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Abstract. Homogeneous polycrystallineBi100−xSbx (x= 12,
15, 22) alloys were synthesized by mechanical alloying. The
transport coefficients (electrical resistivity, thermal conduc-
tivity, and thermopower) were measured, in the77–300 K
temperature range, on samples consolidated either by sin-
tering or extrusion. The thermoelectric figure of merit was
deduced from the three coefficients. The temperature depen-
dences are discussed as a function of the alloys’ microstruc-
tures taking into account the qualitative effect of potential
barriers. Extrusion leads to better performing thermoelectric
materials than does sintering. The highest figure of merit
is reached for temperatures around150 K, a temperature at
which no reliable thermoelectric material of long service life
is available until now.

PACS: 72.15.Jf; 81.20.Ev

Cryogenic solid-state Peltier coolers are connected with ad-
vanced thermoelectric systems operating at temperature down
to ≈ 100 K for military and civilian applications. In particu-
lar, cryoelectronics and “cold computing” are emerging fields
requiring reliable, low maintenance of cooling technology
with long-term service life.

Desirable qualities for thermoelectric materials include
a large thermoelectric powerα, a small electrical resistiv-
ity ρ, and a small thermal conductivityλ. These transport
coefficients determine the so-called thermoelectric figure
of merit Z [1], which has the dimensions of an inverse
temperature (K−1):

Z= α2

ρλ
. (1)

Bismuth is a (group V) semimetal that crystallizes in the spa-
tial group R3m and exhibits a layered structure. It possesses
a small energy overlap between the conduction and valence
bands, high carrier mobilities, and small effective masses.
By alloying bismuth with small amounts of antimony, the
energy overlap decreases. According to the band structure de-
termined atT ∼= 0 K, Bi−Sballoys containing between 7 and

22 at.% Sb are semiconductors [2–4], and are classified as
narrow band-gap semiconductors since their thermal gap does
not exceed25 meV. Above22 at.% Sband below7 at.% Sb,
Bi−Sballoys are semimetals.

Up to now properly oriented semiconducting single crys-
tals ofBi100−xSbx have been found to be the best n-type ther-
moelectric materials for low-temperature (80 K) thermoelec-
tric cooling when current flows along the trigonal axis [5, 6].
However, the propensity ofBi−Sb single crystals to cleave
along the basal planes drastically limits their use in thermo-
electric devices.

Although there is no doubt thatBi100−xSbx single crys-
tals have thermoelectric figures of merit superior to those
displayed by polycrystalline materials, there are practical ad-
vantages in using samples produced by powder metallurgy.
Such advantages include speed of preparation, consistency of
composition, and mechanical strength.

Among powder metallurgy processings, mechanical al-
loying (MA) of the raw materials is a very effective method
to obtain fine-grained solid solutions of thermoelectric ma-
terials. It has been succesfully applied to fabricateSi−Ge
alloys [7], (Bi,Sb)2(Te,Se)3 based materials [8, 9] and
Bi−Sballoys [10]. MA is a particularly suitable, simple and
cost-saving mass-production method allowing one to quickly
achieve homogeneousBi−Sballoys, compared with the con-
ventional “vacuum melting/grinding” process. During MA,
the alloys are formed from the elemental materials through
a sequence of collision events in a high-energy ball mill [11].

Obtaining fine grains (< 10µm) is very important in par-
ticular from the point of view of the processing of advanced
thermoelectric materials. Grain refinement reduces the lat-
tice thermal conductivity due to phonon scattering by grain
boundaries [12, 13], and as a consequence improves the figure
of merit. The manner of forming (hot pressing, cold pressing
and annealing, extrusion, etc...) and its processing conditions
may also strongly affect the microstructure. For instance,
forming the material by extrusion may introduce a prefer-
ential orientation of the grains in the consolidated material.
The presence of a strong texture in a layered material such
as Bi−Sb alloys would be favorable from a thermoelectric
point of view. Actually, if all the grains could be oriented so
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that their trigonal axes are nearly parallel, then their thermo-
electric properties should approach those of single crystals.
Banaga et al. [14], by studying the hot extrusion of aBi88Sb12
polycrystalline alloy with a rod of small diameter (1–5 mm),
observed a strong texture with the trigonal axis of the alloy
along the extrusion direction. They reported figures of merit
slightly higher than those for the average values of the figure
of merit of a single crystal of the same composition.

