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Abstract

In this paper, we present the preparation of a bulk material with a composition of 80GeTe,-20Ga,Te;
by combining mechanosynthesis and sintering. This composition cannot be prepared by conventional
melt/quenching technique. The progressive evolution of the powder during ball milling is followed by
XRD and DSC analysis. The final powder obtained is highly crystalline but a glass transition
temperature is observed, indicating the presence of some amorphous phase remaining, allowing for its
efficient sintering. By hot pressing, a dense bulk material with a fine microstructure and a high
electrical conductivity is obtained. The synthesis method described represents a simple and cost
effective way to produce tellurium-based materials of desired dimension with potential applications
for optical storage or thermoelectric devices.

Introduction

Due to their particular properties, tellurium-based materials are used within a large field of
applications. For example, the semiconductor behavior of CdTe is exploited for the production of solar
panels [1, 2], the rapid and reversible amorphous-to-crystalline phase change of some Ge-Sb-Te or Te-
Pd based films is used to produce memory chips or optical disks for data storage [3-8], and materials
such as Bi,Te; [9-11] or PbTe [12, 13] are reference materials for thermoelectric applications. Also,
the high refractive index of some telluride glasses associated to their extended transparency in the far
infrared up to 20-25 pm make them of paramount interest for the production of optical fibers for far
infrared detection for medical or spatial purposes [14-17]. Yet, tellurium-based glasses are often
unstable towards crystallization [18]. Therefore, their synthesis using the conventional melt/quenching

technique is very demanding and represents a major limitation to their use.
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Amongst chalcogenide glasses, the 80GeX,-20Ga,X; (or Ge,zsGargXes7) cOmposition from the Ge-
Ga-X systems, where X is a chalcogen elements (i.e. X =S, Se or Te), has revealed to be of particular
interest. Indeed, the 80GeS,-20Ga,S; [19, 20] and 80GeSe,-20Ga,Se; [21, 22] glasses show a
controllable crystallization behavior, enabling the production of glass-ceramics with enhanced
mechanical properties while keeping a good transparency in the infrared up to 11um and 16 pm,
respectively. Thus, the 80GeTe,-20Ga,Te; composition could logically appear as promising for the
preparation of mechanically enhanced glass-ceramics with a transmission range extended further in the
infrared, up to more than 20 um. However, contrary to the Ge-Ga-S and Ge-Ga-Se systems, the
80GeX,-20Ga, X5 composition in the Ge-Ga-Te system is located outside the glassy domain, as can be
seen on Fig. 1. Thus, while amorphous 80GeS,-20Ga,S; and 80GeSe,-20Ga,Se; glasses can be
prepared by the conventional melt/quenching technique, amorphous 80GeTe,-20Ga,Tes cannot be
obtained because the cooling rate achieved during the quenching step of the melt/quenching technique
in sealed silica ampoule is insufficient to avoid the crystallization of the material, and the materials
synthesized by this technique are fully crystallized and very brittle. This inherently prevents the study
of 80GeTe,-20Ga,Te; materials for IR optical applications, despite the potential interest that could be
expected from the trends observed by the studies of the 80GeS,-20Ga,S; and 80GeSe,-20Ga,Se;
compositions [19-22].

Recently, the possibility of preparing 80GeSe,-20Ga,Se; bulk glasses and glass-ceramics by
combining mechanical alloying via ball milling (mechanosynthesis) and sintering has been proven
[23]. This technique, which does not involve melting and quenching and thus avoids crystallization
during quenching, allows the manufacture of bulk amorphous samples with higher dimensions as
compared to those prepared by the melt/quenching technique. As the energy involved during
mechanical milling is greater than that provided during melting, mechanosynthesis might also allow a
broadening of the glassy domain and the synthesis of amorphous compositions that cannot be
prepared by the conventional synthesis way [24]. Therefore, this synthesis way combining mechanical
milling and sintering appears as a promising way to prepare amorphous 80GeTe,-20Ga,Te; which
cannot be obtained by melt/quenching. The preparation of this material, its properties and potential

applications, have been investigated in this paper.



Experimental Procedure

Powder synthesis

Chalcogenide powders of composition 80GeTe,—20Ga,Te; were prepared by mechanical alloying by
introducing stochiometric amounts of pure raw metallic germanium (5N, Umicore), gallium (6N,
Cerac) and tellurium (5N, Umicore) in the form of solids chunks of about 2 mm of diameter in a
tungsten carbide (WC) grinding jar containing 6 WC milling balls. The amount of powder prepared
was 20 grams, giving a ball-to-powder weight ratio of 19:1. The jar was introduced into a planetary
ball mill (Retsch PM100) placed in a glove box under argon atmosphere to reduce potential
contaminations by oxygen and water. Rotation cycles of 3 min at 300 rpm were scheduled with
direction reversal and a pause of 3min between each cycle. Powder samples were regularly collected
from the jar for analyses. After each sample collection at 20 h, 40 h, 60 h and 80 h, the jar was re-
sealed and the milling was pursued. The total duration of milling is 100h.

