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FIFTEENTH

INTERNATIONAL
CONFERENCE ON THERMOELECTRICS

The International Conference on Thermoelectrics is the
principal annual meeting for the presentation of thermoelectrics
research and development. The meeting provides scientists,
engineers, manufacturers and users with a forum for the
exchange of information and for discussions at the forefront of
thermoelectrics. The 110 technical presentations, coupled with
two short courses and over a dozen exhibits, give the attendee a
rich opportunity for interchange. ICT has rotated between
Western Europe, Russia/Asia, and the United States.

We invite you to consider presenting a paper at ICT in Dresden,
Germany in 1997, or in Nagoya, Japan in 1998, and we look
forward to again hosting the ICT in the United States in 1999.

The 1996 ICT is organized by the Thermoelectric Group of the Jet Propulsion
Laboratory, California Institute of Technology, with support from the U.S. Office
of Naval Research and the U.S. Department of Energy.

This year’s conference is sponsored by the Components, Packaging, &
Manufacturing Technology (CPMT) Society, one of the 35+ technical groups within
the Institute of Electrical and Electronics Engineers, and by the International
Thermoelectric Society (ITS).

CPMT is chartered within the IEEE as the focus for the application of
technology, with a strong emphasis on thermal phenomena, electronics
packaging, process development and optimization, and component, subassembly,
and semiconductor manufacturing. CPMT’s Technical Committee on Thermal
Management is the liaison to the 1996 ICT Committee. It publishes three
international journals and a quarterly Newsletter.

ITS is a nonprofit organization dedicated to the advancement of thermoelectric
science, industry, and technology, and serving the advancing field of
thermoelectrics research and development, with centers of activity in many
countries. It publishes a Newsletter.

We invite you to consider membership in either Society, and to participate
with us in furthering advancements in these fields. Refer to the back cover for
additional information. :
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Letter from the Conference Chairman

The XVth International Conference on
Thermoelectrics, ICT96, was held at the DoubleTree
Hotel, Pasadena, California, USA, March 26- 29,
1996. On the day preceding the conference, two half-
day short courses were arranged. The conference was
organized by the Thermoelectrics Team of the Jet
Propulsion Laboratory/California Institute of Tech-
nology (JPL). The conference was supported by the
International Thermoelectric Society (ITS), a non-
profit organization, and sponsored by the US Office of
Naval Research and the Department of Energy.

ICT96 featured technical sessions covering a
broad range of topics in thermoelectrics R&D. The
meeting provided a total of 190 scientists, engineers,
manufacturers and users with a forum for the ex-
change of discussions and information at the forefront
of thermoelectrics. This was the largest attendance
for an ICT conference in the United States and it
indicates that the interest in thermoelectrics is grow-
ing worldwide. The largest delegations were from the
United States (97) and Japan (38). All major regions
of the world were represented: Russia and Ukraine
(17), Western Europe (20), Israel (1), Japan, Korea
and Australia (47), North America (104) and even
South Africa (1).

A total of 110 papers were actually presented
during parallel sessions at the conference. The paral-
lel sessions were held in adjacent rooms at the
DoubleTree hotel which allowed the attendees to
easily switch from one room to the other. By organiz-
ing 10 invited presentations, the goal of the ICT96
Organizing Committee was to emphasize promising

new approaches in thermoelectrics, such as novel
materials and heterostructures (materials research) or
thermal management and waste heat recovery appli-
cations (thermoelectric cooling and power genera-
tion). In addition, important topics which needed to
get more exposure were selected, such as thin films,
Bi-Sb alloys, theoretical calculations (materials re-
search) and detectors, microdevices and commercial
potential (applications).

A large number of regular papers were devoted
to novel materials and structures, and several major
discoveries were reported at this meeting. Other
highlights of the conference included a plenary ses-
sion showcasing the interest of U.S. federal agencies
in thermoelectrics, a lively and stimulating 2-hour
panel session, a technical exhibition featuring 14
different private companies and a visit to JPL and its
thermoelectric facilities.

In addition to the very full technical schedule of
the conference, the ICT96 Organizing committee
managed to keep the attendees busy and entertained in
the evenings. It appears that ICT96 was a success if the
Organizing Committee can judge from the excellent
feedback it has received from some of the attendees.
As chairman of this conference, I am especially proud
of the always improving quality of the International
Thermoelectric Society meetings and I would like to
thank the members of the Organizing Committee for
their dedication and perseverance through many
months of effort, the Jet Propulsion Laboratory for its
support and the Office of Naval Research and the
Department of Energy for their sponsoring.

Jean-Pierre Fleurial
ICT96 Conference Chairman
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Preface

The present volume constitutes the proceedings
of the XV International Conference on Thermoelectrics
(ICT) held at the DoubleTree Hotel, Pasadena, Cali-
fornia, USA, on March 26-29, 1996. The ICT pro-
vided a total of 190 scientists, engineers, manufactur-
ers, and users with an opportunity to present and
discuss the most recent findings and developments in
thermoelectric research and applications. The grow-
ing attendance indicates the increasing interest in
thermoelectrics worldwide.

For the first time in this series of conference, a
plenary session was organized to give an opportunity
to several US government agencies to outline their
interest in thermoelectrics. This session generated a
lot of interest from the attendees as well as the panel
session. This year, the topic for the panel session was:
“Increase demand for thermoelectrics: high ZT or cost
the driver?”.

Over 110 papers were presented at the confer-
ence, including 10 invited presentations. They are
organized in these proceedings in technical sessions
covering all aspects of thermoelectric reserach and
technology. In most cases, the papers have been
included in the proceedings as received. We are grate-
ful to the authors for their cooperation and efforts to
submit clear and technically sound manuscripts for
publication.

