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Abstract:

Due to the wide application of systems based on germanium ternary Bi-Ga-Ge and Bi-Ge-Zn
systems were experimentally tested in this study. Used experimental techniques were scanning
electron microscope with energy dispersive spectroscopy (SEM-EDS), x-ray diffraction (XRD)
and differential thermal analysis (DTA). Three groups of samples were prepared and tested.
Alloys were from two isothermal sections at 100 and 300 °C and three vertical sections.
Obtained results of experimental tests were compared with predicted phase diagrams.
Comparison of EDS and DTA results with calculated phase diagrams of the ternary Bi-Ga-Ge
system results in good agreement. While for Bi-Ge-Zn was necessary to introduce new ternary
parameters. Introduced ternary parameters were based on experimental results from this study.
The thermodynamic descriptions of the ternary Bi-Ga-Ge and Bi-Ge-Zn systems have been
developed by using CALPHAD method. Reasonable agreement between experimental data and

the calculated phase diagrams has been reached for both ternary Bi-Ga-Ge and Bi-Ge-Zn



systems. The liquid projection and invariant equilibria have been calculated by using obtained
thermodynamic parameters.
Keywords: phase diagram, Bi-Ga-Ge, Bi-Ge-Zn, liquidus projection.
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1. Introduction

Germanium and germanium based alloys are being investigated because they are used widely as
a phase change memory materials (PCM materials) [1-3]. Binary alloy Ge15Sb85 [4] and ternary
alloys such as GelSb4Te7, GelSb2Te4, Ge2Sb2Te5, and Ge3Sb2Te6 [5] were selected as
potential phase-change materials. The ternary alloy Ge2Sb2Te5 was shown to be most favorable
and this alloy appears to be suitable for use in memory devices. On the other hand germanium
based alloys are widely used in industry, for making different electronic and optoelectronic
devices [6,7], transistors, semiconductors, integrated circuits, etc. [8-11]. Germanium is also
important semiconductors, and the studies of phase relations in the semiconducting alloy systems
are essential for the development of new and the improvement of existing semiconductor
materials [12].It is known that the addition of Bi to Ge-based materials can significantly alter
their semiconducting properties and also lead to a development of entirely new types of
semiconducting materials [13]. In that sense, the knowledge of phase equilibria represents a
valuable tool. Due to the limited number of research related to multicomponent germanium
systems, it is necessary to test more systems based on germanium. Selected systems in this study
are based on Bi-Ge system since up to now there is limited number of studies of ternary systems

based on Bi-Ge-X (X=In,Sn,Sb,S1,Ag) alloys [14-17].
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In this work two ternary Bi-Ga-Ge and Bi-Ge-Zn systems were studied. Studied ternary alloys
were from isothermal section at 100 °C and 300 °C and three vertical sections for both ternary
systems. Experimental techniques were differential thermal analysis (DTA), scanning electron
microscopy (SEM) with energy dispersive spectrometry (EDS) and X-ray powder diffraction
(XRD). Experimentally determined results were used for thermodynamic modelling of the
ternary system.

Experimental results for alloys from ternary Bi-Ga-Ge were compared with calculated phase
diagrams of isothermal section at 100 °C and 300 °C and vertical sections and reasonable
agreement between calculated phase diagrams and experimental data was obtained.

In the ternary Bi-Ge-Zn it was necessary to introduce new ternary parameters for the liquid
phase. By adding new ternary parameters good agreement between calculated phase diagrams

and experimental results has been reached.

2. Experimental procedure

All ternary samples with total masses of about 3 g were prepared from elements high purity
(99.999 at. %) Bi, Ge, Ga and Zn produced by Alfa Aesar (Germany) in an induction furnace
under high-purity argon atmosphere (Table 1). The average weight loss of the samples during

induction melting was about 0.5 mass %.

Table 1. Sample table with the purities provided by the supplier and the samples are used as

received.



Samples were subjected for the SEM-EDS and XRD investigation were put into quartz glass
ampoules, sealed under vacuum and annealed at 100 °C for four weeks, and another group of
samples was annealed at 300 °C for four weeks. Upon annealing, the samples were immediately
quenched into ice water so as to retain the equilibrium compositions at designated temperatures.
The compositions of samples and coexisting phases were determined using JEOL JSM-6460
scanning electron microscope with energy dispersive spectroscopy (EDS) (Oxford Instruments
X-act). EDS has been calibrated with the external standard with registration number 7774 and
7775, produced by Micro Analysis Consultants Ltd., Cambridge, UK. Determination of overall
compositions of annealed samples was done by analyzing as large as possible surface of the
samples. The compositions of co-existing phases were determined by examining the surface of
the same phase at a different parts of the sample (at least five different positions of the same
phase are examined per phase).

Powder XRD data for phase identification of samples were recorded on a D2 PHASER (Bruker,
Karlsruhe, Germany) powder diffractometer equipped with a dynamic scintillation detector and
ceramic X-ray Cu tube (KFL-Cu-2K) in a 20 range from 10° to 75° with a step size of 0.02°. The
patterns were analyzed using the Topas 4.2 software, ICDD databases PDF2 (2013). The
instrument was calibrated with Bruker standard, Korundprobe A26-B26-S, beside this standard,
ten different powder elements (high purity elements bought from Alfa Aesar) were used as a
standard in process of calibration.