Powder sintering

The bulk sample was prepared by introducing 2 grams of the powder milled for 100 h in a stainless
steel die of 20 mm inner diameter. The walls of the die were previously covered with a layer of boron
nitride powder to avoid sticking of the chalcogenide powder. Boron Nitride powder was diluted in
laboratory grade ethanol and the solution was applied with a paintbrush over the walls of the die. The
die was then left to dry in air atmosphere, leaving a thin and uniform layer of BN powder on the
surface. The die was introduced into a hot uniaxial press evacuated under primary vacuum. The
temperature was raised up to 400 °C in 60 min (heating rate of 6°C/min) with a pressure applied of 2
tons. The temperature of 400°C corresponds to the maximum temperature that can be achieved on the
hot press utilized. This temperature is higher than the glass transition temperature Tg of the powder
sintered and the results presented hereafter show that it is enough for obtaining a good sintering. The
temperature was kept at 400°C for 2 h, and then slowly decreased to room temperature with a cooling
rate of 4°C/min. The pressure was released after the 2h sintering dwell, at the beginning of the cooling
process.

Materials characterization




The thermal properties of the powder taken out from the jar at different milling durations were
analyzed by differential scanning calorimetry on 10 mg of powder using a ramp of 10°C/min (DSC
Q20, TA Instruments). The glass transition temperature Tg and the crystallization temperature were
defined as the intersect of the endothermic change in slope on the thermogram and the onset of the
exothermic peak, respectively, with an accuracy of +1°C.

The evolution of the powder with mechanosynthesis duration was analyzed by carrying out X Ray
Diffraction (XRD) analysis using a PANalytical X Pert Pro diffractometer (Cu Ka 1.54181&).

The microstructure of the bulk sample prepared was observed using SEM (FEG-SEM JEOL 7400F).
The crystalline phases were analyzed by XRD analysis of a polished disc. The density of the sintered
material was measured using Archimede’s double weighing technique with an accuracy of +0.03
Kg/m®,

The measure of the resistivity (p) was performed using the four-point probe technique with an applied
current of 100 mA. The accuracy of the measurement is £7 %. The electrical conductivity ¢ was
calculated from value of the resistivity (c=1/ p).

Results

Powder characterization

Fig. 2 shows the evolution of the XRD patterns measured on the powder as a function of the milling
duration. After 20 h of milling, the XRD pattern shows sharp diffraction peaks, but a broad peak
characteristic of the presence of some amorphous phase in the powder is also observed. It is important
to emphasize that no amorphous phase can be obtained by the melt/quenching technique. The sharp
diffraction peaks observed on the XRD spectrum correspond to the crystalline phases GeTe (ICDD
card 00-047-1079), Ga,Te; (ICDD card 00-035-1490) and Ga,Tes (ICDD card 00-031-0549). Some
peaks corresponding to a pure crystalline Ge phase (ICDD card 00-004-0545) are also observed,
indicating that the germanium is not fully reacted after 20 h of milling. With increased milling
duration, the peaks corresponding to the pure Ge progressively vanish, indicating a progressive micro-
structural evolution of the powder and the progressive incorporation of the germanium. Moreover, the

patterns progressively flatten, indicating a gradual decrease in the amount of amorphous phase within



the powder. After 100 h of milling, the Ge has fully reacted, and the XRD pattern of the powder only
shows diffraction peaks corresponding to the GeTe, Ga,Te; and Ga, Tes phases.

As can be seen on the DSC measurements performed on the powder as a function of the milling time
(Fig. 3), a glass transition temperature is observed at 180°C for the powder milled for 20 h. This
confirms the presence of an amorphous phase in the 80GeTe,-20Ga,Te; powder. For longer milling
duration, the intensity of the crystallization peak located around 200°C progressively diminishes. The
DSC measurements were carried out on the same amount of powder (10 mg), for each sample
collected after different milling duration. The thermodynamic phenomena observed can therefore be
guantitatively compared to each other. The diminution in the intensity, i.e. the area under the
crystallization peaks, is due to a diminution in the amount of the heat required to ensure the transition
from amorphous to crystalline phases. The amounts of powder analyzed being the same, samples
presenting lower values of crystallization peak intensities possessed lower initial amount of crystalline
phase (thus less heat is necessary during the crystallization process). It can therefore be concluded that,
with increased milling duration, the decreased intensities in the crystallization peaks observed in Fig 3.
is a result of a lower amount of initial amorphous phase, meaning that progressive crystallization
occurred as the milling duration increases. This observation is in agreement with the increase in
crystallinity of the powder with increased milling time previously observed on the XRD analysis.
However, it has to be emphasized that the observation of a crystallization peak even after 100 h of
milling clearly indicates that a small amount of amorphous phase remains in the powder.

