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A B S T R A C T   

A set of self-consistent thermodynamic parameters of the GeTe-rich germanium-bismuth tellurides were deter
mined using an electromotive force (EMF) method with a glycerol electrolyte in a temperature range from 300 to 
450 K. The solid-phase equilibrium diagram of the GeTe-Bi2Te3-Te system at 400 K was constructed using X-ray 
diffraction (XRD) and scanning electron miscroscope (SEM) techniques of synthesized electrode alloys, as well as 
available literature data. It is found that all telluride phases in GeTe-Bi2Te3 pseudo-binary section have a tie-line 
connection with elemental tellurium. The relative partial thermodynamic functions of GeTe in alloys were 
calculated using data from EMF measurements of concentration cells relative to the GeTe electrode. These 
findings together with the corresponding thermodynamic functions of GeTe and Bi2Te3 were used to calculate the 
relative partial molar functions of germanium in alloys, and also the standard thermodynamic functions of 
formation and standard entropies of the ternary compounds, namely Ge2Bi2Te5, Ge3Bi2Te6 and Ge4Bi2Te7.   

1. Introduction 

Germanium-based chalcogenide materials have been shown to 
exhibit a good combination of thermoelectric, electronic, optical, to
pological insulator (Tl), etc. properties that makes them suitable for the 
development of new generation technologies, such as mid-temperature 
power generation [1,2], optical displays [3,4], photonic memory 
[5,6], neuro-inspired computing [7–9], and so on. Among these chal
cogenide phases, ternary tetradymite-type layered compounds of the 
GeTe–Sb(Bi)2Te3 pseudo-binary tie-line have witnessed special interest 
for their phase-change properties and a novel electronic state − Tl 
properties that have emerged in recent years. The ability of amor
phous–crystalline phase transitions by applying voltage or laser pulses is 
exploited for memory devices and germanium antimony (bismuth) tel
lurides have been extensively examined and considered one of the most 
successful materials for such applications [10–15]. On the other hand, 
both theoretical and experimental studies provided direct evidence for 
the existence of topological surface states in these materials as well 

[16–21]. In this connection, detailed information on the phase equilib
rium studies and accurate thermodynamic data of the corresponding 
ternary systems is crucially needed for understanding the nature of the 
chemical interaction and technological applications of these materials 
[22]. 

The present study is part of an ongoing research project that is aimed 
at developing accurate thermodynamic data for germanium bismuth 
tellurides which is essential for alloy design, synthesizing novel complex 
phases, and the development of their modern sample-preparation 
techniques. 

Several versions of the phase diagram of the GeTe-Bi2Te3 pseudo- 
binary system exist in the literature, which all differ particularly in 
the number and melting behavior of the ternary compounds [23–27]. 
The latest constructed phase diagram which is given by us in [28] re
ports a total of six ternary compounds, including Ge4Bi2Te7, Ge3Bi2Te6, 
Ge2Bi2Te5, GeBi2Te4, GeBi4Te7, and GeBi6Te10 in the system. It is found 
that Ge4Bi2Te7 and Ge3Bi2Te6 decompose by solid phase reactions, while 
the other four compounds are formed by peritectic reactions. Besides, it 
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is noted that the GeTe-based solubility in the system is ~ 13 mol%, and a 
mixture of GeTe-based cubic and layered phases is found in the samples 
as the composition shifts toward Bi2Te3. Since the intensity of the 
diffraction lines belonging to layered phases is very low in the more 
GeTe-rich samples, it is not possible to give an opinion on which phase 
they belong and these results greatly increase the possibility of new 
mixed layered compounds in the system. 

In our previous work [29], we constructed a solid-phase equilibrium 
diagram of the GeBi2Te4-Bi2Te3-Te fragment in the GeTe-Bi2Te3-Te 
system and calculate a standard Gibbs free energy and enthalpy of for
mation, as well as the standard entropy of the GeBi2Te4, GeBi4Te7, 
GeBi6Te10 ternary compounds. Here, we report the most recent and 
accurate description of the solid-phase equilibrium diagram of the GeTe- 
Bi2Te3-Te system and thermodynamic properties of GeTe-rich germa
nium-antimony tellurides under standard conditions. 