Phase transition temperatures were determined by DTA method by using DTG-60A series from
Shimadzu. Device were calibrated with high purity elements produced by Alfa Aesar (Al, Ag,
Bi, Ga, Ge, Sn, Sb, Zn, Ni). Alumina crucibles were used and measurements were performed

under flowing argon atmosphere The samples were placed in alumina crucibles and characteristic



temperatures were recorded under protective flowing Ar atmosphere (produced by MESSER)
during heating rate of 5 °C/min. Weights of the analyzed alloy samples were between 30 and 40
mg and a reference material was an empty alumina crucible. Determination of phase transition
temperatures from DTA results was carried out according to recommendations from the literature
[18,19]. The liquidus and temperatures of monovariant phase transitions were determined from
peak maxima while the solidus temperatures and the temperatures of invariant reactions were

determined from onset temperatures of the corresponding peaks.

3. Thermodynamic calculation of binary systems

Ternary Bi-Ga-Ge and Bi-Ge-Zn systems has not been experimentally investigated and
thermodynamically assessed up to now. However, constitutive binary Bi-Ga, Bi-Ge, Ga-Ge,Bi-
Zn and Ge-Zn systems were extensively studied in the past and reliable thermodynamic datasets
for these binary systems are available in the literature [20-24]. Optimized thermodynamic
parameters of these binary systems are from different source (binary Bi-Ge Chevalier [20],
binary Bi-Ga Girard [21], binary Ga-Ge Olesinski and Abbaschian [22], binary Bi-Zn Malakhov
[23] and binary Ge-Zn Chevalier [24]) and calculated binary phase diagrams are given in Figure

1.

Figure 1. Calculated binary phase diagrams a) Bi-Ge system [20], b) Bi-Ga system [21],

c) Ga-Ge system [22], d) Bi-Zn system [23] and e) Ge-Zn system [24].

Based on the literature information for binary sub-systems crystallographic data [25-28] for solid

phases are summarized in Table 2.



Table 2. Considered phase, their crystallographic data and database names for the phases of the

ternary Bi-Ga-Ge and Bi-Ge-Zn systems.

Based on the phase equilibria and crystallographic data for the constitutive binary systems in the
ternary Bi-Ga-Ge system should appear liquid phase and three solid solutions (Bi), (Ga) and
(Ge), and in ternary Bi-Ge-Zn system should appear liquid phase and three solid solutions (Bi),
(Ge) and (Zn). Since ternary system is not investigated before there is no information about

ternary compounds.

4. Experimental results

4.1. Ternary Bi-Ga-Ge system

Twelve ternary samples are tested with DTA method. Tested samples are from three vertical
sections Bi-GaGe, Ga-BiGe and Ge-BiGa. Temperatures of phase transformations are taken from
peaks according to the literature recommendations [18,19]. Results of the tests are summarized

in Table 3.

Table 3. Phase transition temperatures of the studied alloys from the ternary Bi-Ga-Ge system

determined by DTA at pressure p=0.1 MPa?.

On ten samples are detected three peaks, while on two samples four peaks are detected. It can be
notice that first detected peak of each sample have similar value of temperatures and it can be

assumed that detected temperatures are related to the same transformation. Second detected



temperature is ternary transition reaction while last detected temperature on all samples is
liquidus temperature. Experimental temperatures are compared with calculated vertical sections

(Figure 2).

Figure 2. Calculated vertical sections of the ternary Bi-Ga-Ge system compared with DTA

experimental results: a) Bi-GaGe, b) Ge-BiGa and c) Ga-BiGe.

From figure 2, can be notice good agreement with calculation and experimental results. From
calculation it is clear that first detected temperature of all samples is related to the same
transformation L—(Bi)+(Ga)+(Ge). By calculation temperature of ternary reaction
L—(Bi)+(Ga)+(Ge) is 29.57 °C and by experiment temperature is in range from 32.9 to the 37.6
°C.

As a next step five ternary samples annealed at 100 °C, were tested by using SEM-EDS and

XRD method. Results of tests are summarized in Table 4.

Table 4. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ga-Ge alloys
annealed at 7=100 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa (standard

uncertainty (u): u(p)=1 kPa).

According to the EDS and XRD results in all tested samples three same phases are detected.
Detected phases are (Bi1), (Ge) and L. EDS results shows that (Bi) solid solution is rich with
bismuth and dissolves neglected amount of other two elements, (Ge) solid solution is rich with

germanium and dissolves neglected amount of other two elements, and liquid phase dissolves



neglected amount bismuth and germanium. Microstructure of sample 2 annealed at 100 °C are

presented in Figure 3.

Figure 3. SEM micrographs of sample 2.

On given microstructures are marked detected phases by EDS and XRD tests. In presented
microstructure (Ge) solid solution appears as a dark phase, (Bi) solid solution as a gray phase
and liquid phase as a light phase.

Since samples were annealed at 100 °C, EDS composition of phases are compared with
calculated isothermal section at 100 °C. Figure 4, present comparison of EDS results from Table
4 and calculated isothermal section at 100 °C. EDS results on figure are marked with same
symbol but in different color. Different color is in order to distinguish EDS composition of

different samples.