The present work reports on the thermoelectric proper-
ties of homogeneous alloys ofBi100−xSbx (x = 12, 15, 22)
prepared by MA. The electrical resistivity, the thermoelectric
power, and the thermal conductivity were measured on either
sintered (x = 12, 15, 22) or hot extruded (x = 15) samples
within the temperature range77–300 K. The figure of merit
was calculated from the measured values using (1). Influence
of both the antimony content and the consolidation method
on the modification of the thermoelectric properties with tem-
perature is discussed.

1 Experimental procedure

Mechanical alloying was conducted in a planetary ball mill
(Fritsch, Pulverisette 5) with balls (diameter= 30 mm) and
jars (250 ml) of hardened stainless steel. The rotation speed
of the plateau was fixed at236 rpm. A ball-to-powder weight
ratio (BPR) of 10:1 was used.

Base bismuth and antimony of high purity (99.999%) with
initial particle sizes of10 mmwere introduced in the vessels
in a stoichiometric ratio (Bi100−xSbx, x= 12, 15, 22) under an
argon atmosphere in a glove box. The vessels were then her-
metically sealed in order to prevent a possible oxidation of the
materials during ball milling.

X-ray diffraction (XRD) analyses of the powder sam-
ples were performed in a Siemens D-500 diffractometer with
Co-Kα1 radiation, in the standardθ−2θ geometry in order to
follow the structural modification of the powders during the
MA. The micro-homogeneity of the ball-milled powders was
determined by microprobe analyses (CAMEBAX SX 50). For
this purpose, the powder samples were compacted first under
a uniaxial pressure of500 MPaduring 2 min and then pol-
ished at1µm with alumina powders. Chemical analysis de-
termined the amount of impurities introduced in the powders
during the ball milling.

The material was formed following two different methods:
sintering and extrusion. For sintering, the ball-milled pow-
ders were first compacted in the form of cylindrical greens
of 10 mm in diameter under a uniaxial pressure of160 MPa,
then submitted to a thermal treatment in a furnace at250◦C
during60 minunder aHe–H2 atmosphere. TheBi85Sb15 alloy
was extruded at265◦C with a 2.5 extrusion ratio from cylin-
drical greens of25 mmin diameter, which yielded estimated
density of75% of the theoretical density.

The microstructure of the sintered and extruded sam-
ples was studied by scanning electron microscopy (SEM) in
a JEOL JMS 820 in the secondary-electron image mode. The
samples were etched by electrochemical polishing.

Prior to the measurement of the transport properties, the
sintered and extruded samples were cut with a wire saw into
parallelepipeds (typical dimensions were 2.5×2.5×10mm).

Because of the strong anisotropy of theBi−Sb single
crystals, we calculated average values of the transport coef-

ficients, measured both along the trigonal axis and the basal
planes, of a single crystal ofBi85Sb15 [6]. We compared this
set of data with data for our polycrystallineBi85Sb15 samples.

Electrical resistivity, thermoelectric power, and thermal
conductivity were measured on the same samples, between
77 K and300 K. Both the thermal (thermoelectric power and
thermal conductivity) and electric (electrical resistivity) gra-
dients were applied along the extrusion direction for the ex-
truded material, and perpendicular to the press direction for
the sintered materials. Thermal transport was measured using
a steady-state method. A schematic view of the experimental
setup is shown in Fig. 1. One end of the bar-shaped sample was
soldered by means ofBi−Sncompound to a piece of copper
thermally anchored to the heat sink of the cryostat, but electri-
cally insulated from it. The other end of the sample was pro-
vided with a small heater to generate the heating current. The
resulting gradient (typically1.5 K) along the sample length
was measured using two differential chromel–constantan ther-
mocouples (0.072 mmin diameter) that were soldered to two
small copper tabs, which were soldered to the sample with
Bi−Sn compound. The potential difference arising from the
thermoelectric power was measured using the chromel wires.
The electrical resitivity was measured prior to energizing the
heater by means of a direct-current four-probe method. Care
was taken to eliminate any thermoelectric voltages by revers-
ing the direction of the current for each measurement. Cur-
rent leads were soldered to two copper tabs attached near the
ends of the sample. This experimental setup in respect of ther-
mal conductance of used specimens ensured that the heat re-
sistance of current leads and thermocouples exceeds by two
orders of magnitude the thermal resistance of the specimen.
The main problem is the radiative losses. These can be, how-
ever, calculated and extracted from the measured values.