2. Experimental details 

In the first stage, GeTe and Bi2Te3 binary compounds were synthe
sized. The purity of used elements was 99.999 wt% (see Table 1). Pre
determined amounts of elements were weighed with an analytical 
balance, then mixtures were put into quartz tubes and sealed under a 
vacuum. After synthesis, their phase purity was examined using powder 
X-ray diffraction (XRD) and differential thermal analyis (DTA) methods. 

Alloys were prepared by melting accurately weighted amounts of 
pure initially synthesized starting binary compounds GeTe, Bi2Te3, and 
elemental tellurium. The design compositions of the alloys are given in 
Fig. 1 with square (blue) and triangle (red) symbols. Each alloy mixture 
was heated to 950 K and kept at this temperature for 5 h, and completed 
with rapid water quenching. Then the quenched samples were annealed 
stepwise at 700 K (1000 h) and 400 K (100 h) to ensure the establish
ment of an equilibrium state. The content of each sample was checked by 
powder XRD and scanning electron miscroscope (SEM) analysis. 

The DTA investigations were carried out using LINSEIS HDSC 
PT1600 system at the rate of 10 K/min. Powder XRD was carried out 
using Cu-Kα1 radiation on Bruker D2 PHASER diffractometer. The mi
crostructures and composition of phases in the samples were examined 
by Tescan Vega 3 SBH Scanning Electron Microscope. Electromotive 
force (EMF) measurements were performed using a Keithley 2100 6 1/2 
Digit Multimeter (1014 Ω input resistance). 

Measuring the EMF of electrochemical cells in order to calculate 
integral thermodynamic quantities is a very well-known and success
fully used method for metal chalcogenides systems [29–36]. 

To study the thermodynamic properties of phases, the electro
chemical cell type (1) was assembled for EMF measurements in the 
300–450 K temperature interval. The cell arrangement was:  

(− )GeTe(solid)|glycerol+KCl|Ge-Bi-Te(solid)(+)                                 (1) 

In the measurements, polyvalent alcohol − the glycerol solution of 
KCl was used as an electrolyte. Up to now, glycerol is successfully used 
for the low-temperature thermodynamic analysis of chalcogenide sys
tems in numerous works [29,35,36]. Just like in our previous EMF study 
in [29], Ge2+ ion-containing salt was not added to the electrolyte at this 
time as well since it is equilibrium concentration is very low and can be 
provided by the electrochemical cell itself. To prevent oxygen and 
moisture having into the electrolyte, the glycerol was properly dried and 
degassed under vacuum at 450 K before being filled into the electro
chemical cell. Anhydrous chemically pure KCl salt was used. 

For EMF measurements, GeTe was chosen as a negative electrode, 
while the positive electrode was made of annealed alloys of the GeTe- 
Bi2Te3-Te system. Their compositions are shown in Fig. 1 with triangles. 
To prepare electrodes, GeTe, and synthesized alloys were powdered in 
an agate mortar, then pressed into molybdenum wire which forms pel
lets each weighing 0.5 g and a diameter of 7 mm. 

More detailed information about preparation electrodes and assem
bling an electrochemical cell is described in [37–39]. A constructed 
electrochemical cell in this form allows for measuring the EMF values of 
several electrodes relative to one reference electrode at the same time. 

After maintaining the electrochemical cell at 350 K for 40–60 h, the 
first EMF equilibrium values were recorded. The next values were ob
tained every 3–4 h after reaching the desired temperature. The system 
was considered to achieve an equilibrium state when the scatter was less 
than 0.5 mV. The reversibility of the constructed concentration cells was 
controlled by the fact that masses and phase compositions of electrodes 
were maintained constant during measurements. 

3. Results and discussion 

In order to study the thermodynamic properties of GeTe-rich 
germanium bismuth tellurides, a solid-phase equilibrium diagram of 
the GeTe-Bi2Te3-Te system was constructed at the first stage. In our 
previous work in [29], we showed that all telluride phases are in a tie- 
line connection with elementary tellurium in the GeBi2Te4-Bi2Te3-Te 
concentration range. In order to determine phase equilibria in the GeTe- 
Bi2Te3-Te system, several compositions were chosen to synthesize taking 
into account of the phase diagram of the GeTe-Bi2Te3 system. The results 
of the GeTe-rich region show that other ternary compounds and telluride 
phases have a tie-line connection with tellurium as well and the solid- 
phase equilibrium diagram of the GeTe-Bi2Te3-Te system has a similar 

Table 1 
Provenance and purity of the materials used in this investigation.  