Figure 4. Calculated isothermal section at 100 °C compared with EDS results given in Table 4.

Calculated isothermal section have three phase regions, two are two-phase regions (Bi)+L and
(Ge)tL, and one is three-phase region (Ge)+L+(B1). All experimentally tested samples are
located in three-phase region (Ge)+L+(Bi) same phase region as experimentally detected.
Experimental compositions of phases are in agreement with calculated compositions.

As a next step, five ternary samples annealed at 300 °C were tested with EDS and XRD. Results

of those tests are summarized in Table 5.



Table 5. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ga-Ge alloys
annealed at 7=300 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa (standard

uncertainty (u): u(p)=1 kPa).

As it is given in Table 5, in all tested samples same two phases are detected. Detected phases are
L and (Ge) solid solution. From EDS results it is detected that (Ge) solid solution is rich with
germanium and can dissolve neglected amount of gallium and bismuth. EDS result shows that L
phase have different composition depending on composition of the samples. So samples rich
with bismuth result to have L, phase rich with bismuth.

As an illustration one SEM microstructure of tested sample 4 is given in Figure 5.

Figure 5. SEM micrographs of sample 4.

From microstructure it is visible that (Ge) solid solution appears as a gray phase and L phase a
light phase.

Since tested samples are annealed at 300 °C, EDS results of tested samples are compared with
calculated isothermal section at 300 °C. Figure 6, presents calculated isothermal section at 300

°C compared with EDS results.

Figure 6. Calculated isothermal section at 300 °C compared with EDS results given in Table 5.

Calculated isothermal section at 300 °C consists of two phase regions. One is single phase region

and other is two-phase region L+(Ge). By comparing EDS composition of the tested samples it is

located that all samples are from two-phase region L+(Ge) same phases as experimentally



detected. EDS compositions of the phases are in good agreement with calculated compositions of
the phases.

Based on presented results it is not necessary to introduce new parameters for description of the
ternary Bi-Ga-Ge system. So used thermodynamic data set have been used for calculation of
liquidus projection and invariant reactions.

Figure 7, presents prediction of liquidus projection of the ternary Bi-Ga-Ge system with the

enlarged Bi-Ga rich region.

Figure 7. Liquidus projection of the ternary Bi-Ga-Ge system with the enlarged Bi-Ga rich
region.
Four fields of primary crystallization (L, (Ga), (Bi) and (Ge)) are visible on predicted liquidus
projection. Two invariant reactions were predicted of which one is ternary eutectic reaction and

other is ternary transition reaction. Details of reactions are listed in Table 6.

Table 6. Predicted invariant reaction of the ternary Bi-Ga-Ge system.

Calculated ternary eutectic reaction is experimentally detected with 12 samples tested by DTA

(see Table 3), and determined temperature of reaction is close to the calculated one.

4.2. Ternary Bi-Ge-Zn system

Twelve ternary samples were analyzed by using DTA. Chosen samples were from three different
vertical sections with four samples per vertical section. Determination of phase transition
temperatures from DTA results was carried out according to recommendations from the literature

[18,19]. The results of DTA studies are summarized in Table 7.



Table 7. Phase transition temperatures of the studied alloys from the ternary

Bi-Ge-Zn system determined by DTA at pressure p=0.1 MPa?.

From DTA results given in Table 7, it is detected that first detected temperature in all samples
belongs to the same phase transformation. Detected temperature in all samples is close one to
another and is in range from 246.1 to the 261.8 °C. Last temperature detected on DTA curve
belongs to the liquidus transformation and in the samples from vertical section Ge-BiZn it is
noticed trend that with the increase of germanium content in samples temperature increase
respectively. In samples from vertical sections Zn-BiGe it is noticed trend of decrease in
temperature with increasements of the Zn content in samples, respectively.

In next step, five samples annealed at 100 °C for four weeks, were tested with SEM-EDS and

XRD. Obtained results with those two techniques are presented in Table 8.

Table 8. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ge-Zn alloys
annealed at 7=100 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa (standard

uncertainty (u): u(p)=1 kPa).

In all five tested samples same three phases were detected. In all samples detected phases are
(Ge), (B1) and (Zn) solid solutions. Compositions of the detected phases in all samples are close
one to another. Detected (Ge) solid solution in all samples is rich with germanium and can

dissolve neglected amount of bismuth and zinc. Solid solution (B1i), is rich with bismuth. Third



detected is (Zn) solid solution rich with zinc with range of Zn from 98.63 to the 99.50 at. %, and
neglected solubility of Bi and Ge.
Since in all tested samples same phases are detected, one SEM microstructure of sample 2 is

presented in Fig. 8, with marked name of phases.

Figure 8. SEM micrograph of sample 2.

Figure 8 presents microstructure of sample 2 on which are marked three experimentally detected
phases. (Ge) solid solution is dark phase, (Zn) phase as a gray phase and (Bi) phase as a light

gray phase.

Five samples annealed at 300 °C were tested with SEM-EDS and XRD. Results of tests are given

in Table 9.

