(diamond, Ge) =+ GHSERce [31]
G(diamond, Sb) =+ GHSERs, +5000.0 This work
100-298.14 G(diamond, Sn)=—9579.608 + 114.007785T — 22.972TIn(T) — 0.00813975T2 +2.7288 x 10-6T3 + 25615T! [31]
298.14-800 G(diamond, Sn)=—9063.001 + 104.84654T — 21.5750771TIn(T) — 0.008575282T2 + 1.784447 x 10-5T> — 2544T-!
800-3000 G(diamond, Sn)=—10909.351 + 147.396535T — 28.4512TIn(T)
°Lgi:;‘{7°"d =+79210.1 — 19.8000T [19]
OLgi::'S‘:lO"d =+14471.1 + 10.6195T [22]
Oydiamond _ ;
i oo Thie work
Ge,Sb,Sn :
2 diamond _ ( This work

Ge,Sb,Sn

o

2-8€ (1107) 02§ p1dy voruydouLdy [, /o 3a ni1 [



rhom

bct

SbSn

Sb2 Sn;

298.14-900
900-1211.4
1211.4-3000
298.14-2000
100-250
250-505.08
505.08-800

800-3000

298.14-900
900-1211.4
1211.4-3000
298.14-903.78
903.78-2000
100-3000

Model: (Ge, Sb,Sn);

G(rhom, Ge)=+20313.847 +149.135573T — 29.5337682TIn(T) + 0.005568297T2 — 1.513694 x 10-5T% +163298T"!
G(rhom, Ge)=+24110.761 +86.36087T — 19.8536239T In(T) — 0.003672527T2

G(rhom, Ge)=+20251.796 + 140.208024T — 27.6144TIn(T) — 8.59809 x 102872

G(rhom, Sb) =+ GHSERg;,

G(rhom, Sn)=—5923.517 +122.765451T — 25.858TIn(T) +5.1185 x 10~4T2 — 3.192767 x 10-6T3 + 184407~
G(rhom, Sn)=—3820.135 +65.443315T — 15.961TIn(T) — 0.0188702T2 +3.121167 x 10-6T% — 619607~
G(rhom,

Sn)=+4559.724 +4.005269T — 8.2590486T In(T) — 0.016814429T2 +2.623131 x 10573 — 1081244T-! — 1.2307 x 1025T-°
G(rhom, Sn)=—6221.959 + 138.99688T — 28.4512TIn(T) — 1.2307 x 1025T-°

UL{;":;; = +10695.0 — 6.5572T

Ungf’S"; = +4000.0 — 5.7323T

oLgem o = +30429.2

1”]1@‘,’"1, L =+31426.1

ZLE’;"’S'E'SH = +31748.8

Model: (Ge, Sb,Sn);

G(bct, Ge)=+19313.847 +149.135573T — 29.5337682T In(T) + 0.005568297T2 — 1.513694 x 10-5T3 + 163298T-!
G(bct, Ge)=+23110.761 + 86.36087T — 19.8536239T In(T) — 0.003672527T2

G(bct, Ge)=+19251.796 + 140.208024T — 27.6144TIn(T) — 8.59809 x 1028T-9

G(bct, Sb)=+3757.142 + 148.154689T — 30.5130752T In(T) + 0.007748768T2 — 3.003415 x 10-5T + 100625T-"!
G(bct, Sb)=+1261.17 +161.485872T — 31.38TIn(T) + 1.616849 x 1027T-°

G(bct, Sn) =+ GHSERs,

LR = +3659.1 - 21.3800T

bt _
1L = —21860.5 + 44.4870T

bet —
?Lgfezsmn =+33324.0
C|
LG gpsn = 14322423
2bet = +43230.0

Ge,Sb,Sn

Model: (Ge, Sb, Sn);(Ge, Sb,Sn);