Let us underline that a choice of materials used for cur-
rent, thermal, and potential leads represents a compromise
between the contradictory requirements for a low thermal
conductance versus a low thermoelectric power of thermo-
couples or leads. The use of chromel–constantan thermocou-
ples and chromel wires as a potential and current leads have

Fig. 1. Schematic representation of the sample holder used to measure the
electrical resistivity, the thermoelectric power, and the thermal conductivity
from 77 to 300 K
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been justified on the thermal and transport measurements on
single-crystallineBi100−xSbx alloys [15]. Prior to the meas-
urements on the sintered and extruded samples we checked
the reliability of our measuring technique using the previ-
ously measured specimens, and the measured temperature
dependencies of all physical characteristics perfectly (±2%)
coincide within the80–300 K temperature range. Naturally,
careful corrections to the radiation losses and thermoelectric
power of chromel (Omega tables) have been made. In the case
of electrical resistivity the high speed of measuring cycle, i.e.
≈ 1000 msfor both the current reverse and potential offsets
measurements before and after the measurement, with respect
to the thermal relaxation constantτp ≈ 100 senabled us to
eliminate the parasitic effects.

We also extended the electrical resistivity measurement
of the sintered (x = 12, 15) and extruded samples (x = 15)
from 6 to280 K in another experimental setup. In this system,
the sample was in good thermal contact with the heat sink.
Here also, the voltage was rapidly measured after the appli-
cation of the electrical current. For two samples measured in
both experimental setups, the measured temperature depen-
dencies of the electrical resistivity perfectly coincide within
the80–280 K temperature range.

2 Results and discussion

2.1 Sample characterization

XRD analyses showed that the soughtBi100−xSbx alloys were
reached after about15 h of milling time for x = 12 and 15
whereas25 hwas necessary forx= 22. A more detailed de-
scription of the alloy formation during the milling process
has been presented elsewhere [16]. Although the diffraction
patterns show no contamination from the vessels or balls,
impurities were found from chemical analysis. The results
reveal the presence ofFe, Ni, andCr. The values, in ppm,
are located in the following intervals: [55–60], [12–15], and
[29–33] for Fe, Ni, and Cr, respectively. These values dif-
fer slightly according to the sample preparation and content.
There is however no clear dependence of the contamination
step on the milling time or on the antimony content.

The microprobe analyses show that the mechanically
milled powders are very homogeneous in antimony content.
As an example, Fig. 2 shows the electron microprobe analysis
of a Bi85Sb15 sample: less than1 at.% variation in the mean
antimony concentration was achieved.

The sintered samples exhibited a microstructure with ran-
domly oriented grains as confirmed by texture analyses. The
grains had sizes ranging from 2 to10µm. In some grains, par-
allel broad lines corresponding to the cleavage planes of each
single grain could be observed (Fig. 3).

The original shape of the extruded material was a cylin-
drical bar which showed a smooth external surface without
any damage. This bar was cut to observe the microstructure
in both parallel and perpendicular directions to the extrusion
direction. The grains had sizes ranging from 2 to30µm and
they seemed randomly oriented, as can be observed in Fig. 4.
However, texture analyses revealed two preferential orienta-
tions in the sample: the [012] and the [110] directions (in
reduced hexagonal notation), both being parallel to the ex-
trusion direction. We must point out that Banaga et al. [14]

Fig. 2. Microprobe scanning along a line of8 mm in length of aBi85Sb15
compacted sample (BPR 10:1 and milling time15 h), showing the obtaining
of the expected composition with an homogeneity better than1 at.%

Fig. 3. Microstructure of the sintered samples (x = 15). The micrograph is
taken from a sample cut parallel to the pressing direction. Note the presence
of lines corresponding to the cleavage planes

obtained an extrudedBi88Sb12 material with a strong texture
in the [001] direction (trigonal axis), parallel to the extrusion
direction. Instead of this result, the structural peculiarities
of our extruded samples are consistent with the theory and
practice of deformation of layered materials, which predict
that the trigonal axis should be perpendicular to the extrusion
direction.

2.2 Transport properties

The temperature dependences of the electrical resistivity of
both extruded and sintered samples within the77–300 K tem-
perature range are shown in Fig. 5. The computed average
values obtained with aBi85Sb15 single crystal are also re-
ported in this figure. (Note that in this case the anisotropy
(ρ11/ρ33) is less than 1.3 between values measured along
(ρ33) or perpendicular (ρ11) to the trigonal axis).