Table 9. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ge-Zn alloys
annealed at 7=300 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa (standard

uncertainty (u): u(p)=1 kPa).

With five tested samples two different phase regions were detected. Samples 1, 2 and 3 detected
three phases. Detected three-phase region is L+(Ge)+(Zn), solid solution (Ge) is rich with
germaniuma and (Zn) solid solution with zinc, and both are dissolve neglected amount of other

two elements. Detectd L phase in all three samples is rich with bizmuth in range from 86.29 to



the 87.39 at. % and residual are zinc and germanium. In samples 4 and 5, two same phases are

detected, L and (Ge) solid solution.

SEM microstrucutre of sample 4 is presented in Figure 9 as one ilustration.

Figure 9. SEM micrograph of sample 4.

Micrograph of sample 4, given on Fig. 9 have two phases in equilibrium, (Ge) solid solution as a
dark phase and L phase as a light gray phase.

The ternary system was thermodynamically assessed by CALPHAD method [29,30] using
Thermo-calc software package [31].

Thermodynamic parameters for constitutive binary systems were taken from literature [20,23,24]
and three vertical sections Bi-GeZn, Ge-BiZn and Zn-BiGe were extrapolated and compered
with experimental data of DTA given in table 7. After comparison it is noticed that
experimentally detected temperatures of liquid phase transformation are higher than calculated.
By comparing EDS result of tested samples at 100 and 300 °C and extrapolated isothermal
section at 100 and 300 °C it is not noticed difference in phase composition. Based on this
conclusion it is noticed that it is necessary to model Liquid phase and introduce new ternary
parameters for Liquid phase.

The ternary Liquid phase is treated as substitutional solution. The Gibbs free energy is expressed

by the Redlich-Kister-Muggianu polynomial [32]:

Gh = xpiGhi + X6eGle + x72nGon + RT (xpilnxp; + xgelnxge + xznlnxz,) + xpix g Lige



L L ex
+ XpiXznLBizn + XgeXznlGezn +  GBiGezn (1)

where xg;, Xge and xz, are molar fractions of elements Bi, Ge and Zn, respectively G%;, G%, and
G%, are the Gibbs energies of Bi, Ge and Zn in liquid phase. R is gas constant, T temperature, and
RT (xpilnxp; + xgelnxge + xznlnxz,) corresponds to the contribution of the ideal entropy of
mixing to the Gibbs energy. Lk;ge, Lhiznand Lk, 7, are interaction parameters from the

corresponding binary systems from literature [20,23,24]. Last term in equation 1 is the ternary

excess Gibbs energy, which is expressed as:
ex ~J, _ 0,1 1,1 2.0
GBiGezn = XBiXGeX 7, (XBi LBiGezn + XGe LBiGezn + Xzn LBiGezn 2)

0 1 2 ) .
Where L%;L-‘Ge‘zﬂ, Léi,Ge,Zand Léi,Ge'Zn are ternary interaction parameters expressed as
i e .
Lﬁi,Ge,Zn =a; + b;T. And a, and b, are model parameters to be optimized from the experimental

phases diagram and/or thermodynamic data.

Optimization of the parameters for liquid phase was conducted using the PARROT module [33]
based on a least square procedure.

Optimization was conducted by using DTA experimental data given in Table 7 and parameters
for Liquid phase.

The thermodynamic parameters for liquid phase obtained in this work are:
OLk: Gozn = 22601.36 — 35.07 T (3a)
LY Gezn = 22001.2 + 26.03 T (3b)

’Lk: Gesn = —9003.1 (3¢)



By using thermodynamic data for constitutive binary systems and new ternary parameter three
vertical sections, and two isothermal section were calculated in Pandat software an compared
with experimental results.

Experimentally obtained results of DTA were compared with calculated vertical sections and

given on Figure 10.

Figure 10. Calculated vertical sections of the ternary Bi-Ge-Zn system compared with DTA

experimental results: a) Bi-GeZn, b) Ge-BiZn and ¢) Zn-BiGe.

Reasonable agreement between calculated and experimental results is reached. So, presented

ternary parameters describe well vertical sections.

Further EDS results given in Table 8 are compared with calculated isothermal section at 100 °C.

Figure 11, presents calculated isothermal section at 100 °C compared with EDS results.

Figure 11. Calculated isothermal section at 100 °C compared with EDS results given in Table 8.

According to the calculation all tested samples are located in three-phase region (Ge)+(Zn)+(Bi)
same phase region as experimentally detected with all five samples. Good egrement between
experimental phase compositions and calculated compositon is reached.

Figure 12, presents comparison of calculated isothermal section at 300 °C compared with EDS

results given in Table 9.



Figure 12. Calculated isothermal section at 300 °C compared with EDS results given in Table 9.

Calculated isothermal section at 300 °C consists of three phase regions. Two phase regions are
two-phase L+(Ge) and (Ge)+(Zn), and one is three-phase region L+(Ge)+(Zn). Compared EDS
results with calculated isothermal section at 300 °C gives reasonable agreement.

Further liquidus projection was calculated and presented on Figure 13.