Many individuals have worked hard to plan and
organize this conference. They are listed in the com-
mittee section of these proceedings and deserve credit
for this success. The organization of this conference
was truly a team effort. Finally, I would like to take
this opportunity to thank all the authors, speakers, and
session chairpersons for their time and efforts spent to
make the ICT96 such a success.

Thierry Caillat, Jet Propulsion Laboratory

Chief Editor and Technical Program Chairman

A. Borshchevsky, Jet Propulsion Laboratory

Associate Editor

J.-P. Fleurial, Jet Propulsion Laboratory

Associate Editor
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Abstract

This paper is devoted to a survey of the principal studies
performed on Bi-Sb thermoelectric materials over the last
fourty years. Bi-Sb alloys are still the best n-type materials
for refrigeration at low temperatures nowadays. After a brief
introduction of their physical characteristics (cristallography
and band structure), the elaboration, characterization and
transport properties (thermoelectric and galvanomagnetic) of
the Bi-Sb alloys will be presented. The results obtained on
bulk materials, in single crystalline and polycrystalline forms,
and thin films will be discussed.

Introduction

Among semimetals and narrow band gap semiconductors,
bismuth-antimony alloys have received particular attention
these last fourty years not only because they present
interesting physical properties from a fundamental point of
view, but also for their interest as engineering materials. The
structure of their conduction and valence bands strongly
depends on various parameters such as alloy composition [1-
3], temperature [4], external pressure [5, 6] and magnetic field
{7, 8]. Such pecularities have yielded to the observation of
several exciting properties like for example the observation of
a transition to a gapless state [9, 10].
The study of the transport properties of Bi;_  Sb, alloys
realized by Smith and Wolfe in 1962 [11] and extended by
Yim and Amith ten years later {12] has shown that such
alloys may be attractive n-type materials for electronic
refrigeration. Actually, properly oriented Bi-rich bismuth-
antimony crystals have been reported as having higher
thermoelectric performances than Bi,Te; compounds for
temperatures lower than 220 K [11]. These interesting
properties could however not give rise to any application for
solid state cooling devices at this time because no p-type
material having compatible thermoelectric properties at low
temperatures was available.
The figure of merit Zyp,, which is the thermoelectric index of
efficiency of a thermocouple constituted of n and p legs [13],
is defined as :
2
(ap - “n)

[(pplp)% +(Pata " ]2

where o, p is the thermoelectric power, py , the electrical
resistivity and A, p the thermal conductivity of the n and p
legs, respectively.

From relation (1), it is clear that if the p leg has far lower
thermoelectric performances than the n leg, the figure of merit
of the n-p couple will be decreased and thus the potential
performances of solid state cooling devices will even be

np —

)
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considerably reduced. Fortunately, the discovery of high T,
superconductors has fundamentally modified the situation.
Actually, a thermocouple constituted of a n-type Bi-Sb leg and
of a p-type high T, superconductor leg, thermoelectrically
passive, will possess a figure of merit close to that of the n
leg [14]. Several workers have investigated the figure of merit
of thermocouples composed of high T, superconducting p leg
for their application in solid state devices [15-18].

The advantage of using Bi-Sb single crystals with regard to
conventional n-type materials is still more important in the
presence of a transverse magnetic field, as first pointed out by
Wolfe and Smith [19] for a Big ggSbo.12 single crystal. They
reported a dimensionless figure of merit ZT greater than unity
between 125 K and 275 K by applying an optimum magnetic
field. These values are two times, and even more, greater than
the zero field values. This large improvement is due to the
presence of transverse thermomagnetic effects [19]. These
effects are particularly great for dilute Bi-Sb alloys, making
them very attractive materials for Ettingshausen cooling
devices [20-22].

After a brief introduction of the principal physical properties
of Bi-Sb alloys, the salient results pertaining to thermoelectric
properties will be discussed. Both bulk materials and thin
films will be reviewed. The transport properties will only be
described qualitatively because the band structure is strongly
correlated to antimony content and temperature.

Although the effect of a magnetic field presents considerable
interest for Bi-Sb solid solutions, we will essentially deal
with zero-field coefficients. Goldsmid [23] has recently
reviewed the interest of using Bi-Sb alloys for
thermomagnetic cooling.

Fig. 1 Hexagonal representation of the A7 structure. The basal
planes are perpendicular to the trigonal axis cy.
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Survey of the band structure of Bij.,Sby alloys

Bismuth and antimony (group V) are semimetals that both
exhibit a similar thomboedral crystal structure (often called the
A, structure) of R3m point group. They present very close
lattice parameters and two atoms per unit cell. The set of axes
usually used is such that 1-axis is parallel to a binary axis, 3-
axis is parallel to the trigonal axis and 2-axis, called the
bisectrix axis, is normal to the two other axes so as to obtain
a right handed orthonormal set (1,2,3). The hexagonal
representation shows that the A structure is lamellar (Fig. 1)
in the same way as in bismuth telluride compounds. Crystals
can be cleaved along the basal planes (perpendicularly to the
trigonal axis ) but not so easily as in bismuth telluride.

The most important crystallographic feature of these
semimetals is that the A; structure can be considered as a
slightly deformed cubic lattice [24]. The band structure
resulting from the distortion from cubic symmetry distinguish
the group V semimetals from the more commonly known
isotrope insulators or metallic conductors.

Since bismuth and antimony have similar lattice parameters,
it is not surprising that Bi-Sb alloys form a solid solution
over the whole composition range. Cucka and Barrett [25]
have reported that the hexagonal lattice parameters of Bi;_,Sb,
satisfy the Vegard's rule when 0 < x < 0.3,

From symmetry arguments, it can be shown that the tensors
of the three zero field transport properties, i.e. o, p and A,
have only two independent components, one along the
trigonal axis (index 33) and one in the basal plane (index 11 or
22).

