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ABSTRACT:

Zirconium pentatelluride (ZrTes) single crystal has recently received significant attention
because of its quantum electronic transport properties and is regarded as a promising candidate
for low-temperature thermoelectric cooling and spintronic applications. However, single crystal
of ZrTes has generally small sizes and can only be produced in small quantities using a
complicated process, whereas ZrTes polycrystals are easily produced and their properties are
easily adjusted. In this study, we focus on the magneto-transport properties at low temperatures
of nanocomposites of ZrTes produced using both hand-milling and ball-milling processes to
investigate the impact of microstructure. The ball-milled sample shows a low thermal
conductivity of 1 W.m™.K™, which is almost a constant below 300 K. However, due to its small
grain sizes, the electron mobility is significantly decreased, thus their thermoelectric
performances are not as good as that of the hand-milled sample. Also, below 25 K, the resistivity
and the Seebeck coefficient of the ball-milled sample are decreased, which is associated with the
energy barrier at their grain boundaries. Due to the larger grain sizes and fewer defects in the
hand-milled sample, the external magnetic field shows a significant influence on its
thermoelectric properties at low temperatures. These results indicate that polycrystalline ZrTes

with large grain sizes may exhibit similar quantum properties as those of single crystals.
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1. INTRODUCTION

Thermoelectric coolers (TECs) use the Peltier effect to create a temperature gradient when an
electric current is applied through the material [1], whereas thermoelectric generators (TEGS) are
based on the reverse of the Seebeck effect. Although the TEGs work at relatively high
temperatures to convert the heat gradient into electricity, they also work at low temperatures as
effective refrigeration devices [2]. Their performance can be estimated by the figure of merit:
ZT = S?T /(pk), where S is the Seebeck coefficient, p the electrical resistivity, k the thermal
conductivity and T the absolute temperature. Over the past twenty years, various types of TECs
have been extensively studied because they are reliable, compact, without liquid or vibrations
and environment friendly, and have advantages over the traditional cooling systems [3,4]. TECs
have many applications, not only in microelectronic devices [5-8], but also in air conditioning
[9,10] and wearable cooling system [11].

Single crystal of zirconium pentatelluride (ZrTes) has long been regarded as a potential
candidate for the TECs because its power factor maintains a high value when the temperature
decreases [12-14]. For example, Guo et al. recently showed that the ZT value of ZrTes
nanoribbons is increased up to five times with a decrease of their thicknesses if compared with
those of bulk crystals [15]. Zhang et al. also reported that nanostructured ZrTes crystals exhibit
one order magnitude reduction in the thermal conductivity compared to the conventional crystals
[16]. Over the past a few years, ZrTes single crystal has received significant attention due to its
exceptional topological properties. It is proved to be a two-dimensional topological insulator
with a quantum spin Hall effect [17-19] and it displays behaviors of either weak topological
insulator or strong topological insulator depending on the interlayer spacing in the crystal

structure [20-22]. ZrTes has also been reported as a three-dimensional Dirac semimetal with



Zeeman splitting [23-25] effect and exhibits a chiral magnetic effect with a negative
magnetoresistance [26]. Very recently, an anomalous Hall effect and a three-dimensional
quantum Hall effect were observed in the ZrTes with an exotic quantum nature [27,28].
Furthermore, magneto-transport measurements showed that ZrTes single crystal is a promising
candidate for spintronic device applications [18,20,25].

However, single crystals of ZrTes are generally difficult to be synthesized, and the
commonly used methods are chemical vapor transport [19,29] or the flux method [28,30]. Only a
small quantity of crystals can be made in each process and the sizes of the single crystals are
usually quite small. In comparison, polycrystals of ZrTes can be produced easily, rapidly, in a
large quantity and with controllable sizes. Hooda et al. and Miller et al. recently explored the
thermoelectric properties of polycrystalline ZrTes, measured at low temperatures [31,32]. Both
these studies used similar procedures for the synthesis of the ZrTes polycrystals and the
thermoelectric measurements. However, these two studies showed quite different results of the
electrical resistivity and Seebeck coefficient. Hooda et al. observed a very high resistivity above
100 mW.cm. They also found a transition from semiconductor to semimetal at 150 K but the
resistivity was increased exponentially as the temperature decreases. The Seebeck coefficient
was increased as the temperature was increased, with a short plateau near 38 K (which was
attributed to an anomaly in the density of states of ZrTes), but it exceeded 450 mV.K* above 300
K [31]. Whereas Miller et al. observed a resistivity which was two orders of magnitude lower,
around 2 mQ.cm, and it decreased below 90 K and the Seebeck coefficient peaked at 130 mV.K*
at 150 K and then decreased as the temperature was increased. Miller et al. proved that the
polycrystalline ZrTes is a narrow-bandgap semiconductor based on a two-band model [32]. They

also showed the highest thermoelectric performance with ZT~0.15 at 300 K. In another study,