Figure 13. Liquidus projection of the ternary Bi-Ge-Zn system with the enlarged Bi-Zn rich
region.
Predicted liquidus projection consists of four fields of primary crystallization L, (Ge), (Bi) and

(Zn) and two invariant reactions (Table 10).

Table 10. Predicted invariant reaction of the ternary Bi-Ge-Zn system.

5. Conclusion

Two ternary systems are experimentally testes by DTA, SEM-EDS and XRD methods. In these
ternary systems by EDS test are not detect any new compounds. EDS results were compared
with calculated isothermal section at 100 °C and 300 °C, and good agreement is reached. DTA
results of 12 samples in both ternary systems were compared with corresponding calculated
vertical sections and good agreement is reached for Bi-Ge-Ga systems while for ternary Bi-Ge-
Zn experimental liquidus temperatures were higher. For good description of ternary Bi-Ge-Zn it
was necessary to introduce new ternary parameters for liquid phase. By adding new parameters

good description of the ternary system has been reached.
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Figure 1. Calculated binary phase diagrams a) Bi-Ge system [14], b) Bi-Ga system [15],

c¢) Ga-Ge system [16], d) Bi-Zn system [17] and e) Ge-Zn system [18].

Figure 2. Calculated vertical sections of the ternary Bi-Ga-Ge system compared with DTA
experimental results: a) Bi-GaGe, b) Ge-BiGa and ¢) Ga-BiGe.

Figure 3. SEM micrographs of sample 2.

Figure 4. Calculated isothermal section at 100 °C compared with EDS results given in Table 3.
Figure 5. SEM micrographs of sample 4.

Figure 6. Calculated isothermal section at 300 °C compared with EDS results given in Table 4.
Figure 7. Liquidus projection of the ternary Bi-Ga-Ge system with the enlarged Bi-Ga rich
region.

Figure 8. SEM micrograph of sample 2.

Figure 9. SEM micrograph of sample 4.

Figure 10. Calculated vertical sections of the ternary Bi-Ge-Zn system compared with DTA
experimental results: a) Bi-GeZn, b) Ge-BiZn and ¢) Zn-BiGe.

Figure 11. Calculated isothermal section at 100 °C compared with EDS results given in Table 7.
Figure 12. Calculated isothermal section at 300 °C compared with EDS results given in Table 8.
Figure 13. Liquidus projection of the ternary Bi-Ge-Zn system with the enlarged Bi-Zn rich

region.
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Table 1. Sample table with the purities provided by the supplier

Chemical name Source/stock no. Initial purity x(at.%)
Birod Alfa Aesar/ 35854 99.999
Ge pieces Alfa Aesar/10191 99.999
Zn ingot Alfa Aesar/00420 99.999
Ga ingot Alfa Aesar/ 10187 99.999

Table 2. Considered phase, their crystallographic data and database names for the phases of the

ternary Bi-Ga-Ge and Bi-Ge-Zn systems.
Thermodynamic Pearson Space Lattice parameters (A)? Ref.
Phase
database name symbol group a b ¢

LIQUID Liquid - -
DIAMOND_ A4 (Ge) | cF8 | Faam | 5.65675:0.00003 [25]
RHOMBO_A7 (Bi) hR2 R3m 4.535+0.002 4.535+0.002 11.814+0.006 | [26]
ORTHOIéiOMBIC— (Ga) | oS8 Cmca | 4.5197+0.0001 | 7.6633£0.0002 | 4.5260+0.0003 | [27]
HCP ZN (Zn) hP2 [ P6ymmc |  2.665+0.002 4.947+0.0001 | [28]

a Uncertainties reported inside the table are standard uncertainties, (0.68 level of confidence).

Table 3. Phase transition temperatures of the studied alloys from the ternary
Bi-Ga-Ge system determined by DTA at pressure p=0.1 MPa?.

1. identified phase

3. identified phase

.. 0 . . ..
Composition (at.%) transition 2. identified phase transition transition
Ternary Ternary
eutectic .. transition . Liquidus L
. . Coexisting . Coexisting Coexisting
nominal EDS? reaction hases reaction hases temperat hases
temperature p temperature p ure (°C)? p
(°Cy (°Cy
Vertical section Bi-GaGe
i i L, (Ge), L, L”,
B110Ga45Ge45 B110,03Ga44‘01Ge45_96 343 (Ga)( (B)l) 226.8 (Ge) (Bl) 724.3 L, (Ge)
1 1 L,’ Ge b L’, L,”
Bl30Ga35Ge35 B129'18Ga35<32Ge35'50 35.8 (Ga)( (B)l) 230.3 (Ge) (Bl) 712.0 L, (Ge)
1 1 L” Ge b L’, L”’
B150G325G625 B150'93G323<97G625,10 33.1 (Ga)( (B)l) 2271 (Ge) (Bl) 719.6 L, (GC)
1 1 L,’ Ge b L” L”,
BlgoGaloGelo B130'92Gag.71G610'37 34.9 (Ga)( (B)l) 229.2 (Ge) (Bl) 689.8 L, (GC)
Vertical section Ga-BiGe
i i L, (Ge), L, L,
B145Ga|0Ge45 B144,92Ga9,13Ge45,95 35.9 (Ga)( (eB)l) 2243 (Ge) (Bl) 815.4 L, (Ge)
i i L', (Ge), L, L7,
B135Ga30Ge35 B135,67Ga29,71Ge34,62 32.9 (Ga)( (B)l) 226.1 (Ge) (Bl) 729.5 L, (Ge)
i i L, (Ge), L,L”,
B120Ga60G620 B119'52Ga60'03G620'45 37.6 (Ga)( (}63)1) 2314 (Ge) (Bl) 585.2 L, (Ge)
. . L, (Ge), 196.9. L,
BisGagyGes Bis 7;Gagg 30Ges 97 36.8 (Ga). (Bi) (monovariant (Ge). (Bi) 370.8 L, (Ge)
’ transition) ’
Vertical section Ge-BiGa
BigGagGeyg | Biy 73Ga30.00Ge€1935 | 364 | L, (Ge), | 231.6 | L’,L”, | 624.5 | L, (Ge)