G = +GHSERs), + GHSERs, — 6035.7 — 2.4780T
Gt = +GHSERs; + GHSERs, — 6035.7 — 2.4780T
Gy = +2GHSERg;, + 6227.5

Gt = +2GHSERs;, + 7463.7

Goooh, = +2GHSERge + 11000.0

G, = +GHSERsp + GHSERGe + 51162.8

Sb:Ge
G = +GHSERg, + GHSERce + 53162.8
0[N — —4300.5 + 6.6380T

oL '~ —4300.5 + 6.6380T

0L — _1600.7 + 6.5990T
bon " _

o3~ ~1600.7 + 6.5990T

orshsn = -15029.2

0 <S:§,55n,

n
LSn:Ge,Sb =-150233
opsbsn  — _15023.3

'Ge,Sb:Sn
Model: (Sb),(Sn)3
G283 = +2GHSERp, + 3GHSERs, — 232.6 — 31.0320T

[31]

[31]
[31]

This work
[26]

This work
This work
This work

[31]

[31]

[31]
[26]
[26]
This work
This work
This work

[26]
[26]
[26]
[26]
This work
This work
This work
This work
This work
[26]
[26]
[26]
[26]
This work
This work
This work
This work

[26]

2 InJmol-! of the formula units.
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3.3. Intermetallic compounds

In the Ge-Sb-Sn system, the compound SbSn is treated as the
formulae (Ge,Sb,Sn);(Ge,Sb,Sn);. The Gibbs energy per mole of for-

mula unit SbSn is expressed as follows:

SbSn vy (SBSH 4y v (SBSH o vy oy (SBSN Ly yr (SDSD 4yt
G™ = YopYceGspce + YsYspCopsh T YsnYsnCsbion +YonYGe Canice T YonYsh

thermodynamic optimization of the Ge-Sb and the Ge-Sb-Sn sys-
tems were carefully performed in this work.

The thermodynamic parameters for the Ge-Sb system are re-
optimized on the basis of the information [5-20]. The experimental

SbSn /4y (SbSn /v (SbSn /v (SbSn /v (SbSn
GSn:Sb + ySnySnGSn:Sn + yGeySbGGe:Sb + yGeySn GGe:Sn + yGeyGeGGe:Ge

+RT(yé}e lnyé:e +y,Sb lny,sb +y/Sn lny/Sn) + RT(yge lnyée +ygb lnygb +ygn lnygn)

L i

L i

A D FISOSn  (ur Y L rsbsn oy
sy | YeeYsh § Lo spWee = Yoo) +YeeYsn g Lp:Cesn(Vee
J

’ "oy JySbSn Y] N JySbSn v
Von | YaeYsp § Lo espWee = Yao) +YeeVsn § L3 Gesn (Ve
J J

, s E 'j 1 SbSn n N L E 'j 1 SbSn VY BN 'j 1 SbSn i N o 7 7 J7SbSn
+yGe yGeySb LCe:Ge,Sb(yGe ySb)‘ + yGeySn LGe:Ge.Sn(yGe ySn)‘ + ySbySn LGe:Sb,Sn(ySb ySn)I +yCeySbySn LGe:Ge,Sb,Sn
Jj

J

] Y JySbSn VERTA) /1 A j1SbSn
Ysu) + VeV g L3pishsn Y5y = Ysn) +¥eV5pYsn Lapicesnsn
J

P rSBSn vy wr Y oy y e JpShSn
Yin) +Y5pY5n E L3 5n Vs = Yen) + YeeYsuYsn Lmicesbsn (7
J

L J i

1" / , j 7 SbSi J / ] / / j1SbS / / j / / j 1 SbS / / j , / 7 j1SbSi
Ve [VeeYso § LeshceVee = Ysp) +YceYsn g LensnceWee = Ysn) +YspVsn E TLpanceWsp = Ysn) +YeeVspYon' Leashsnice
j J

P B T T A o A SrSbSn (v v Y uv o JySbSR
Hsp [Yeesb § LoasvWee = Yoo) +YeYsn E LnsoWee = Ysn) +YspYsn L oo Wsp = Ysn) +YeeYspYsn Lomshsn:sh
L i j j

P iy sbsn / b N Ly 'y sbsn / SN Ly jysbsn (v N L vy v vy jpSbsn
Ve [ YoeYso E L snWee = Yoo) +Y6eVsn § L nsnee = Yon) +YspYsn E L nsnWsp = Ysn) +YeeVspYsn Lomshsnsn