Chen et al. synthesized Te-rich ZrTes+s polycrystals, which have a relatively low thermal
conductivity but a large electrical resistivity and poor thermoelectric performance (with ZT of
~0.04) at 300 K [33]. The discrepancies in the results obtained by different studies show that it is
critical to systematically study the thermoelectric properties of polycrystalline ZrTes.

The high-energy ball-milling method is well-known to enhance the thermoelectric
performance of polycrystalline materials and was successfully applied in different materials such
as bismuth telluride and silicon germanium with more than 30% increase in ZT [34,35]. It creates
nanocomposites with a microstructure composed of a variety of crystallite sizes ranging from
nanometers to micrometers which effectively scatters phonons and achieves a very low thermal
conductivity. We believe that the nanocomposites of ZrTes obtained using a ball-milling process
may exhibit better thermoelectric performance than those obtained by hand-milling reported in
the literature[31-33].

In this paper, we prepare two types of ZrTes nanocomposites using both ball-milling and
hand-milling processes to study the effects of microstructures on the thermoelectric properties
and understand the physical properties of polycrystalline ZrTes. It is currently unknown if the
topological quantum properties still persist in polycrystalline ZrTes at very low temperatures,
which is important for further applications. Therefore, we characterized thermoelectric properties
of nanocomposite ZrTes as a function of temperature below 380 K and also with an external
magnetic field up to 12 T at 25 K. Our results show that ZrTes nanocomposite with a large grain

size yields a better ZT value and responds better to the external magnetic field.



2. EXPERIMENTAL DETAILS

Following the standard preparation procedures of ZrTes powders reported in the literature
[36], we mixed pure elements of Zr and Te in stoichiometric proportions in a quartz tube, which
was pre-evacuated at a pressure below 2 x 10~* Pa. Then the tubes were slowly heated to 480
°C, held at this temperature for ten days and finally slowly cooled down to room temperature.
Two types of polycrystalline ZrTes composites were made: one with relatively large grains and
the other with small grains. To make large grains of polycrystals, the obtained compound was
hand-milled in an agate mortar for twenty minutes and then sintered using a spark plasma
sintering (SPS) method at 400 °C with a pressure of 40 atm for 10 min. The small grain sample
was obtained by high-energy planetary ball milling under a vacuum of 8x103 Pa with a ball
rotation speed of 450 rpm for 4 hours. Then the ball-milled powders were SPS sintered at a
temperature of 350 °C. The SPS process was selected in this study because it allows a better
control of the nanostructures by preventing grain size growth due to its fast heating and cooling
rates in a high vacuum[37].

Before sintering, the powders were characterized by X-ray diffraction (XRD) using a Rigaku
Ultima IV diffractometer with a discrete step of 0.01° from 10° to 90° to quantitatively analyze
the crystallinity of the samples. After sintering, the microstructure of the samples was
characterized using a scanning electron microscope (SEM, Thermo Scientific™ Scios™). The
chemical composition of the sample was determined using an energy-dispersive X-ray
spectroscope (EDS, Ametek EDAX). EDS spectra were acquired with a beam energy of 30 keV
and a duration of 1000 s each.

The thermoelectric properties of the samples were measured using a physical property

measurement system (PPMS, Quantum Design, Inc.) with the thermal transport option (TTO). A



square rod of 2x2x12 mm?® was cut from the pellet and the facets were mirror polished. Copper
wires were attached to the rod with conductive silver paste for four-probes measurements. A
copper shield was put around the sample and a high vacuum of below 8.10° Pa were used to
minimize the thermal losses by radiation and convection, respectively. The temperature of the
sample was controlled from 380 K down to ~10 K. At 25 K, the magnetic field was scanned
from -12 T to 12 T. Thermoelectric properties of the samples were acquired when the
temperature difference between the hot and cold sides is 5% and when both hot and cold
temperatures became stable within 1% error. These temperature stability settings were chosen in
this study to obtain reliable and high-quality data, although they became increasingly difficult to

control in some cases thus limiting our measurements as it will be shown later.