Reviews concerning the electronic band structure of bismuth
and antimony and the properties of electrons in bismuth have
been reported. by Dresselhaus [26] and Edelman [27],
respectively. In the following section, we will only
summarize the aspects of the band structure of the pure
components and alloys that are relevant to the understanding
of the transport properties.

The small distortion from the simple cubic lattice induces that
bismuth and antimony are semimetals characterized by a small
overlap of the fifth and sixth bands, leading to the presence of
a small equal number of electrons and holes at every
temperature. In bismuth, the pockets of electrons are located at
the L points of the Brillouin zone whereas the pockets of
holes are located at the T points (Fig. 2). The hole Fermi
surface corresponds to an ellipsoid of revolution along the
trigonal axis whereas the electron Fermi surfaces consist in
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Fig. 2 Location of the Fermi surfaces of bismuth in the
Brillouin zone. Axes 1, 2 and 3 are parallel to the binary,
bisectrix and trigonal axes, respectively. @, is the tilt angle of
the electron ellipsoids.

three quasi-ellipsoids strongly elongated along a direction
which is near from the bisectrix axis. This highly anisotropic
shape leads to unusual very small effective masses along two
directions inducing very high electron mobilities.

The same structure occurs for the "light" L hole band, which
is separated from the conduction band by a narrow energy gap
Eg (Eg = 13.6 meV at 0 K [28]) and is coupled to it by the
k.p interaction, causing a highly non-parabolic dispersion
relationship of the two bands and a non quasimomentum
dependence of the Bloch amplitude. The simplest dispersion
relation for the L-bands is the two-band model of Lax and
Mavroides [29]. Expressed in coordinates fixed to the ellipsoid
axes, the energy dispersion follows the law :

2 = -
E[l+£]=h—ﬁm“lk 1))

where mg is the free electron mass, m the effective mass

tensor of electrons and L holes near the band edges and k the
wave vector. The non-parabolicity alters the effective masses.
In the previous model, an effective mass tensor element m*
depends on energy E as :

cEyoml102E
m (E)—m[1+2E } €))

g

In antimony, the pockets of electrons are also located at the L
points of the Brillouin zone whereas holes are located at the
six equivalent H points. The departure from cubic symmetry
is more pronounced in antimony than in bismuth, resulting in
a larger carrier density in antimony than in bismuth. It should
be noted that L, T and H hole bands differ greatly with regard
to the density of state effective mass my. Values reported at
the helium temperature are respectively : my 1, = 0.02 my,
my 1 = 0.14 mp and mq i = 0.5 mg [26].
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Fig. 3 Schematic diagram of the band edge configuration of
Bij.xSb, alloys as a function of x, at T = 0 K. In the
semiconducting range, the band gap is maximum around
x =0.15-0.17.
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The substitution of Bi atoms by Sb atoms in the Bi lattice

modifies drastically the band structure of bismuth. Fig. 2
represents the band structure evolution of Bi;_ Sb, alloys as a
function of x, at low temperature. These results were obtained
from powerful oscillatory techniques like magnetoreflection or
cyclotron resonance.
As it can be seen in Fig. 3, alloying affects mainly three band
parameters :

- the overlap between L and T bands,

- the value of the direct energy gap E,,

- the energy of the top of the H bands.
Between 0 < x < 0.04, the overlap as well as the band gap
decrease. At x = 0.04, a gapless state appears {30,31]. Beyond
this composition, the bonding L and antibonding L, bands
are inverted and the band gap increases with enhancing
antimony concentration. At x = (.07, there is no more
overlap between the conduction band at the 1. point and the
valence band at the T point. The material loses then its
semimetallic character and becomes a semiconductor [32,33].
However, because the top of the H band increases with
enhancing antimony concentration, a second transition takes
place at x = 0.22 [34,35]. Beyond this composition, the band
structure of the alloys evolves up to the band structure of pure
antimony. So, between 0.07 < x < 0.22, Bij.,Sby alloys are
narrow band gap semiconductors with a maximal band gap
around 15-17 at. % Sb.
Since the energy gap associated with the electron pockets at
the L point is very small, it is not surprising that all the band
parameters associated with the electron carriers are strongly
temperature dependent. These observations were first reported
by Vecchi and Dresselhaus [28] for pure bismuth and were
further extended to some Bi-rich alloys by Mendez [4]. Their
results show drastic relative variations of the energy band gap
with regard to the value at 0 K, compared to typical
semiconductors. For T > 80 K, extrema of L and L, bands
increase and decrease in energy, respectively, when the
temperature is enhanced. The effective masses at the L bands
extrema were also reported as being very sensitive to
temperature. Nothing is "2 priori" known about the
temperature dependence of band parameters for T and H bands
in Bi-Sb alloys.
- All these unusual features allow us to understand, at this
stage, why it is difficult to analyse the transport properties of
such alloys, the difficulties arising in part from the strong
non-parabolicity and the large temperature dependence of the
band parameters at the L points of the Brillouin zone.
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Fig, 4 Phase diagram of the Bi-Sb system.

The situation is still more complex when several valence
bands contribute to the transport properties. This matter of
fact prevails when alloys are semiconductors, and it is
precisely when the thermoelectric performances are the most
interesting.

Preparation

Although bismuth and antimony are completely miscible in
both the liquid and solid states, there is a large temperature
difference between the liquidus and the solidus (Fig. 4). A
similar situation is encountered for silicon-germanium alloys
which are the best thermoelectric materials for high
temperature uses. According to the phase diagram of the Bi-Sb
system, a liquid of C;, composition will start to crystallise a
solid with the Cg composition, enriched in Sb with regard to
the melt, as seen Fig. 4. Further lowering the temperature
modifies both the compositions of the liquid along the
liquidus line and of the grown ingot along the solidus line.
Due to very low diffusion rates in the solid, the resulting
ingot exhibits severe segregation. It results that the
preparation of homogeneous solids requires either to maintain
constant the composition of the melt during the growth or to
use some process to homogenize the solid phase. _

Bi-Sb alloys have been extensively prepared in the single
crystalline form and to a less extent via powder metallurgy.
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Fig, 5 Longitudinal (a) and radial (b) variation in Sb content
as determined by electron microprobe analysis on a 150 mm
in length and 15 mm in diameter Big g6Sbg.o4 alloy elaborated
by T.HM. :
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Although Bi-Sb samples were mostly prepared without any
intentional doping, effects on the thermoelectric properties of
donor (Te [36,37], Se [36]) and acceptor (Sn [12,37,38], Pb
[11,39], Ga [40]) centers have been considered.