(Ga), (BY) (Ge), (BY)

BisoGasoGeso | Bisg 76Gas 13Gest 1 35.1 é;)(ﬁ% 226.6 ( ée)L(Bl) 7485 | L, (Ge)
BixGanGe | Bitos:GaosiGess as 36.1 (g;)(,G(eB)i’) 231.9 ( ée)L(Bl) 8204 | L,(Ge)
BijGawGeso | BiinosGaos:Gesoan 335 (E;)(,CEE){) 2276 (ée)L(Bl) 8846 | L.(Ge)

aStandard uncertainty (u) (0.68 level of confidence) calculated from repeated DTA measurements: for
invariant reactions: u(T)=1.5 °C; for monovariant phase transition: u(T)=2.8 °C; for liquidus
temperatures: u(T)=5.1 °C; u(p)=1 kPa; u(x)=0.1 at. %

Table 4. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ga-Ge alloys
annealed at 7=100 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa
(standard uncertainty (u): u(p)=1 kPa).

Composition | Determined phases | Compositions of phases (at. %)P Lattice parameters (A)°
N. | of samples (at. i
%)? SEM-EDS | XRD Bi Ga Ge a=b c

45.11 Bi (Bi) (Bi) 99.32+0.2 0.16+0.5 0.52+0.2 4.5567+£0.0006 | 11.8253+0.0003
1 3791 Ga L 1.09+0.3 98.57+0.2 0.34+0.8

16.98 Ge (Ge) (Ge) | 0.63:05 | 02207 | 99.15:0.7 | 5.6572+0.0004

13.02 Bi (Bi) (Bi) 98.85+0.7 0.40+0.1 0.75+0.4 4.5341+0.0002 11.8231+0.0001
2 65.97 Ga L 1.32+0.1 98.26+0.3 0.42+0.2

21.01 Ge (Ge) (Ge) | 086£05 | 051205 | 98.63:0.5 | 5.6543+£0.0004

23.99 Bi (Bi) (Bi) 99.32+0.2 0.37+0.3 0.31+0.5 4.5567+0.0001 11.8252+0.0006
3 41.94 Ga L 1.32+0.3 98.46:+0.5 0.22+0.4

34.07 Ge (Ge) (Ge) | 0.86+0.1 | 0.10:0.6 | 99.04+0.3 | 5.6565:0.0003

73.01 Bi (Bi) (Bi) 98.85+0.3 0.61+0.6 0.54+0.2 4.5342+0.0003 11.8229+0.0003
4 12.94 Ga L 1.55+0.3 97.94+0.2 0.51+0.1

14,05 Ge (Ge) (Ge) | 086+05 | 051203 | 98.63:0.5 | 5.6541:0.0006

42.08 Bi (Bi1) (Bi1) 98.85+0.2 0.81+0.5 0.34+0.7 4.5343+£0.0002 | 11.8230+0.0002
5 7.36 Ga L 1.55+0.3 97.94+0.1 0.51+0.5

50.56 Ge (Ge) (Ge) | 086£05 | 0.10203 | 99.04:04 | 5.6563£0.0007

aStandard uncertainty u(x)=0.1 at. % (0.68 level of confidence).
bUncertainties reported inside the table are standard uncertainties, (0.68 level of confidence).

Table 5 Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ga-Ge alloys
annealed at 7=300 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa
(standard uncertainty (u): u(p)=1 kPa).

N Composmoti of | Determined phases | Compositions of phases (at. %)? Lattice parameters (A)°
+ | samples (at. %)" SENTEDS [ XRD Bi Ge a=b=c

11.01 Bi L 18.46+£0.2 | 79.63+0.5 1.91+0.2

1 4401 Ga (Ge) (Ge) | 0.86£0.5 | 0.10:0.7 | 99.04+0.7 5.6529+0.0003
44.98 Ge
21.02 Bi L 23.71+£0.7 | 74.58+0.1 1.71+0.4

2 68.97 Ga (Ge) (Ge) | 0.86£05 | 0.51+0.5 | 98.63+0.5 5.65330.0006
10.01 Ge
40.99 Bi L 50.98+0.2 | 48.27+0.3 0.75+0.5

3 38.94 Ga (Ge) (Ge) | 0.63£0.1 | 022:0.6 | 99.15+0.3 5.6563+0.0008
20.07 Ge
65.08 Bi1 L 82.24+0.3 17.72+0.6 0.04+0.2

4 14.87 Ga (Ge) (Ge) 0.86+0.5 0.51+0.3 98.63+0.5 5.6543+0.0001
20.05 Ge
20.02 Bi L 46.57£0.2 | 52.53+0.5 0.90+0.7

5 19.42 Ga (Ge) (Ge) 0.86+0.5 0.10+£0.3 99.04+0.4 5.6554+0.0002
60.56 Ge




aStandard uncertainty u(x)=0.1 at. % (0.68 level of confidence).

bUncertainties reported inside the table are standard uncertainties, (0.68 level of confidence).