The electrical resistivity of all polycrystalline samples in-
creases with decreasing temperature and displays an activated
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Fig. 4a,b.Microstructure of the extruded samples (x= 15). a Along the ex-
trusion direction.b Perpendicular to the extrusion direction. Note again the
presence of lines corresponding to the cleavage planes

behaviour. It differs fromρ(T ) of the single crystal of same
composition because of higher values of the resistivity and the
fact that the activated behavior begins at room temperature
or even higher. Estimation of the activation energyEg can be
calculated assuming the relation:

ρ ∝ exp

(
Eg

2KT

)
, (2)

whereK is the Boltzman constant andT the absolute tem-
perature.

The estimated activation energies, lying between 20–
35 meV, are higher than those reported for the single crys-
tal [17]. We believe that the higher values of both the elec-
trical resistivity and the activation energy can be qualitatively
explained by the presence of potential barriers in the inter-
granular regions. Due to the method of material preparation,
the boundary regions may contain a large number of impu-
rities or point or line defects. If carriers become localized at
these boundaries, these charged boundaries could then act as
potential barriers that would prevent the flow of free carriers.

Fig. 5. Temperature dependence of the electrical resistivity of sintered and
extruded samples between77–300 K. (—) represents the computed average
values for a single crystal (x= 15). The behavior below77 K is shown in
the inset forx= 12 and 15

Measurements extended below77 K are reported in the
inset of Fig. 5, forx = 12 and x = 15. The temperature-
independent behavior below77 K indicate a metallic behav-
ior, observed whatever the sample. This result is not sur-
prising when taking into account the high impurity level in
our samples. Actually, inBi−Sb alloys, the effective Bohr
radii of impurities are very large (≈ 10−4 cm) on account of
the small electronic effective masses. Thus the impurities’
wave functions tend to overlap each other, so that the impu-
rities band can be considered as merged in the conduction
or the valence band even in the purest materials available
(for Bi−Sb the critical concentration of impurities for which
there are bound states is less than1012 cm−3). Nevertheless,
it should be noted that the electrical resistivities at tempera-
tures below80 K are higher in the extruded material than in
the sintered alloy and the average values in a single crystal.
The potential barriers introduced in the material by extrusion
seem to act more efficiently on the charge carriers than do
the potential barriers of the sintered materials, and as a con-
sequence the electrical resistivities in this temperature range
increase.

In Fig. 6, thermoelectric power values are plotted as
a function of temperature for sintered and extruded samples.
They are negative for all samples in the temperature range in-
vestigated. This fact reflects the higher mobilities of electrons
compared to those of holes.

For sintered samples, the absolute values of the thermo-
electric power increase with decreasing temperature up to
a maximum value for a temperature near150 K. The smaller
values of the absolute thermoelectric power forx = 22 with
respect tox = 12 or x = 15 reflect the more pronounced
semimetallic behavior of this alloy. In the extruded sample,
the maximum of the absolute value of thermoelectric power
is shifted towards lower temperature (T = 100 K), causing
the absolute thermoelectric power values to be increased by
comparison with those obtained on the sintered sample for
T< 140 K.
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Fig. 6. Temperature dependence of the thermopower of sintered and ex-
truded samples between77–300 K. (—) represents the computed average
values for a single crystal (x= 15)

It should be noted that the absolute values of the thermo-
electric power of the extruded polycrystalline samples lie en-
tirely above the average values of a single crystal of the same
composition (the thermoelectric power is roughly isotropic
for 7< x< 22 in the80–300 K temperature range for sin-
gle crystals) [6]. Such a behavior was already mentioned by
Banaga et al. for hot extrudedBi88Sb12 alloys [14]. The in-
creased absolute value of the thermopower could be linked
to a decreased relaxation time of charge carriers due to ad-
ditional scattering mechanisms leading to an increase of the
scattering parameter. Scattering by potential barriers could
contribute significantly. Actually, for barrier heights close to
the Fermi energy, the barriers should scatter strongly the car-
riers whose energies are lower than the Fermi value and much
less strongly scatter those with energies above the Fermi
level. This could reduce the energy of the charge carrier flux
and increase the thermoelectric power [18, 19].

In Fig. 7 are represented the temperature dependences
of the thermal conductivity of both extruded and sintered
samples. The behavior is similar for each sample, the ther-
mal conductivity values decrease when temperature dimin-
ishes and stabilize below around100 K. The computed aver-
age values of the thermal conductivity of a single crystal
of Bi85Sb15 are also reported (the anisotropy is near 1.7 in
Bi−Sb single crystals). The temperature dependence of the
single crystal follows the same trends as those of the poly-
crystalline samples but the thermal conductivities are about
twice greater.