3. RESULTS AND DISCUSSION

3.1 Microstructures and physical properties

XRD patterns of the powders obtained by hand-milling and ball-milling are shown in Fig. 1.
Both the samples contain one single-phase corresponding to the space group Cmcm that is
characteristic of the orthorhombic layered structure of ZrTes (ICSD #085506) [38]. The two
samples show different peak intensities and their ZrTes microcrystals have different orientations.
The reason is that ZrTes has a layered structure along the b-axis and tends to grow in a ribbon
shape. The large crystals in the hand-milled sample tend to be self-aligned in the in-plane
direction when the powders are packed for measurement with the b-axis facing up, e.g., with the
large intensities of the (020) and (041) peaks. The smaller microcrystals for the ball-milled

sample have a relatively isotropic distribution, and their XRD pattern is noisier and shows much



Ball-milled

Measured o
Fitted (ICSD #085506)
Difference

(020)

Intensity (arb. u.)

Hand-milled

1 " 1 " " "
10 20 30 40 50 60 70
26 (°)

Fig. 1: X-ray diffraction measurements of hand-milled and ball-milled samples. The inset shows

the crystal structure of ZrTes.

broader peaks due to lattice defects and nanocrystallite sizes caused by the high-energy milling
process.

The crystallinity of the samples was determined using a Rietveld refinement analysis (further
details in Supplementary Material). Results indicate both the powders have similar unit cells with
a=3.98A, b =1452A and ¢ = 13.72 A which are in very good agreements with published
results in literature [39]. The average crystallite size and lattice strain were estimated using the
Halder-Wagner method [40]. We found that the hand-milled sample has an average crystallites
size of ~600 nm and a strain of 0.2% while the ball-milled sample has an average crystallites size
of 240 nm and a strain of 0.5%. Although these values are estimations that are limited by the
Halder-Wagner method [41,42], the similar treatment of the data allows for a comparison

between the samples. We notice that the ball-milled sample has half of the crystallites size but



twice as much strain than those of the hand-milled sample. The higher level of strain indicates
that the ball-milled sample contains significantly more defects than the hand-milled sample.

A piece of each sintered sample was cleaved along both the parallel and perpendicular
directions to observe the microstructure using the SEM. Figs. 2(a) to 2(d) show that both the
hand-milled and the ball-milled samples have similar morphology with microcrystals
homogeneously distributed inside a matrix of nanocrystals. Therefore, they both can be
categorized as nanocomposites. The hand-milled nanocomposite is mainly composed of
microcrystals of tens of micrometers with a layered structure and the nanocrystals are around a
hundred nanometers. The ball-milled nanocomposite has only a few microcrystals that are still
maintained after the high-energy milling process and most of the sample is composed of
nanocrystals with sizes of a few tens of nanometers. These observations are in good agreement
with those from the XRD data.

Fig. 2(e) shows the EDS spectra of the samples, for both the microcrystals and the matrix of
nanocrystals. The EDS spectra of the microcrystals for both the hand-milled (spot 1) and ball-
milled (spot 3) samples are similar, with an atomic ratio of Zr:Te~1:4.99, very close to the ideal
ratio. The spectra acquired at the nanocrystal sites for both the samples show a reduction of the
peaks around 0.5 keV, corresponding to the outer M shell of Te. The atomic ratio in these
nanocrystals in the hand-milled sample is Zr:Te~1:4.94 (spot 2). The Te M peak is almost
disappeared in the nanocrystals of the ball-milled sample and the atomic ratio is Zr:Te=1:4.90
(spot 4). The overall chemical composition was acquired on a 200200 um? and show an
average atomic ratio of Zr:Te~1:4.97 for the hand-milled sample and only 1:4.91 for the ball-
milled sample. The Te deficiency in the ball-milled sample is supposed to originate from a weak

bonding of the Te M shell. We assume that these bonds have been damaged during the milling
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Fig. 2: SEM images of ZrTes nanocomposites. (a) and (b) show the hand-milled sample. (c) and
(d) show the high-energy ball-milled sample. (e) EDS spectra at different locations indicated in

the SEM images.

process and more defects are introduced with higher energy milling, and the large strain
measured by XRD is certainly related to the Te deficiency in this crystal structure.