Table 6. Predicted invariant reaction of the ternary Bi-Ga-Ge system.

. Composition (mol)
T (°C Reaction Type -
(°C) yp x(Bi) x(Ga) x(Ge)
222.14 L+(Ge) —(Bi)+L Ul 0.6674 0.3317 0.0009
29.57 L—(Bi)H(Ge)(Ga) El 0.0013 0.9986 0.0001
Table 7. Phase transition temperatures of the studied alloys from the ternary
Bi-Ge-Zn system determined by DTA at pressure p=0.1 MPa?,
Composition (at.%) I 1dent1ﬁefl phase 2. identified phase transition % 1dent1ﬁ.e.d phase
transition transition
Ternary Ternary
eutectic Coexistin transition Coexistin, Liquidus Coexistin
nominal EDS® reaction hases & reaction hases & temperat hases &
temperature p temperature P ure (°C)? p
Oy Cy
Vertical section Bi-GeZn

i i L", (Ge), L, L”,
Bi,gGessZnas | Bijg13Gess 5204 35 259.3 (Zn)( (13)1) 375.8 (Gor. (Za) 727.3 L, (Ge)

i i L", (Ge), L, L”,
Bl30Ge35Zn35 8129_11G635‘87Zn35'02 261.8 (Zn)( (13)1) 378.3 (Ge) (Zn) 762.9 L, (Ge)

. . L", (Ge),

BigoGexZny | Bigos7Ger0.90Zn1521 260.1 (Zn)( (13.)1) - - 728.6 L, (Ge)
BigGesZns Bigg 92Ges 73204 35 246.1 (]21;)(%;)1’) - - 609.7 L, (Ge)
Vertical section Ge-BiZn

1 1 L”) G b L,’ L”’

B140G620Zn40 B140,]8Ge|9‘912n39'91 2594 (le)( (]g)l) 379.6 (Ge) (Zn) 649.5 L, (Ge)
i i L", (Ge), L, L,

B130Ge4OZn30 B129'55G€39‘522n30'93 261.1 (Zl’l)( (]g)l) 381.6 (GC) (Zn) 788.5 L, (Ge)
i i L", (Ge), L,L”,

BlzoGCéoano B120'73G€614012n18'26 255.9 (Zl’l)( (]g)l) 393.9 (Ge) (Zn) 829.4 L, (Ge)
i i L", (Ge), L, L,

BlloGegoznlo B19'35GC79_13ZI111'52 246.5 (Zn)( (]g)l) 399.6 (GC) (Zl’l) 861.6 L, (Ge)

Vertical section Zn-BiGe

. . L, (Ge), 3283 L,

B145Ge45Zn10 B144A13Ge44492Zn1095 260.9 (Zn) (Bl) (mOHOVarlant (Ge) (Zn) 821.6 L, (Ge)

’ transition) ’

i5sG i35.:G 261.9 L (Go), : i 83.1 G

BizsGessZngg | Biss s0Ge3q 712009 47 . (Zn), (Bi) 783. L, (Ge)
ir5G ip4.15G 246.6 L. (@), - - 679.4 G

BiysGeasZnsg | Biag15Gers 0sZnso 77 . (Zn). (Bi) 79. L, (Ge)
. . L", (Ge),

BiisGeisZnyg | Biisg1Gers19Zngs 90 250.6 (Zn)( (13)1) - - 536.7 L, (Ge)

aStandard uncertainty (u) (0.68 level of confidence) calculated from repeated DTA measurements: for
invariant reactions: u(T)=1.5 °C; for monovariant phase transition: u(T)=2.9 °C; for liquidus

temperatures: u(T)=4.6 °C; u(p)=1 kPa; u(x)=0.1 at. %

Table 8. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ge-Zn alloys
annealed at 7=100 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa




(standard uncertainty (u): u(p)=1 kPa).