In Bi−Sballoys, the thermal conductivityλ is principally
the sum of two terms: an electronic contributionλE (includ-
ing both unipolar and bipolar terms) and a contributionλL
associated with the lattice phonons:

λ= λE+λL . (3)

In our polycrystalline alloys the thermal conductivity is
principally due to the lattice contribution below the Debye
temperatureθD (θD = 120 K in Bi) [20]. At higher tempera-

Fig. 7. Temperature dependence of the thermal conductivity of sintered and
extruded samples between77–300 K. (—) represents the computed average
values for a single crystal (x= 15)

ture (T> θD) the electron and phonon components are com-
parable in magnitude. In single crystals, the electronic com-
ponent can be estimated by use of the Wiedeman–Franz law:

λE = LT/ρ , (4)

with L = 2.44×10−8 V2K−2.
As might be expected, belowθD the heat is primarily

transported by phonons, but at higher temperatures the elec-
tronic component becomes more important. The reduction of
the lattice conductivity in the consolidated powder belowθD
results from additional scattering of phonons by defects that
have been introduced during the powder-metallurgy process.

Theoretically, a substantial reduction ofλL is also ex-
pected at higher temperatures in the polycrystalline solid
solution due to the scattering of the low-frequency phonons at
grain boundaries when the grain sizes are less than5µm [13].
The physical reason is that high-frequency phonons are
strongly scattered by point defects in the solid solution, leav-
ing most of the heat to be carried by the low-frequency
phonons, which have very long mean-free-paths. These
phonons are thus much more likely able to scatter at grain
boundaries. Experimentally, it has been shown that the de-
crease occurs for grain sizes somewhat larger than those
expected by the theory [21].

From the measurements of the three transport coeffi-
cientsα, ρ, andλ, we deduced the values of the figure of
merit Z. The temperature dependences of the figure of merit
of both extruded and sintered samples, reported in Fig. 8, ex-
hibit quasi-similar behaviors. The figure of merit increases
slowly from300 Kup to a maximum for temperatures around
140–180 K and then drops for lower temperatures. Com-
pared to single crystals, the maximum is shifted from70 K
towards higher temperatures. The highest figure of merit of
the sintered alloys corresponds tox = 15, with a value of
1.4×10−3 K−1 at 170 K. It is clearly seen that the consolida-
tion by extrusion has a favourable effect onZ compared to
the effect of sintering in the temperature range investigated.
Moreover, taking into account the fact that the mechanical



602

Fig. 8. Temperature dependence of the figure of merit of sintered and ex-
truded samples between77–300 K. (—) represents the computed average
values for a single crystal (x= 15)

strength of the polycrystallineBi−Sb alloys is about one
order of magnitude higher than that of single crystals [22],
and, that their thermoelectric performances are equal or even
higher for temperatures greater than160 K, the use of poly-
crystallineBi−Sb alloys becomes of great interest in a tem-
perature range not exploited until now because of lack of
suitable material.

3 Conclusion

The temperature dependences of the electrical resistivity, the
thermoelectric power, the thermal conductivity, and thus the
thermoelectric figure of merit were investigated between 77
and300 K (4–300 K for the electrical resistivity) on homoge-
neous polycrystallineBi100−xSbx alloys prepared by mechan-
ical alloying. Forx = 12 and 15, semiconducting behaviors
were observed, whereas forx = 22, results indicate a more
like semimetallic behavior, in agreement with the band struc-
ture of these alloys.

The higher electrical resistivities and absolute thermo-
electric powers obtained with the polycrystalline samples
in comparison with those of single crystals have been ex-
plained by the presence of potential barriers introduced by the
powder-metallurgy process.

Scattering of low-frequency phonons at the grain bound-
aries lowers the thermal conductivity. This lowering is how-
ever not enough to compensate the enhancement of the elec-

trical resistivity, leading to a decrease of the figure of merit.
Because of the shift of the figure of merit towards higher
temperature in the polycrystalline samples, especially when
they are formed by extrusion, theseBi−Sb alloys become
interesting materials between150 K and room temperature,
particularly since their mechanical strength is nearly 6 times
better in this temperature range.

The extrusion process could moreover be optimised in
order to introduce a unique texture in the material.
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