Single crystals

Among the various preparation methods mentionned in the
literature, the repeated pass zone melting was principally used
to produce single crystals, the growth rate ranging from 0.1 to
51 mm h! [1,11,36,41-46). This elaboration method can
overcome excessive macro-segregations in the alloys whereas
the micro-homogeneity in composition can only be achieved
from slow growth rates. Micro-inhomogeneities arise from the
detrimental effect of constitutional supercooling.
Constitutional supercooling can be eliminated {47] or at least
reduced substantially if the applied growth rate R satisfy the
relation :

R < DG/AT Q)

where D is the binary alloy liquid diffusion constant (about
10-5 cm?2s-1 at 300°C as reported by Brown and Heumann
[41]), G the temperature gradient at the solidification interface
and AT the temperature difference between the liquidus and the
solidus. It is however difficult to produce large temperature
gradients due to the low melting temperatures of the alloys.
Consequently, small G gradients associated with large AT
constrain to use small growth rates R.

Contrarily to multi-pass zone melting, a single-pass zone
levelling technique [48] or a Traveling Heater Method
(T HM.) [49] were successfully used to grow very
homogeneous single crystals. These processes are methods of
solvent zone transfer through a polycrystalline source ingot in
a quartz ampoule sealed under vacuum. The compositions of
the source ingot Cg and of the solvent zone Cp, are choosen in
such a way that the liquid and the solid are in equilibrium at
the solidification interface T. (Fig. 4). An example of
longitudinal and radial homogeneities is reported Fig. 5 for a
Big 96Sbg.04 alloy elaborated by the T.H.M. method. It must
be pointed out that temperatures used for the growth are much
lower for zone levelling or T.H.M. methods than for zone
melting processes.

25 BARRERARES AR LS RARAS RSN RARES RS
20 | ]
Ee! r ]
0] [ ]
R L * . . oa
o 15 10000000409,000,0,%0500 0%, ,0 0,0%,
2 ¥ :
2 i
< . -
10 - -
-3 P TR RS P SUETE FETE T P
0 1 2 3 4 5 6 7 8
Scan distance (mm)
Fig. 6 Electron microprobe scanning along compacted

Big.g55bg.15 powders elaborated by mechanical alloying (ball
to powder weight ratio : 10/1, particle sizes > 100 um, 15 h
of milling time), after {56].

The Czochralski pulling technique was also successfully used
to grow homogeneous doped (Te, Sn) and undoped Bi-Sb
alloys up to 18 % at. Sb [50]. Large single crystals (20-25
mm in diameter) of high degree of crystalline perfection have
been obtained. Recently the melt-injection technique [51] was
also developped to prepare these mixed crystals.

Powder metall

The use of Bi-Sb single crystals in low temperature stages of
solid state coolers is still restrained up to now. The main
reason is that the Bi-Sb single crystalline leg possesses a low
bending strength and a low tension strength along the trigonal
axis leading to slippings in the cleavage planes.
Unfortunately, it is precisely in that direction that the figure
of merit is the best. Special attention was devoted to enhance
the mechanical properties of Bi-Sb single crystals. Belava et

" al. [52] have investigated the influence of the growth

parameters on the bending strength of Czochralsky grown
ingots as well as the influences of the size and the surface
quality of the samples. Quite remarkable works on extrusion
of single crystals have been performed by Sidorenko and co-
authors [53-55] as an attempt to improve the mechanical
properties, without any large decrease of the thermoelectric
performances.

Another way to improve the durability of the material is to
produce Bi-Sb polycrystalline alloys via powder metallurgy.
They are easier to synthesize, dimension, and handle than
single crystals. The microstructure produced by powder
metallurgy also eliminates the danger of catastrophic failure
due to cleavage.

Nowadays, in the light of the scarce published works on Bi-Sb
powder alloys, there are three obtention techniques :
mechanical alloying [56], arc-plasma spraying {57,58], and the
grinding of zone-melted rods [59,60]. Mechanical alloying
allows the elaboration of homogeneous powders (Fig. 6) with
grain sizes about 10 pm, in relatively low milling times (4-
15 hours, depending on the milling conditions) [56]. Arc-
plasma technique also permits to elaborate fine powders (Fig.
7) of controlled stoichiometry and granulometry (0.025 to 0.8

pm) [58].

Galvanomagnetic properties

Galvanomagnetic investigations are well adapted to study the
evolution of carrier mobilities and densities with temperature.
The 80-200 K temperature range is particularly interesting for
the use of Bi-Sb alloys in thermoelectric devices.

fr A X6 B2 0 .
Fig. 7 Scanning electron micrograph of a Bigg75Sbo.125

powder elaborated by arc plasma spraying (mean particle size
< 1 pm), after {58].
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To compute the band model parameters in a straightforward
way from the galvanomagnetic data, one approach is to turn to
low field measurements, that is fields for which pB << 1,
where | is some carrier mobility and B the magnetic
induction, and in this case the effects are very small. Different
attempts to obtain informations about band parameters have
been performed on some alloys [45,61]. Nevertheless, the
conclusions obtained by these authors need substantial
reconsideration because of the use of an incorrect band model
for the alloys. Moreover, by studying the galvanomagnetric
effects in weak magnetic fields, the Hall factor and the
magnetoresistance factor, both governed by the energy
dependence of the relaxation time, are assumed to be close to
unity in bismuth and in alloys. When the non-parabolicity is
taken into account, these factors may be considerably increased
for electrons when there is no strong statistical degeneracy.
Ravich and Rapoport [62] have clearly shown that these
factors differ greatly from unity in bismuth for temperatures
exceeding 100 K.