The density of the samples was measured using the Archimedes’ buoyancy technique. The
density of the hand-milled sample is 5.78 g/cm?® which is lower than 6.03 g/cm?® measured for the

ball-milled sample. As expected, the ball-milled sample is denser due to the smaller crystals that
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are more tightly packed together. Both the densities are close to the theoretical density of 6.09

g/cm?®of the single crystal so that porosity effects can be neglected.

3.2 T values vs temperature

Fig. 3 summarizes the thermoelectric properties as a function of temperature. We compare
the hand-milled sample measurements to the results by Miller et al. [32]. and Hooda et al. [31].
Figs. 3(a), 3(b) and 3(d) clearly show that our results are in good agreements with those of Miller
et al., suggesting that there is a similar microstructure between the samples with similar physical
properties where nanocomposite ZrTes can be modeled as a narrow-bandgap semiconductor [32].

However, our results are quite different from those of Hooda et al. [31]. This is quite
puzzling because their preparation of the powder and characterization method are similar to ours
and those from Miller et al. [32]. From the Zr-Te phase diagram [43], one possible explanation
may be that there is a partial phase transition from ZrTes to ZrTes that happens around 450 °C.
This is because, during the sintering process, Hooda et al. used a long time (24 hours) hot
pressing at 500 °C. This observation highlights the importance of the careful preparation of
polycrystalline ZrTes. We suggest using a sintering temperature below 450 °C to avoid such a
possible phase transition.

Comparing the results obtained from our two samples, we observe that the thermoelectric
properties of the ball-milled sample and the hand-milled sample are quite different. Transport
properties in the hand-milled sample are dominated by the intrinsic features of the ZrTes crystals
because the obtained results can be explained by assuming that the nanocomposite is a narrow-

bandgap semiconductor. However, the transport properties in the ball-milled sample are strongly
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Fig. 3: Thermoelectric properties measurements of hand-milled and ball-milled samples as a
function of temperature and comparison with literature data [31, 32] for (a) resistivity, (b)
Seebeck coefficient, (c) power factor, (d) thermal conductivity, (e) carrier concentration, and (f)

mobility. Fitting curves in (f) correspond to different scattering mechanisms.

influenced by the microstructure. The ball-milled sample shows intriguing electrical features at
very-low temperature as the resistivity decreases rapidly below 25 K which is closely followed
by a decrease of the Seebeck coefficient below 20 K. Both these two trends result in a small peak
of the power factor PF = S?/p around 20 K, as shown in Fig. 3(c). Further analysis shows that
this change is related to the microstructure of the ball-milled sample. The Seebeck coefficient
becomes close to zero at 17 K, which was the lowest temperature we could achieve with this
sample. Following the trend, the Seebeck coefficient would change sign at around 15 K to

transition from p-type to n-type dominant carrier. Theoretical calculations from literature
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predicted that this kind of transition occurs in n-type doped ZrTes with a doping concentration
below 10° cm? and the transition temperature occurs at a lower temperature when the doping
concentration is decreased [32,39]. We correlate this n-type doping to the Te deficiency that has
induced additional electrons in the ball-milled sample. Ref. [32] reported that the lowest
calculated doping concentration is 10*® cm® which shows a temperature transition around 35 K.
Fig. 3(e) shows that the total carrier concentration in the ball-milled sample is also around 10
cm?, thus it is expected that the doping concentration could be lower, hence a lower transition
temperature was obtained.

Even though the base temperature of the PPMS refrigerator is 2 K, the sample temperature
could only be lowered down to 7 K due to the thermal load caused by the size of the sample.
Besides, despite two attempts, the temperature of the ball-milled samples could not be stabilized
below 17 K, therefore, we did not acquire any measurements below this temperature.

The bandgap can be estimated by using the peak of the Seebeck coefficient [1] based on the
equation of S(T,) ~ E,/(2eT,). We obtained the value of E; ~ 40 meV for the hand-milled
sample which is in agreement with that from the APRES measurements [22]. The ball-milled

sample has a wider bandgap with a value of E;, ~ 55 meV. This could be due to the impact of

the microstructure on the electronic band structure which is consistent with the lowering energy
level of the valence band caused by doping [44].
For metals and degenerated semiconductors (parabolic band and energy independent

scattering approximations), the Seebeck coefficient is given by [45]:

_8m’kp (")2/3, (1)