Chemical Mass 
fraction of 
purity 

Source CAS No Form Purity 
analysis 
methods 

Ge  0.99999 Alfa Aesar 
(Germany) 

7440–56-4 pieces As stated by 
the supplier 

Bi  0.99999 Alfa Aesar 
(Germany) 

7440–69-9 shot As stated by 
the supplier 

Te  0.99999 Alfa Aesar 
(Germany) 

13494–80- 
9 

lump As stated by 
the supplier 

GeTe  0.999 synthesized 
by us 

12025–39- 
7 

ingot DTA, XRD 

Bi2Te3  0.999 synthesized 
by us 

1304–82-1 ingot DTA, XRD  

Fig. 1. Solid-phase equilibrium diagram of the GeTe-Bi2Te3-Te system at 400 K. 
Triangles (red) represents studied alloys for EMF measurements, while squares 
(blue) for XRD. Purple and green symbols represent studied compositions in our 
previous work in [29]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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view as given in Fig. 1. This leads to the formation of a variety of het
erogeneous zones in the system, and XRD results of different alloys taken 
from those areas confirm their phase compositions. As an example, Fig. 2 
shows XRD patterns of representative alloys named sample #1 and #2. 
XRD identification, as shown in Fig. 2a confirmed the existence of the 
two phases of Ge3Bi2Te6 and tellurium since this alloy composition is 
located on the tie-line. Sample #2 clearly demonstrated that Ge2Bi2Te5 
and GeBi2Te4 phases were in equilibrium with Te which is shown in 
Fig. 2b. The corresponding compositions of the equilibrium phases in the 

samples were further verified using SEM as well. The existence of two 
and three-phase equilibrium microstructures is clearly visible in the 
Fig. 3a and b with different contrasts. 

The newly constructed solid-phase diagram of the GeTe-Bi2Te3-Te 
system matches the results of the EMF measurements of the 

Fig. 2. XRD results of sample #1 and #2 in Figure 1.  

Fig. 3. The SEM images of sample #1 (a) and #2 (b).  

Fig. 4. The composition dependences of the EMF of type (1) cells at 400 K (see 
Supplementary data − Table S1–3). Here I − Ge4Bi2Te7, II − Ge3Bi2Te6, III −
Ge2Bi2Te5, IV − GeBi2Te4, V – GeBi4Te7, VI – GeBi6Te10, β − solid solution 
based on Bi2Te3. 

Fig. 5. The temperature dependences of EMF of the concentration cells type (1) 
for different phase regions of the GeTe-Bi2Te3-Te system in Fig. 1: 1 − GeBi2Te4 
+ Ge2Bi2Te5 + Te; 2 – Ge2Bi2Te5 + Ge3Bi2Te6 + Te; 3 – Ge3Bi2Te6 + Ge4Bi2Te7 
+ Te. Standard uncertainties areuE = 0.8 mV, uT = 0.85 K. 
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concentration cells of type (1) at 400 K quite well. Fig. 4 displays the 
EMF isopleths at 400 K. EMF values of > 50 mol% Bi2Te3 composition 
region were taken from our previously published work in [29]. It can be 
seen that EMF measurements have three different values in 20–50 mol% 
Bi2Te3 phase region. These values confirm the existence of three 
different ternary compounds GeTe rich region as reported in [28] since 
values change sharply in the stoichiometric compositions of compounds. 
The emf measurements of these alloys were reproducible during the 
process and these findings allow for the calculation of the standard 
thermodynamic properties of the ternary intermediate compounds 
Ge2Bi2Te5, Ge3Bi2Te6, and Ge4Bi2Te7. 

Temperature dependences of EMF of type (1) cells for different alloys 
of the GeTe-Bi2Te3-Te system are given in Fig. 5. It is seen that the EMF 
temperature dependence increases linearly with temperature in the 
300–450 K range. Considering a linear connection between the EMF and 
temperature, the experimental data were analyzed using the least 
squares approach via OriginPro software. Experimentally obtained data 
for temperature (Ti,), EMF (Ei) and data associated with the calculation 
steps for different alloys of the studied system are listed in Supple
mentary data – Table S1–3. Only specified crystalline phases were used 
for measurements. 