Quite recently, Demouge et al. [63] have investigated the
galvanomagnetic tensor of Big ggSbg o4 in the temperature
range 77-180 K under strict isothermal conditions, rigorously
satisfying the low field conditions. Their experimental results
have been analysed from a two band model taking into account
the non-parabolicity and a mixed -scattering model : the
scattering by accoustical phonons and interband
(recombinaison) scattering due to electron transitions between
the conduction band and the valence band (T band). As
expected, the authors have also found that the Hall and
magnetoresistance factors differ from unity. The temperature
dependence of the carrier mobilities is reported Fig. 8. It is
seen that the T-holes mobilities are smaller in the alloy than
in bismuth, suggesting that holes are more affected by
alloying than electrons.
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Fig. 8 Evolution of the electron mobilities p; and hole
mobilities v; with temperature of Big g¢Sbg g4 and Bi (index i
refers to the directions to the principal axes of the ellipsoids).

Transport properties
Single crystals

Electrical resistivity
The electrical transport coefficients pj; and/or p33 of Bi-rich
Bi-Sb alloys have been measured by many authors within the
4.2 - 300 K temperature range [1,11,12,36,42,44,46,64-71].
The general trends are similar in most of the studies except at
low temperatures where the crystalline quality and the
concentration of residual impurities play an important role.
The different temperature dependences of the electrical
resistivity encountered in Bi,Sb)., alloys (x < 0.20) are
schematized Fig. 9.
Above 150 K, the electrical resistivity increases almost
linearly whatever the measurement direction and the alloy
composition. At 300 K, the value of the resistivity is about
1.5 uQ m. This value, near from that of pure bismuth (= 1.2
12 m), is only two orders of magnitude higher than the value
of t{ ical metals. For bismuth, the low number of carriers
(10'7-10'8 cm3 [72]) is compensated by their very high
mobilities in some directions, as compared to metals, due to
very small effective masses. Since the density of carriers in
Bi-Sb alloys is of the same order of magnitude than in pure

- bismuth, we can expect that the mobilities are still very high

in the solid solution at room temperature.
Below 150 K, a clear difference in the electrical resistivity
behaviours appears. For x < 0.07, the electrical resistivity of
the semimetallic alloys decreases with diminishing the
temperature, quite similarly to what happens for pure
bismuth. For 0.07 < x < 0.20, the resistivity first decreases
down to a minimum and then three temperature dependences
can be observed as the temperature decreases (Fig. 9) :
a) a continuous increase of the resistivity,
b) an increase with a subsequent transition to saturation,
¢) an increase up to a maximum and then a decrease
down to a saturation limit.
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Fig. 9 Schematic temperature dependence of -the electrical
resistivity in Bi-Sb alloys.

15th International Conference on Thermoelectrics (1996)




This unsual behaviour at low temperature in the
semiconducting range for undoped alloys can be qualitatively
understood according to the hydrogenoid model. Actually, due
to a large dielectric constant (= 100) and to small effective
masses (= 0.02 myg), the ionization energy of the bound states
and the Bohr radius are abnormally low and high, respectively,
leading to the formation of an impurity band for low impurity
concentrations n; (for Bi-Sb alloys, n; < 1012 cm-3 to have
bound states). These considerations explain why, even in very
pure materials, a large residual conductivity can be expected at
T=42K.

When the intrinsic carrier concentration is greater than the
impurity density nj, the resistivity decreases. The variations
observed as a function of temperature are then similar to those
of a semiconductor having a narrow band gap. The thermal
band gap AE was estimated by many authors on the
assumption that the resistivity follows an exponential law :

P = po exp (-AE/2KT) &)

The results are reported Fig. 10. Despite the approximation of
such temperature dependence, the obtained results describe
qualitatively the evolution of the band structure as a function
of composition at low temperature when the investigated
samples are homogeneous. It results from the small value of
the thermal gap that the electrical resistivity increases when
the thermal energy kT is of the same order of magnitude as
AE.
The anisotropy of the electrical resitivity is not very
important for T > 50 K and depends on the antimony content
[12,70].

Thermoelectric power
The substitution of Bi atoms by Sb atoms results in larger
absolute values of the thermoelectric power for both
thermoelectric powers oy and 0,33, with regard to those of
pure bismuth (Fig. 11). It is due to the decrease of the overlap
between L and T bands, and to the appearance of a
semiconducting state. It was shown experimentally by many
authors that the thermoelectric power of semiconducting
alloys is always negative in the region of intrinsic
conductivity [11,12,64,65,68-70,73] whereas it can be either
positive or negative in the region of extrinsic conductivity
according to the type of doping (intentional or not).
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Fig, 10 Estimation of the thermal gap AE of Bi-Sb alloys
from relation (5), according to several authors.
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Fig. 11 Thermoelectric power of various Bi-Sb alloys as a
function of temperature along directions parallel (o33) or
perpendicular (o ;) to the trigonal axis, after [70].
(— represents the measurements for Bi [87]).