Composition Determined phases Compositions of phases (at. %)° Lattice parameters (A)°
N | ofsamples | qpy pps | XRD Bi Ge Zn a=b c
(at. %)?
17.11 Bi (Bi) (Bi) 99.12+0.3 | 0.06+0.4 0.82+0.2 4.5534+0.0003 | 11.8251+0.0002
1 42.9 Ge (Ge) (Ge) 0.92+0.2 | 98.24+0.2 | 0.84+0.7 5.6553+0.0003
39.99 Zn (Zn) (Zn) 0.53+0.6 0.02+0.5 | 99.45+0.6 | 2.6637+0.0001 | 4.9476+0.0006
23.02 Bi (Bi) (Bi) 99.15+£0.5 | 0.30+0.3 0.55+0.4 4.5535+0.0006 | 11.8254+0.0006
2 59.97 Ge (Ge) (Ge) 0.32+0.3 | 99.16+0.1 0.52+0.3 5.6566+0.0003
17.01 Zn (Zn) (Zn) 0.65+0.5 0.64+0.5 | 98.71+0.3 | 2.6619+0.0007 | 4.9446+0.0001
29.99 Bi (Bi) (Bi) 98.99+0.2 | 0.45+0.2 0.56+0.3 4.5523+0.0004 | 11.8242+0.0006
3 15.94 Ge (Ge) (Ge) 0.32+0.5 | 99.26+0.5 | 0.42+0.4 5.6573+0.0006
54.07 Zn (Zn) (Zn) 0.56+0.1 0.14+0.6 | 99.30+£0.1 | 2.6631+0.0001 | 4.9465+0.0005
61.01 Bi (Bi) (Bi) 99.55+0.3 | 0.15+0.6 0.30+0.2 4.5545+0.0002 | 11.8255+0.0004
4 16.94 Ge (Ge) (Ge) 0.59+0.3 | 98.94+0.2 | 0.47+0.1 5.6561+0.0006
22.05 Zn (Zn) (Zn) 0.36+0.5 0.11£0.3 | 99.53+0.5 | 2.6641+0.0004 | 4.9483+0.0006
15.08 Bi (Bi) (Bi) 98.97+0.2 | 0.55+0.5 0.48+0.7 4.55214+0.0003 | 11.8236+0.0003
5 4.76 Ge (Ge) (Ge) 0.34+0.3 | 98.94+0.1 0.72+0.5 5.6561+0.0001
80.16 Zn (Zn) (Zn) 0.74+0.5 0.40+0.3 | 98.86+0.4 | 2.6621+0.0006 | 4.9454+0.0001

2aStandard uncertainty u(x)=0.1 at. % (0.68 level of confidence).
bUncertainties reported inside the table are standard uncertainties, (0.68 level of confidence).

Table 9. Combined results of SEM-EDS and XRD analyzes of the selected Bi-Ge-Zn alloys
annealed at 7=300 °C (standard uncertainty (u): u(T)=1.0 °C) at pressure p=0.1 MPa

(standard uncertainty (u): u(p)=1 kPa).

Composition Determined phases | Compositions of phases (at. %)° Lattice parameters (A)®
N. °fsa“;/f)lfs (at. SE%Né XRD Bi Ge Zn a=b c
15.11 Bi L 87.39+0.5 | 0.20+0.3 12.41£0.8
1 54.86 Ge (Ge) (Ge) | 0.12£0.2 | 99.46+0.1 | 0.42+0.3 | 5.6533+0.0001
30.03 Zn (Zn) (Zn) | 081404 | 0.7440.6 | 98.45£0.3 | 2.6612+0.0003 | 4.9437+0.0005
30.02 Bi L 87.55+0.6 | 0.10+0.3 12.35+0.2
2 9.97 Ge (Ge) (Ge) 0.224+0.2 | 99.38+0.1 | 0.40+0.2 5.6527+0.0007
60.01 Zn (Zn) (Zn) 0.71£0.6 0.17+0.6 | 99.12+0.5 | 2.6629+0.0002 | 4.9446+0.0006
45.10 Bi L 86.29+0.2 | 0.65+0.1 13.06+0.3
3 14.83 Ge (Ge) (Ge) 0.21£0.4 | 99.40+0.5 | 0.39+0.4 5.6529+0.0005
40.07 Zn (Zn) (Zn) | 0.56£0.1 | 0.14£0.6 | 99.30+0.5 | 2.6636+0.0004 | 4.9465+0.0001
61.01 Bi L 90.65+£0.3 | 0.15+0.6 9.20+0.2
4 38.68 Ge (Ge) (Ge) 0.59+0.3 | 99.04+0.2 | 0.37+0.1 5.6522+0.0007
0.31 Zn
82.08 Bi L 93.97+0.1 0.55+0.4 5.48+0.8
5 17.21 Ge (Ge) (Ge) 0.34+0.2 | 98.94+0.2 | 0.72+0.4 5.6516+0.0002
0.71 Zn

aStandard uncertainty u(x)=0.1 at. % (0.68 level of confidence).
bUncertainties reported inside the table are standard uncertainties, (0.68 level of confidence).

Table 10. Predicted invariant reaction of the ternary Bi-Ge-Zn system.

o . Composition (mol)
T (°C) Reaction Type x(Bi) x(Ge) x(Zn)
389.19 L—L+(Zn)+(Ge) El 0.6678 0.0125 0.3197
254.44 L—(Zn)+(Ge)+(Bi) E2 0.9186 0.0003 0.0811
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Highlights

» Experimental investigation of the phase transformations temperatures.
» Experimental investigation of phase equilibria at 100 °C and 300 °C.

» Thermodynamic optimization of Bi-Ge-Zn liquid phase.

» Calculated liquidus surface projection and determined invariant reaction.

» Good agreement of calculation and experimental data is reached.