L J J

where y, and y/ are the site fraction of Ge, Sb or Sn on the first
and second sublattices, respectively; the parameter G3PS" repre-
sents the Gibbs energies of the compound SbSn when the first and
second sublattices are occupied by only one element Ge, Sb or Sn,
respectively, which are relative to the enthalpies of diamond for
Ge, rhom for Sb, and bct for Sn in their SER state; /[SPSn  jjSbSn

Ge,Sh:x Ge,Sn:x’
jysbsn  jysbsn  jrSbsn jySbsn TR ; _
LSb’Sn:*, L*:GE_SD, L*:Ge,Sn and L*:Sb'Sn are the jth interaction param

eter between elements Ge and Sb, Ge and Sn, and Sb and Sn on the
first and second sublattice, respectively; jLéI;,SS?b,Sn:* and fong‘Sb'Sn
represents the jth interaction parameter among elements Ge, Sb
and Sn on the first and second sublattice, respectively.

In the ternary Ge-Sb-Sn system, the solid solubility of Ge in
the binary compound Sb,Snj is very small and closed to 0. In the
present work, the model of Sb,Sn3 is consistent with that in the
Sb-Sn system [26]. The Gibbs energy per mole of formula unit
Sb,Snj3 is expressed as following:

G3D25M3 — 2GHSERgp, + 3GHSER, + AGEP25m3 (8)

where AG?b25“3 is the Gibbs energy of formation per mole of for-
mula unit Sb,Sn3. Owing to a lack of experimental measurements,
it is assumed that the Neumann-Kopp rule applies to the heat
capacity, i.e. ACp=0. Thus, AGP2513 can be given by the following
expression:

AGE2SMs = q 4 bT 9)

where the parameters a and b were taken from the assessed results
in Ref. [26].

3.4. Assessment procedure

A general rule for selection of the adjustable parameters is
that only those coefficients determined by the experimental values
should be adjusted [33]. The assessment is carried out by means of
the optimization module PARROT of the thermodynamic software
Thermo-Calc[34], which can deal with various kinds of experimen-
tal information.

A careful examination of thermodynamic descriptions of
the Ge-Sn [22] and the Sb-Sn [26] systems is made. The

i

results reported by Nasir et al. [20] are given more weight dur-
ing the optimizing procedure. For liquid and rhom, the interaction
parameters OLgl::sw 1L1G'2:Sb and OL&?S“I’J in Eq. (5) can be reliably
obtained from the experimental data. The interaction parameter

0pdiamond js taken from the assessed data [19].

The thermodynamic parameters for the Ge-Sb-Sn system are
optimized on the basis of the experimental information available
in the literature [28,30]. The experimental results reported by Dichi
etal.[30] are given more weight during the process of optimization.

The thermodynamic parameters of liquid, diamond, rhom and
bct in the Ge-Sb-Sn system, are obtained by a combination of
the corresponding Gibbs energy functions from the assessments of
the binary systems using Muggianu interpolation of binary excess
terms [35]. The interaction parameters °Li%_  1hid- ojlia.

Ge,Sn’ Ge,Sn’ Sb,Sn’
17lig.  27lig.  0jrhom Ojbct 17bct
Lopsnr “Lsbsn “Lspsn' Lspsn and 'Lt are taken from the two

binary systems assessed by Feutelais et al. [22] and Kroupa and

Vizdal [26]. The ternary parameters °1/'9 1ylia 2y liq

Ge,Sb,Sn” ~Ge,Sb,Sn’ ~Ge,Sb,Sn’
0yrhom 17rhom 27rhom Oybct 1ybct 27bct
LGesbsn  Leeshsn' “LGesbsn' Llesbsn' Lcesnsn 3Nd “Legsps, are
optimized according to the experimental data [28,30].
For the compounds in the ternary Ge-Sb-Sn system, the

SbSn  ~SbSn  ~SbSn ~SbSn (~Sb,Sn; 07y SbSn 07 SbSn
parameters Ggiet, Gpgs Gon’sns Ganzshr G3b%n >+ Lsbsn:sbr ~ Lsb:Sn,sb?
OLSbSn