Bulk sample characterization

The previous results showed the high crystallinity of the powder obtained after 100 h of milling.
However, DSC measurements showed the presence of some residual amorphous phase. Heating the
remaining vitreous phase above Tg allows reaching viscosities low enough to enable the sintering of
the powder and ensure a good cohesion between the different grains by binding crystalline grains
together. The powder obtained after 100 h of milling has thus been sintered by hot pressing, and the
bulk material obtained is shown in Fig. 4-a. The sample, with a diameter of 20 mm and 0.75 mm thick
has a density of 6.03 g.cm™. The sintered material presents good mechanical properties allowing its

handling by operators without breakage, cracks or failure during the analyses. After polishing, the



obtained material has a shiny metallic aspect, similar to glasses from the system Ge-Ga-Te obtained by
melt/quenching [18]. However, the sintered sample does not present any optical transmission.
Therefore, the 80GeTe,-20Ga,Te; composition shows no interest for optical applications in the
infrared range. Nonetheless, numerous opaque Te-based materials are employed for other applications
such as thermoelectric materials or rewritable discs, which are discussed in more details in the
following section.

The SEM observation of the sintered material (Fig. 4-b and 4-c) confirms the important crystallinity of
the sample. The images reveal the presence of crystals of about 1 um. A very low residual porosity is
observed, indicating a high densification rate during the sintering. It has to be noted that no
contamination by the boron nitride powder employed during sintering was observed on the polished
sample after visual and SEM observation, as well as XRD analysis.

Fig. 5 shows the XRD pattern measured on the powder before sintering and on the bulk 80GeTe,-
20Ga,Te; ceramic. The sintered sample shows more intense and sharper diffraction peaks, indicating a
crystal growth phenomenon during sintering. The crystalline phases GeTe, Ga,Te; and Ga,Tes are
present before and after sintering of the powder. The XRD pattern of the bulk ceramic also shows four
additional crystalline peaks in comparison to the non-sintered powder. Therefore, an additional phase
has precipitated during the sintering. This phase has been identified as pure metallic tellurium (ICDD
card 01-085-0560). The precipitation of Te nanodots has been observed in other studies about
sintering of tellurium-based powders [25].

The value of electrical resistivity measured on the bulk ceramic is p = 7.5x10° Q.m, corresponding to
a value of electrical conductivity of = 1.33 x 10° S.m™.

Discussion

We demonstrated a simple and cost-effective way to produce bulk materials that cannot be produced
by the melt/quenching technique. From the analyses performed and the characteristics of the sintered
ceramic, it can be concluded that the powder produced by ball milling is highly crystalline, but a small
amount of amorphous phase remains, as can be seen on the DSC curves in Fig 3. This phase accounts
for the successful sintering of the powder at a temperature higher than its Tg. As no binder is added to

the powder before its sintering, the production of a dense, bulk material after this step is due to the



presence of this phase, which ensures the cohesion of the grains together within the ceramic. The
initial aim of this study was the production of materials for optical infrared applications, tellurium-
based chalcogenide glasses showing extended transparency up to 20 um in the infrared range [14, 18].
Despite optical measurements performed on the sintered 80GeTe,-20Ga,Te; ceramic showed no
optical transmission, the other properties measured on this material could make them interesting for
different applications.

On the one hand, this ceramic contains microcrystals of GeTe and Ga,Tes. Bruns et al [26] for GeTe,
and Zhu et al [27] for Ga,Tes, notably, have shown that these two phases have fast and reversible
crystalline-amorphous-crystalline transformations and are consequently of great interest for phase
change random access memory (PCRAM) devices. Furthermore, the synthesis way described in the
present study allows for controlling the final geometry of the sintered sample, by adjusting the
sintering parameters (amount of powder introduced into the die, geometry of the die), and devices
could be sintered to the desired final dimensions. Therefore, the synthesis of crystals of GeTe and
Ga,Te; on the micron and submicron scale and their integration within bulk materials designed for
PCRAM devices represents a potential application for germanium-gallium-tellurium ceramics
prepared by ball milling and sintering. The ceramic prepared in this study contains a mix of different
crystalline phases. It would be interesting to adjust the initial stoichiometry of the elements introduced
in the milling jar in order to precipitate one specific phase. This work will be part of a subsequent
study.