To process the data from the EMF measurements, the procedure 
given in [37–39] is followed. The resulting linear equations of type (2) 
are reported in Table 2 in the following format, which is advised by the 
literature: 

E = a+ bT ± t
[(

u2
E/n

)
+ u2

b • (T − T)2 ]1/2
(2)  

In these equations, n is the number of pairs of E and T values; uE and ub −

are dispersions of individual measurements of EMF and constant b; T −
the average absolute temperature; t − the Student’s t-test. At the con
fidence level of 95 % and n ≥ 20, the Student’s t-test ≤ 2 [37–39]. Using 
the obtained equations of type (2) and the following thermodynamic 
expressions: 

ΔGGeTe = − zFE (3)  

ΔHGeTe = − z
[

E − T
(

∂E
∂T

)

P

]

= − zFa (4)  

ΔSGeTe = zF
(

∂E
∂T

)

P
= zFb (5)  

the relative partial molar functions of GeTe in the alloys of the studied 

system at 450 K were calculated. Obtained results are given in Table 3. 
Then, using information from Table 2 and the following equation, 

relative partial molar functions of germanium in the GeTe-Bi2Te3-Te 
composition area were calculated using expressions (6). It should be 
noted that the difference between the partial molar functions of 
germanium for the left and right electrodes of the cell type (1) corre
sponds to the relative partial molar functions of GeTe in alloys. 

ΔZGe(Ge-Bi-Te) = ΔZGe(GeTe)+ΔZGeTe(Ge-Bi-Te) (6) 

The thermodynamic values of germanium were taken from [40] in 
our calculations. Obtained results are listed in Table 4. 

Considering the stability of coexisting phase compositions in the 
studied phase regions, the standard integral thermodynamic functions of 
the ternary compounds − Ge2Bi2Te5, Ge3Bi2Te6, and Ge4Bi2Te7 were 
calculated using the virtual-cell reactions [37–39]. According to the 
solid-phase equilibria diagram shown in Fig. 1, the values of the relative 
partial molar functions of germanium in the different phase regions are 
thermodynamic functions of the following virtual-cell reaction expres
sions (7)-(9) (all substances in their stable crystallographic forms):  

Ge+GeBi2Te4+Te=Ge2Bi2Te5                                                          (7)  

Ge+Ge2Bi2Te5+Te=Ge3Bi2Te6                                                         (8)  

Ge+Ge3Bi2Te6+Te=Ge4Bi2Te7                                                         (9) 

In accordance with these reactions, the integral thermodynamic 
functions of the ternary compounds were calculated by equations below 
(10)-(15): 

Δf Z◦(Ge2Bi2Te5) = ΔZGe +Δf Z◦(GeBi2Te4) (10)  

Δf Z◦(Ge3Bi2Te6) = ΔZGe +Δf Z◦(Ge2Bi2Te5) (11)  

ΔZf
◦(Ge4Bi2Te7) = ΔZGe +Δf Z◦(Ge3Bi2Te6) (12)  

S◦(Ge2Bi2Te5) = ΔSGe + S◦(Ge)+ S◦(Te)+ S◦(GeBi2Te4) (13)  

S◦(Ge3Bi2Te6) = ΔSGe + S◦(Ge)+ S◦(Te)+ S◦(Ge2Bi2Te5) (14)  

S◦(Ge4Bi2Te7) = ΔSGe + S◦(Ge)+ S◦(Te)+ S◦(Ge3Bi2Te6) (15) 

The standard entropies of Ge (31.13 ± 0.30 J⋅K− 1⋅mol− 1), and Te 
(49.50 ± 0.21 J⋅K− 1⋅mol− 1) [41] and also thermodynamic data for 

Table 2 
Temperature dependences of the EMF for the cell of type (1) for alloys of the Ge- 
Bi-Te system in the temperature range of 300–450 K. Values of the coefficients a 
and b obtained through linear least squares analysis of the measured E vs. T 
values with the cell (1) at protective argon atmosphere p = 0.6⋅105 Pa; n is the 
number of experimental points used in the calculations (n ≥ 20); k − Student’s 
coefficient at 0.95 level of confidence*.  

Phase region E,mV = a + bT + tũE(T)

GeBi2Te4 + Ge2Bi2Te5 

+ Te 57.81 + 0.0385T ± 2
[1.2

30
+ 2.0 • 10− 5(T-376.7)2

]1/2 

Ge2Bi2Te5 +

Ge3Bi2Te6 + Te 35.81 + 0.0430T ±

2
[1.5

30
+ 2.5 • 10− 5(T - 376.7)2

]1/2 

Ge3Bi2Te6 +

Ge4Bi2Te7 + Te 20.78 + 0.0478T ±

2
[2.1

30
+ 2.1 • 10− 5(T - + 377.4)2

]1/2  

* Standard uncertainties u areuE = 0.8 mV, ua = 0.4, ub= 0.0039, uT= 0.85 K, 
uP= 10 kPa.  