07SbSn i i
3ncsn.sp and °Lpst ¢ are taken from the thermodynamic descrip

tion of the binary Sb-Sn system. The parameters G252 = Gsbsn

Ge:Sb’ “'Sb:Ge
SbSn SbSn SbSn 0y SbSn 07 SbSn 07 SbSn
Gbsn - G3bsn - GSD L3P b L3P

and OLSbSn
Ge:Sn’ ~Sn:Ge’ ~Ge:Ge’ ~Sb:Ge,Sn’ Sn:Ge,Sb’  ~Ge,Sn:Sb Ge,Sb:Sn

are optimized according to the experimental data [30]. For the rea-
son of crystallographic symmetry, the number of the parameters is
reduced by the following assumption:

Geersh = Gbice (10)
Gét:jgn = Gggzsge (11)
OLSE:SSE,Sn = OLZZ,SSnnzsb (12)
Ong:Sge,Sb = OL(SJE.-,SSnb:Sn (13)



J. Liu et al. / Thermochimica Acta 520 (2011) 38-47 43

Table 2
Invariant reactions of the Ge-Sb system.

Reaction Present work Experimental data
T (K) x(Sb) T (K) x(Sb) Ref.
Liq. — diamond + rhom 865 0.8249 0.0001 0.9375 859 0.832 - - [5]
865 0.865 0.000 1.000 [6]
865 0.855 0.000 1.000 [14]
859 0.838 0.000 1.000 [15]
860 0.857 0.0001 1.000 [19]
865 0.775 0.000 0.937 [20]
Table 3
Invariant reactions of the Ge-Sb-Sn system.
Reaction Present work Ref. [30]
Type T (K) Composition in liquid T (K)
x(Ge) Xx(Sb) Xx(Sn)
Lig. + rhom — SbSn + diamond Uy 692 0.0219 0.4898 0.4883 692
Lig. + SbSn — Sb,Sns3 +diamond U, 594 0.0057 0.2054 0.7889 594
Lig. +SbySn3 — bct + diamond Us 518 0.0821 0.0089 0.9090 518
Sb,Sn3 — bet + diamond +SbSn E 516 - - - 516

4. Results and calculations
4.1. The Ge-Sn and Sb-Sn systems

The Ge-Sn and Sb-Sn systems were assessed by Feutelais et al.
[22] and Kroupa and Vizdal [26], respectively. Their thermody-
namic descriptions are accepted in the present work and listed in
Table 1.

4.2. The Ge-Sb system

The calculated Ge-Sb phase diagram using the thermodynamic
parameters optimized in this work and comparison with the exper-
imental data [5-9,20] is shown in Fig. 3.

Fig. 4 presents the calculated enthalpy of mixing of liquid
at 1273K in comparison with experimental data [17,18]. The
experimental results reported by Predel and Stein [17] and Alfer
et al. [18] are given the same weight during the optimizing
procedure. To well reproduce the activities of Ge and Sb in lig-
uid reported by Kostov et al. [16], the calculated results are

1500 1 1 1 1 1 1 ] 1 1
¥ Stohr and Klemm (1940) +Malmejac et al. (1972)
v Ruttewit and Masing (1940) & Alfer et al. (1983)
A Zhurkin et al. (1959) o Nasir et al. (2009)
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N4
[}
2
©
B 900
a
£
]
F= rhom
'-é o
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©
£
300 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1.0
Ge Sb

Mole Fraction Antimony

Fig. 3. Calculated Ge-Sb phase diagram by the present thermodynamic description
with experimental data measured by Stohr and Klemm [5], Ruttewit and Masing [6],
Zhurkin et al. [7], Malmejac et al. [8], Alfer et al. [9] and Nasir et al. [20].

in agreement with the experimental data [17], as shown in
Fig. 4.

The calculated activities of Ge and Sb in liquid at 1073, 1173
and 1273 K in comparison with the measured data [16] are shown
in Fig. 5a-c. Satisfactory agreement is obtained between the calcu-
lated results and the experimental data [16]. The thermodynamic
parameters of the Ge-Sb system obtained in the present work are
listed in Table 1. The calculated invariant reaction in the Ge-Sb
system is listed in Table 2. The experimental invariant reaction
temperature and compositions of individual phases [20] are well
reproduced.