~ 3eh? m 3n
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where kj is the Boltzmann constant, h is the Planck constant, m* is the carriers’ effective mass
and n is the carrier concentration. We set m* = 0.15m,, with m, the mass of the electron,
according to previous studies [24,32] and use Eq. 1 to determine the effective carrier
concentration as a function of temperature, and the results are shown in Fig. 3(e). Then the
carrier mobility u can be obtained by using the resistivity measurements, based on the following

equation:

c=1/p=ney, ()
where e is the electron charge. The results of mobility are shown in Fig. 3(f). The temperature-
dependent mobility indicates that the transport properties of the samples are dominated by
scattering mechanisms. The hand-milled sample shows two different linear regions in the log-log
plot, with the slope defined by a@ = dlog(u)/dlog(T). Above 190 K, @ ~ —1.8. This value is
relatively close to — 3/2 which is the characteristic of a dominant acoustic phonon scattering
[46]. Below 190 K, the slope becomes smaller with @ ~ 0.3 because of the interplay of other
scattering mechanisms, for example, the ionized impurities. The mobility of the ball-milled
sample can be explained by the scattering at the grain boundaries of the nanocrystals, which can

be described by [47]:

Ep

tp(T) = po exp (kB_T> (3)

where u, is the effective mobility and E,, the inter-grain energy barrier. By fitting our data of the
ball-milled sample, we find uy, = 32 cm?.V~1.s71 and E, = 3 meV. This inter-grain energy
barrier corresponds to a thermal energy of 23 K. Therefore, we can link the change in behavior
of the resistivity and Seebeck coefficient in the ball-milled sample below 25 K with the modified

electron transmission and the overcome of the energy barrier at the grain boundaries.
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The thermal conductivity of the hand-milled samples peaks at 24 K with k =
7 W.m~1. K~1. This high thermal conductivity is caused by the large grains in the hand-milled
sample that allow phonons to have long mean free paths [48]. Above 300 K, the thermal
conductivity is increasing which is due to the bipolar diffusion. In this case, both electrons and
holes contribute to the thermal conductivity, which is coherent with the narrow-bandgap nature
of the hand-milled sample. As expected, the ball-milled sample has a much lower thermal
conductivity because of the abundant interfaces created by the nanocrystals and defects induced
by the Te deficiency that scatters phonons efficiently [34,49]. The thermal conductivity is close
to 1 W.m1.K™* throughout the whole temperature range, close to the lower limit value of 0.73
W.m1.K? estimated theoretically [50].

The thermal conductivity values at the low temperatures can be used to determine the
average phonon mean free path as a function of temperature, which can be linked with the
microstructure of the samples. The Wiedemann-Franz law [31] is used to obtain the lattice
thermal conductivity due to phonons, x,, = k — LT /p, where L = 2.4 x 1078J2.C~2. K% is the
Lorentz number. We use this formula only when it is below 250 K where the bipolar effect can

be neglected. The phonon mean free path A, can be calculated using the kinetic theory [46]:

4
Kph = §CVvAph ( )

where Cy is the heat capacity as measured by Shaviv et al. [51] (see supplementary material) and
v = 1632m.s~ ! the average sound velocity calculated by the density functional theory (DFT)
[50]. At the lowest temperature, A, in the hand-milled sample reaches several hundred
nanometers, close to the estimated crystallite size determined by XRD. This shows that the heat
transport is limited by phonon scattering at the grain boundaries. However, the value of A, in

the ball-milled sample is smaller
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Fig. 4: Phonon mean free path A, below 250 K calculated with Eq. 4.

than the estimated crystallites size (with only tens of nanometers), suggesting that a fraction of
the phonons is scattered by the defects created by the Te vacancies.

The thermoelectric figure of merit shows a peak around 340 K with ZT=0.09 in the hand-
milled sample while the ZT is only 0.02 for the ball-milled sample. The reduced ZT value of the
ball-milled sample comes from the strong increase of the power factor that exceeds the reduction
of the thermal conductivity. Also, the ZT value of the ball-milled sample shows a local maximum
at 20 K, caused by the peak of the power factor, as discussed earlier. These results show that
there is room for improvement in the thermoelectric properties of ZrTes by carefully engineering

the microstructure.

16



— . ————
®  Hand-mille
10" F Ball-milled E
t —— Miller et al. [32] ]
10_2 E_ _E
h 10° 5
10% " E
F l"' 3
L
10°F = E
t M| . . M | L L N
5 10 50 100 500

Temperature (K)
Figure 5: Figure of merit for the hand-milled and ball-milled samples and comparison with ref.