On the other hand, the electrical conductivity of the sintered ceramic could represent a major
advantage for thermoelectric applications. In fact, the efficiency of thermoelectric devices is defined
by its zT value, calculated from the equation zT = 6S*T/x where o is the electrical conductivity, S is
the Seebeck coefficient, T is the temperature, and « is the thermal conductivity [28]. It appears from
this equation that high values of electrical conductivity and low values of thermal conductivity are
sought for high zT values. One of the reference materials for thermoelectric applications near room
temperature is Bi,Tes. Recent studies, notably by Zhao et al. [29, 30], have demonstrated the
possibility to produce Bi,Te; bulk materials by sintering with SPS a powder prepared by mechanical

alloying (ball milling). They showed that the final properties of the material are dependent on the



sintering parameters (temperature and pressure [29], annealing [30]). The electrical conductivities
measured on their materials, depending on the sintering parameters, range from 0.7 to 1.4 x 10° S.m™
at room temperature. The electrical conductivity of the sintered 80GeTe,-20Ga,Te; ceramic (o = 1.33
x 10° S.m™ at room temperature is therefore comparable to the electrical conductivity of the reference
Bi,Te; when prepared by ball milling and sintering.

The thermal conductivity k can be divided into two parts: the electronic and the lattice part. In the case
of our study, it was not possible to measure the thermal conductivity of the sintered material.
However, studies have shown that the lattice part of the thermal conductivity is controlled by diffuse
and inelastic scattering processes at interfaces and can be reduced by introduction interfaces within the
material [31, 32]. The importance of an effective interface electron-phonon carrier charge transfer in
the observed thermoelectric properties for Bi,Te; materials was confirmed in a study by Kaddouri et al
[33]. The ceramic prepared in this study shows a fine microstructure with a grain size of about 1 um
(Fig 4), which implies a large number of interfaces, favoring low lattice contribution of the thermal
conductivity. This would therefore tend to decreased thermal conductivities, thus increased zT and
better thermoelectric properties.

It is worth noting that a reduction of the grain size to some tens of nanometers within the sintered
material would be beneficial for thermoelectric applications. As mentioned previously, the efficiency
of thermoelectric materials is dependent on the thermal conductivity of the material and consequently
to the phenomena at the interfaces within the material. Increasing the interface area would lead to
reduced thermal conductivity and more efficient thermoelectric properties [31, 32]. The amount of
interface is related to the microstructure of material, and greater interface can be achieved by a
reduction of the grain size within the sintered sample. Such a reduction of the grain size can be
obtained by using an initial powder with a finer grain size distribution, by varying the ball milling
parameters and/or by sieving. One key factor in the grain size of the final bulk microstructure is grain
growth during sintering. Grain growth is favored with prolonged sintering duration at higher
temperatures [34]. To have finest possible grain size, it thus appears necessary to reduce sintering time
and temperature. In that respect, the Spark Plasma Sintering (SPS) technique could be of great interest,

as it allows for very short sintering times and reduced temperatures, and can suppress grain growth



phenomena to some extent [35]. Moreover, this technique has already proven being efficient for the
preparation of chalcogenide glasses and glass-ceramics [23], as well as for thermoelectric materials
[25, 36, 37]. In order to obtain materials with finer grain microstructure and increase their interest for
thermoelectric applications, Spark Plasma Sintering therefore appears as a technique of choice to
sinter the germanium-gallium-tellurium powders prepared by ball milling.

Conclusion

The simple and cost effective technique presented in this study, combining mechanosynthesis and hot
pressing, opens the way towards the production of germanium-gallium-tellurium ceramics that cannot
be prepared by the conventional melt/quenching technique. By using ball milling and hot pressing, we
demonstrated the possibility of producing a chalcogenide polycrystalline material with a starting
composition of 80GeTe,—20Ga,Te;. Ball milling of the raw starting elements yield a highly crystalline
powder with a small amount of amorphous phase, while no amorphous phase is obtained when using
the conventional melt/quenching technique. This remaining vitreous phase allowed for the good
sintering of the powder. The bulk material obtained, while being optically opaque, possesses
properties that make it interesting for other applications. On the one hand, the high electrical
conductivity and the fine microstructure of the sintered ceramic are major advantages for
thermoelectric applications. On the other hand, the GeTe and Ga,Te; crystalline phases identified
within the material can find applications in PCRAM applications due to their rapid crystalline-
amorphous-crystalline transitions. The microstructure of the material is a key parameter for these
applications and it has been demonstrated that reducing grain size is essential. In that respect, using
Spark Plasma Sintering appears as a promising way to produce germanium-gallium-tellurium ceramics
with enhanced thermoelectric properties.
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Captions

Figure 1: Glassy domain for the Ge-Ga-X systems with X =S, Se, Te [18, 22, 25]

Figure 2: XRD patterns measured on the powder as a function of the milling duration

Figure 3: DSC curves measured on the powder as a function of the milling duration

Figure 4: a) Bulk material obtained by sintering of the powder milled for 100h, b) and c) SEM
observation of the microstructure

Figure 5: XRD pattern of the powder before sintering and of the sintered material