4.3. The Ge-Sb-Sn system

Combining the Ge-Sb system assessed in the present work with
the Ge-Sn [22] and Sb-Sn [26] systems optimized previously, the
Ge-Sb-Sn system has been optimized on the basis of the available
experimental information [28,30].
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Fig. 4. Calculated enthalpies of mixing of liquid at 1273 K in the Ge-Sb system and
comparison with the experimental data [17,18]. The reference states are liquid for
Ge and Sb.
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Fig. 5. (a) Calculated activities of Ge and Sb in liquid at 1073 K in the Ge-Sb system
and comparison with the experimental data [16]. The reference states are liquid for
Ge and Sb. (b) Calculated activities of Ge and Sb in liquid at 1173 K in the Ge-Sb
system and comparison with the experimental data [16]. The reference states are
liquid for Ge and Sb. (c) Calculated activities of Ge and Sb in liquid at 1273 K in the
Ge-Sb system and comparison with the experimental data [16]. The reference states
are liquid for Ge and Sb.
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Fig. 6. Calculated isothermal section of the Ge-Sb-Sn system at 692 K by the present
thermodynamic description and comparison with the experimental data [30].
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Fig.7. Calculated isothermal section of the Ge-Sb-Sn system at 594 K by the present
thermodynamic description and comparison with the experimental data [30].
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Fig. 8. Calculated isothermal section of the Ge-Sb-Sn system at 518 K by the present
thermodynamic description and comparison with the experimental data [30].
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Fig. 13. (a) Calculated projection of the liquidus surfaces in the Ge-Sb-Sn system

Fig. 11. Calculated vertical section of the Ge-Sb-Sn system at Ge-(Sn +5.5 wt.% Sb)
using the present thermodynamic description. (b) Enlarged section of (a).

by the present description and comparison with the experimental data [28,30].
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Fig. 14. Calculated complete reaction scheme of the Ge-Sb-Sn system.

The thermodynamic description of the Ge-Sb-Sn system
obtained in the present work is shown in Table 1.

The calculated invariant equilibria in the Ge-Sb-Sn system are
listed in Table 3. As shown in the table, a very good agreement is
obtained between the calculated results and the experimental data
[30].

Figs. 6-8 are the calculated isothermal sections at 692, 594 and
518 K in the Ge-Sb-Sn system, respectively. Figs. 9 and 10 are the
calculated vertical sections at 10 and 20 at.% Ge using the present
thermodynamic description in comparison with experimental data
[30] in the Ge-Sb-Sn system. Satisfactory agreements are obtained
between the calculated results and the experimental data [30]
in Figs. 6-9. The discrepancy in liquidus in Fig. 10 between the
calculated results and experimental data [30] was caused by the
optimized results in the binary Ge-Sb and Ge-Sn [22] systems.

Figs. 11 and 12 are the calculated vertical sections at
Ge—(Sn+5.5wt. % Sb) and Ge-(Sn+2wt. % Sb) using the present
thermodynamic description in the Ge-Sb-Sn system with exper-
imental data [28,30]. The experimental results reported by Dichi
et al. [30] are given more weight during the optimizing procedure.
The calculated results are some deviations with experiments [28],
but satisfactory agreement is obtained between the calculations
and the experiments [30].

Fig. 13aand bis the calculated projection of the liquidus surfaces
of the Ge-Sb-Sn system according by the present thermodynamic
description. Fig. 14 shows the predicted entire reaction scheme for
the Ge-Sb-Sn system. The calculated projection of liquidus surfaces
and the reaction scheme in the Ge-Sb-Sn system are consistent
with the experimental results [30].

5. Conclusions

The thermodynamic parameters in the Ge-Sb binary system
and the Ge-Sb-Sn ternary system are critically evaluated from the
experimental information available in the literature. A set of self-
consistent thermodynamic parameters describing the Gibbs energy
of each individual phase as a function of composition and tempera-
ture is derived. The projection of the liquidus surfaces and the entire
reaction scheme for the Ge-Sb-Sn system are well reproduced.
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