Table 3 
Relative partial Gibbs energy (− ΔGGeTe), enthalpy (− ΔHGeTe), and entropy 
(ΔSGeTe) of GeTe in the alloys of the GeTe-Bi2Te3-Te system (298 K, p = 0.1 
MPa). The presented confidence intervals in this table are calculated for the 
expanded uncertainty with 0.95 level of confidence.  

Phase region − ΔGGeTe − ΔHGeTe ΔSGeTe, J/(K mol) 

kJ⋅mol− 1 

Ge2Bi2Te5 + GeBi2Te4 + Te 13.37 ± 0.08 13.37 ± 0.08 7.41 ± 0.86 
Ge3Bi2Te6 + Ge2Bi2Te5 + Te 9.39 ± 0.09 6.91 ± 0.37 8.32 ± 0.97 
Ge4Bi2Te7 + Ge3Bi2Te6 + Te 6.76 ± 0.08 4.01 ± 0.34 9.22 ± 0.89  

Table 4 
Relative partial Gibbs energy (− ΔGGe), enthalpy (− ΔHGe), and entropy (ΔSGe) 
of germanium in the alloys of the GeTe-Bi2Te3-Te system (298 K, p = 0.1 MPa). 
The presented confidence intervals in this table are calculated for the expanded 
uncertainty with 0.95 level of confidence.  

Phase region − ΔGGe − ΔHGe ΔSGe, J/(K mol) 
kJ⋅mol− 1 

Ge2Bi2Te5 + GeBi2Te4 + Te 66.24 ± 0.17 60.66 ± 0.73 18.7 ± 1.93 
Ge3Bi2Te6 + Ge2Bi2Te5 + Te 62.26 ± 0.18 56.41 ± 0.77 19.6 ± 1.97 
Ge4Bi2Te7 + Ge3Bi2Te6 + Te 59.63 ± 0.17 53.51 ± 0.74 20.5 ± 1.94  
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Bi2Te3 [42] were used in our calculations along with our experimental 
data (Table 4). These data are in good agreement with the data rec
ommended in well-known reference books [43–45]. Obtained integral 
thermodynamic quantities are tabulated in Table 5 together with our 
reported values in [29] and values obtained by authors of [30]. In all 
calculations, the estimated standard deviations were determined by the 
accumulation of errors. 

A comparison of our results with the data of [30] shows their sig
nificant discrepancy. At the same time, the numerical values of Δf G

◦ and 
Δf H

◦ presented by the authors of [30] are higher, and the standard 
entropies are much lower than our data. It should be noted that the 
values of the standard entropies according to the data of [30] are several 
times lower than the sum of the entropies of constituent elements or 
binary compounds, which is extremely unlikely. The studied compounds 
have complex crystal structures, which are characterized by high en
tropy values. On the other hand, the authors of [30] studied standard 
thermodynamic parameters of the ternary compounds using phase 
equilibria information of different concentration area − a four-element 
space exhibits the properties of phases of variable composition. We as
sume that it is the main reason why the obtained values in this work 
deviate to some extent from the values published by [30] since the phase 
relationship is quite different in this concentration area. 

4. Conclusion 

Here, the results of a complex study of a phase relationship in the 
GeTe-Bi2Te3-Te system at 400 K and thermodynamic parameters of 
GeTe-rich germanium-bismuth tellurides by powder XRD, SEM, and 
EMF method using liquid (the glycerol solution of KCl) electrolyte in 
300–450 K temperature range were reported. The partial molar func
tions of GeTe in the alloys of the GeTe-Bi2Te3-Te system were repro
duced by the calculations using obtained EMF data. These values and the 
partial molar functions of germanium in GeTe were used to determine 
the corresponding partial functions of germanium in the alloys. Stan
dard thermodynamic functions of formation and standard entropies of 
ternary compounds, namely Ge2Bi2Te5, Ge3Bi2Te6, and Ge4Bi2Te7 were 
calculated using determined virtual-cell reactions according to the solid- 
phase equilibrium diagram. 
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