[32]

3.3 ZT values vs magnetic field

Fig. 6 shows the thermoelectric properties under an external magnetic field B up to £12 T at
a temperature T~25 K which is the lowest temperature where the magnetic field can be scanned
without significant errors caused the magnetization of the thermometers on the samples. We
observe that the transport properties in the ball-milled sample do not change with the magnetic
field, which is attributed to the scattering at the grain boundaries of the nanocrystals. On the
other hand, the hand-milling sample has relatively large crystallites so that the magnetic field has
a significant impact on the electronic transport.

According to our previous results on single-crystal ZrTes [25], the premise of the Shubnikov-
de-Haas oscillations due to the quantum Hall effect could be visible at 25 K by a flattening of
p(B) around 3 T and a decreasing trend above 10 T. Though the flattening may be subtle (we

performed a detailed sweep around 3T to try and observe it), the turn-around at 10 T should still

17
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Figure 6: Thermoelectric properties measurements of hand-milled and ball-milled samples as a
function of the magnetic field for (a) resistivity, (b) Seebeck coefficient, (c) thermal conductivity
and (d) ZT. Results are normalized with the value at B = 0. Dashed lines are guides for the eyes.

The inset in (a) shows the detailed scan of the resistivity in the region 1.5 Tto 3.5 T.

be observable. However, Fig. 6(a) shows that the resistivity of the hand-milled sample increases
linearly through the entire range of the magnetic field. Besides, we notice that from B = 0 to 10
T, the ratio of p(B)/p(0) increases by 70% for the single crystal but it increases by only 15% in
the hand-milled nanocomposite. It means that the scattering rate is much less affected by the
magnetic field in the nanocomposite. The absence of quantum effect in the nanocomposite may

be due to the existence of defects inherent to the preparation of the polycrystal itself and/or the
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interactions of the packed microcrystals that change the nature of the electron scattering
compared to the single crystal.

Fig. 6(b) shows that the Seebeck coefficient decreases linearly with the magnetic field for the
hand-milled sample. This decrease is related to the increase of the magnetoresistance which
originates from the increase of the electron scattering with the magnetic field. For example, when
the magnetic field is increased from 0 to 10 T, the Seebeck coefficient decreases by 12% which
is relatively close to the variation of the resistivity. Both the resistivity and the Seebeck
coefficient are symmetrical regarding B = 0, showing the isotropic distribution of the
orientation of the microcrystals in the hand-milled sample. We observe from Fig. 6(c) that the
thermal conductivity does not change with the magnetic field. This was expected because the
thermal transport at very low temperature is almost entirely due to phonons that are unaffected
by the magnetic field. Regarding the resistivity and Seebeck coefficient, the resulting zT of the
hand-milled sample, shown in Fig. 6(d), displays a logical linear decrease with the magnetic
field.

There is a clear trend of the increase of the resistivity with the magnetic field for the hand-
milled sample as shown in Fig. 6(a). It indicates that polycrystalline ZrTes maintains significant
spin interactions from its single crystal form. Optimization of the synthesis process to achieve
larger crystal sizes and fewer nanocrystals should yield a higher magnetoresistance ratio that

could be more promising for spintronic applications.

4. CONCLUSIONS
Our studies showed that the microstructure has a strong impact on the thermoelectric

properties of nanocomposite ZrTes. Compared to those of the hand-milling process, we have
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shown that the ball-milling process had two influences on the microstructure: (1) it strongly
reduced the grain sizes to create a homogenous matrix of nanocrystallites; and (2) it induced a Te
deficiency. The nanocrystallites caused a strong scattering of both the phonons and the electrons
at the grain boundaries which dominated the transport properties in the ball-milled sample.
Therefore, the ball-milled sample had a low thermal conductivity and a low electron mobility.
The Te deficiency increased the carrier concentration but its impact was not as significant as that
of the grain boundary scattering, thus leading to a reduction of the power factor by almost one
order of magnitude. Overall, the electrical transport properties of the ball-milled sample were
deteriorated and could not be compensated by its very low thermal conductivity. Therefore, this
leads to a reduction of the thermoelectric performance of the ball-milled sample compared to that
of the hand-milled sample. We also observed a decrease in the resistivity and Seebeck coefficient
below 25 K that can be related to the overcome of the energy barrier at the grain boundaries. The
magneto-transport measurements at 25 K show that a synthesis process creating bigger

crystallites should be used to enhance the magnetic field effect on the electronic properties.
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