A lot of studies have been performed by Red'ko and co-authors
[68,74-76] on the measurement of the thermoelectric power on
p or n Bij_;Sby (0.085 < x < 0.17) alloys at low temperatures
( T < 100 K) with the attempt to correlate their results with
the complex valence band structure. By varying the impurity
carrier densities, they have investigated the carrier scattering
mechanism in a single-band state (only light holes participate
in the transport phenomena) or a in a many-band state (both
the light holes and the heavy holes are involved in the
transport effects). Very large values of the thermoelectric
power were reported at very low temperature in a series of
samples (Fig. 12). Due to the narrow band gap of the
semiconducting alloys, the transition from extrinsic to
intrinsic conductivity takes place at low temperature.
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Fig. 12 Temperature dependence of the thermoelectric power
as a function of hole and electron densities p and n,
respectively : 1) 027, p=3.4 1013 cm3 ; 2) 0y, p = 2.1 1014
cm‘3 N 3) 022 and 4) 33, p=4.6 1014 cm'3 5 5) 0313, n=4.1
1013 cm-3, after [68).
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An increase of the carrier concentation at low temperature only
leads to the shift of the transition temperature towards higher
temperature, as can be seen Fig. 12.

The negative sign of the thermoelectric power in the intrinsic
range reflects only the higher mobilities of electrons compared
to those of holes. Actually, the total diffusion thermoelectric
power o; is expressed in terms of the corresponding partial
contributions as :

_ o + ool

8 ©

i o
Cii +0j;

where ofi is the partial contribution of carriers to the total

electrical conductivity in the considered direction (index j refers
to electrons or holes) and o are the partial diffusion
thermopowers. For holes, L, T and H bands may contribute to
the partial contributions. In first approximation, we can
suppose that the numerical partial thermopowers are of the
same order of magnitude. Following this assumption, an
expression can be find for oy; :

h
o
n
0jj = — D
1+
Oii

Since the contribution of light and/or heavy holes to the
intrinsic conductivity is small in comparison with that of
electrons, because the mobility of electrons is much higher
than that of holes, the ratio of the partial conductivities is less
than unity and oy; is negative. '
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Fig. 13 Anisotropy of the thermal conductivity represented for
a Big 93Sbg o7 alloy, after [70].

The temperature dependence of the thermal conductivity is
illustrated in Fig. 13 for a Big 93Sbg 7. A strong anisotropy
is observed (A13/A33= 1.7).

In these materials, the thermal conductivity A is principally
the sum of two terms : an electronic contribution Ag
(including both unipolar and bipolar terms) and a contribution
associated with the lattice phonons Ay :

A.:)\,E'f'}q_, (8)

In pure bismuth, in the range 2-20 K, the thermal
conductivity Ay is only due to the lattice contribution. The
relative contribution of Ag increases with increasing
temperature. Uher and Goldsmid [77] have reported that Ag
contributes to 14 % of the total conductivity at 35 K and to
42 % at 140 K. The knowledge of the relative contributions of
carriers and phonons has also been studied in the alloys
[65,69,78-81]. The most remarkable results have been
obtained by Kagan and Red'ko [80,81] who suceeded to
separate the relative contributions by applying a strong
magnetic field (uB > 1) (Fig. 14). As might be expected,
below 20 K the heat is still primarily transported by phonons,
and at higher temperatures the electronic component becomes
more important as the temperature increases. However,
alloying reduces strongly the lattice thermal conductivity with
regard to pure bismuth because of strong point defect

scattering. The relaxation time 1 for this process is expressed
by [82]:

1= AT0? ©
0%,
04—
;7‘ L
=t
o
S
8 r
< T
-
-2 ! |
i . L ) .,
! 0 0?  sp°
TK

Fig. 14 Temperature dependence of the phonon thermal
conductivity A2 of single-crystal samples. 1) pure bismuth ;
(2-7) Bij.xSby alloys of the compositions x=0.001 (2), 0.085
(3), 0.1 (4), 0.12 (5), 0.135 (6), 0.15 (7), after [81].
Dimensions of the sample were : 4x4x40 mm3. As in Bi, a
size effect was observed in Bij.,Sby alloys.
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where A is a constant, @ refers to the phonons frequency and
I", which is a measurement of the strength of the scattering, is

given by :
2
M.
r=sf 1-:!)
E( M

where M is the mass of the ith type of impurity, M the mean
atomic mass and f; the fractional concentration of this
impurity. Since the atomic masses of bismuth and antimony
largely differs (Mp; =209 and Mgy, = 122), point-defect
scattering phenomena are relatively important.
The decrease of the lattice thermal conductivity with respect to
bismuth is spectacular near the dielectric maximum where the
defects have a far greater effect on the thermal conductivity
than at higher temperature (Fig. 14).

Thermoelectric figure of merit
The larger values of the Seebeck coefficient and the lower
values of the lattice thermal conductivity in the alloys result
in higher values of the figure of merit than for pure bismuth
(Fig. 15). Values measured along the trigonal axis are higher
than those measured in the basal plane (Fig. 15). This strong
anisotropy reflects mainly the strong anisotropy of the
thermal conductivity. The temperature dependence of the figure
of merit is similar whatever the composition. It increases
slowly from 300 K up to a maximum around 70 K and then
drops sharply at low temperature.
Lenoir et al. [83] have observed the presence of two maxima
in the curve of the figure of merit versus Sb content at 70 K
in undoped Bi-Sb alloys (Fig. 16) corresponding to the
situation where the tops of T and H bands are on the same
level than L bands, for x = 0.09 and x = 0.16. Such behaviour
was previously reported by Grabov et al. [84] for T = 82 and
T =95 K. Lenoir et al. [83] have qualitatively interpreted this
dependence as arising from interband hole scattering. Within
the composition range 0.09 < x < 0.16, the interband
scattering is maximal when the heavy hole extremum is on
the same level than the light hole maximum. The figure of
merit may be lowered outside this range because of the
decrease of the thermal gap. Therefore, the interband hole
scattering may explain the existence of the two maxima in the
evolution of the figure of merit with Sb content at low
temperatures. The same mechanism can certainly also explain
why the bismuth-antimony alloys cannot be good p-type
thermoelectric materials.
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Fig. 15 Temperature dependence of the figure of merit of
various Bij_xSby alloys [70,83,87].
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Some recent results obtained on doped, by tin or tellurium,
samples [37] do not present any substantial increase of the
figure of merit for T > 80 K, as previously observed by other
authors [11,12]. At lower temperature, it is possible to obtain
a p-type thermoelement with acceptor impureties {11,12,85]
over a small range of temperature of about 40 K. However, as
was discussed by Red'ko [85], the conditions are not
favourable to obtain a high p-type figure of merit (the reported
values never exceed 1 103 K1) due to the peculiarities of the
complex valence band structure.

Polycrystalling samples

Powder metallurgy has the advantage to improve the
mechanical properties of Bij_xSbyx alloys but is detrimental to
the figure of merit as a result of the random orientations of the
grains. However this adverse effect may be hindered by
significant reduction of the thermal conductivity resulting
from phonon scattering at grain boundaries at temperatures
higher than the Debye temperature 6p (6p = 120 K in
bismuth) like it is known to occur at high temperature for Si-
Ge alloys.

An early work performed by Cochrane and Youdelis [59] on
Big ggSby, 12 alloys synthesized by grinding zone melted rods
has however not shown preferential scattering by a particular
powder size, the main effects affecting the figure of merit
being the variations in electrical resistivity. Impurities, such
as oxygen insertion during powder elaboration may be an
hindering factor to improve the figure of merit as well as the
fact that the powder particules were too large (> 38 um) to see
any effect. However, a recent study by Suse et al. [57]
performed on the same alloy composition elaborated by arc-
plasma showed an enhancement of the figure of merit by a
factor two as compared to a single crystal (Fig. 17), for
temperatures greater than 150 K, that was attributed to phonon
scattering at grain boundaries (particle size 1-5 pm).

Figure of merit (10-3K"1)

Fig. 16 Antimony content dependence of the thermoelectric
figure of merit at 70 K of Bi;.,Sby alloys, as reported in [83].
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The value of the thermal conductivity (1.2 Wm-!K-1)
measured at room temperature was found to be two thirds of
that of a single crystal along the trigonal axis. Recently,
Goldsmid et al. [88] determined the conditions for high
temperature boundary scattering in solid solutions by a
simplified theory. They concluded that it is possible to obtain
even larger reductions in the thermal conductivity if the grain
size is decreased to a fraction of a micrometer (reduction of 50
% for a size of 0.13 pm). However they have not discussed
the change in electrical resistivity that accompany boundary
scattering.

Another way to improve the figure of merit of polycrystalline
samples is to texture the powder by extrusion. Banaga et al.
[60] have shown that the figure of merit of extruded
Big.33Sbo.12 alloys prepared by grinding zone melted rods
exceed the computed average value for single crystals (Fig. 17)
in the entire temperature range studied (80-300 K), due to both
the presence of a favourable texture and potential barriers.

Thin films

Data reported on the transport properties of Bi-Sb thin films
are relatively scarce [89-94]. The comparison between the
several results is rendered difficult because of the differences in
thickness of the prepared films as well as of measurement
problems concerning the thermal conductivity.

Films have been prepared by ion beam mixing [89], thermal
evaporation [91,92], molecular beam epitaxy [93] or
sputtering [94,95].

The thickness dependences of the thermal conductivity and
figure of merit have been reported by Vélklein and Kessler for
several compositions of BixSb.x alloys [91). The figure of
merit decreases with decreasing thickness, whatever the alloy
composition and the temperature. Such effect has also been
observed by Boyer and Cissé [92] for Big g7Sbg ;3 thin films
alloys. Both authors [91,92] have observed that the figure of
merit of bulk materials is reached at room temperature for this
specific composition since a film thickness of about 150 nm.

1 Cochrane and Youdelis [59]
2 Banaga et al. [60]

6 3 Sidorenko and Mosolov [54]
4 Suse et al. [57]

5 | 5 Z,, single crystal [70}
<4
¥
m
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!
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Temperature (K)

Fig. 17 Temperature dependence of the figure of merit of
Big 88Sbo.12 polycrystalline samples. The shift of maximum
towards higher temperature with regard to the single crystal
seems to be a simple consequence of the drop of Z at low
temperature where any defects strongly manifest.

Temperature dependence behaviours of the semiconducting
thin films show that the maximum of the figure of merit is
located in the temperature range between 200 and 300 K,
shifted towards higher temperature by comparison with butk
materials, as it has already been observed for compacted
powder materials [56,57). The highest value of the figure of
merit is however one order of magnitude lower for thin films
than for bulk single crystalline materials.

In order to enhance the film quality for further uses in
quantum wells as it has been predicted an improvement of the
figure of merit in such structures [96], Big g6Sbo,14 films were
recently grown epitaxially on BaF, substrates by sputtering
[95]. Electrical measurements show an enhancement of the
electrical resistivity as compared to bismuth films as it is also
happening with bulk materials. The thickness of the films
was nevertheless not mentionned.

Concluding remarks

The main aspects of Bi-Sb alloys have been presented in this
survey including both the preparation and the transport
properties. Most of the experimental results have been
qualitatively described. For a quantitative analyse, the effects
of band non-parabolicity and the large temperature dependence
of the band parameters have to be taken into consideration.
Moreover, the scattering mechanisms still remain a challenge
to our understanding of these materials particularly in the
intrinsic range.

The great thermoelectric performances of Bi-Sb single crystals
around 80 K are due to the peculiarities of the electronic L-
band. Little or none improvement in the figure of merit of
single crystals has been achieved since the first works of
Smith and Wolfe [11]. The observed discrepancies are
generally linked to the problem of sample homogeneity. Even
doping attempts were unsuccessfull.

Some promising results obtained on bulk samples prepared
via powder metallurgy make these materials, also
mechanically strong, good prospects for use in solid state
devices working around 150 K. However, sample preparation
and history are important and need to be taken into
consideration before conclusions can be drawn about the degree
of effectiveness of grain boundary scattering in improving
thermoelectric materials.

The possibility of improve figure of merit cannot be
dismissed and work with this aim should be encouraged.
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Effect of Anisotropy of the Seebeck Coefficient on the Thermal Conductivity of
Polycrystalline BiSb Alloys

H.J. Goldsmid, J.W. Sharp
Marlow Industries Inc.
10451 Vista Park Road, Dallas, TX 75238-1645

Abstract

In 1961, Cosgrove, McHugh and Tiller reported the effect of
micro-segregation in fast-grown bismuth telluride on the
thermal conductivity. They attributed a significant increase
in this property to the presence of circulating electric currents
associated with the non-uniform Seebeck coefficient in the
inhomogeneous material. If this effect is an important one,
then it could seriously impair the performance of
thermoelements made from polycrystalline BiSb alloys since,
even if such materials are chemically homogeneous, they will
have local variations of the Seebeck coefficient associated
with the anisotropy of this parameter in single crystals.

We now think that circulating thermoelectric currents are not
the main reason for the increase of thermal conductivity in
inhomogeneous bismuth telluride. Such currents should have
an even smaller effect in BiSb alloys and should not cause
any substantial decrease in the figure of merit. This is borne
out by measurements on the thermal conductivity of large-
grained polycrystalline BiSb alloys. Using a technique for
the determination of the electronic component that is
described elsewhere, it has been found that the residual
thermal conductivity is very close to the lattice component
that is predicted form observations on single crystals. This
would not be so if there were any significant heat transfer by
internal circulating currents.

Introduction

An important step towards the production of consistently
good thermoelectric material was made by Cosgrove et al.' in
1961 when they observed the effects of growth rate and
temperature gradient in a Bridgman furnace on the properties
of BiSbTe,. They paid particular attention to the thermal
conductivity, A. After subtracting the Wiedemann-Franz
electronic component, Ay, g, they found that the remaining
term showed considerable variation from sample to sample.
1t became larger when either the temperature gradient, dT/dZ,
in the furnace was reduced or the rate of movement, V, of the
liquid-solid interface was increased. Their observations are
summarized in Fig. 1.
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Figure 1. Plot of residual thermal conductivity against
the ratio of growth rate to furnace gradient according to
Cosgrove et al.

The explanation for the behavior shown in Fig. 1 was
claimed by the authors' to lie in non-uniformity of the
material, arising from the micro-segregation or constitutional
supercooling that occurred when V/(dT/dZ) became large.
They stated that this non-uniformity would lead to local
variations of the Seebeck coefficient so that, when a
temperature gradient was applied, circulating thermoelectric
currents would flow. These currents would transfer heat
through the Peltier effect. Presumably such circulatory
effects will be present in any material in which the Seebeck
coefficient is non-uniform.

Since the time when Cosgrove and his colleagues carried out
their work, there has been considerable interest in the use of
polycrystalline bismuth telluride alloys prepared by sintering.
Such alloys may be chemically uniform but their
thermoelectric properties may vary within a sample due to the
anisotropy of the single crystal parameters. However, the
Seebeck coefficient is either isotropic or nearly so, and the
possibility of internal circulating thermoelectric currents does
not arise. On the other hand, in BiSb alloys the Seebeck
coefficient is strongly anisotropic. Thus, if circulating
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thermoelectric currents degrade the figure of merit in non-
uniform bismuth telluride alloys, through an increase in the
thermal conductivity, so might they be expected to do so in
uniform but randomly oriented polycrystals of BiSb.

Bismuth Telluride

Let us first examine the origin of the high thermal
conductivity in bismuth telluride that has been grown too fast.
It is certainly true that internal currents will flow if the
Seebeck coefficient is non-uniform. However, let us consider
the magnitude of the effect in the rather extreme case where
half the material consists of p-type bismuth telluride with a
Seebeck coefficient, a,;, of 200 pV/K, and the other half
consists of n-type material with a Seebeck coefficient, e,, of
-200 uV/K. This would surely lead to the largest possible
circulatory effect.

We can get some idea of the magnitude of the effect from the
studies of the thermal conductance of thermoelectric modules
in the open-circuit and short-circuit conditions.>® The
difference between the two thermal conductances has been
used to determine the figure of merit in an alternative
technique* to that employed by Harman.® Briefly, if K* is the
short-circuited thermal conductance and K is the usual open-
circuit value,

K* =K(1+zT), ¢y
where zT is the dimensionless figure of merit.

The situation in the non-uniform sample that we are
discussing is somewhat similar to that for a bipolar
conductor. It can be shown® that the bipolar contribution to
the thermal conductivity of a mixed conductor is

A-bip={01(’z/ (0, + 6,)}(et-ax,)) T 2)

Where 0, and o, are the partial electrical conductivities of the
holes and electrons respectively. The only difference
between the non-uniform case and the bipolar case is that, in
the former, each type of material contributes its own lattice
conductivity while, in the latter, the lattice conductivity is
shared by the two types of conductor. Consequently,
equation (1), rather than equation (2), gives the thermal
conductance of a non-uniform sample containing two
constituents. '

Now the very largest value for the dimensionless figure of
merit of a thermocouple composed of bismuth telluride alloys
is close to unity.” We see, then, that it would be possible, in
principle, for the thermal conductivity of a bismuth telluride
alloy, such as that studied by Cosgrove et al., to be almost
doubled by internally circulating thermoelectric currents.
However, it would be virtually impossible to obtain a
material with the specific non-uniformity described by our

15

model and, in practice, one would expect a very much smaller
contribution to the thermal conductivity from internal
currents. This is much more consistent with the observations
of Yim and Rosi’, who also studied the effect of growth rate
and furnace gradient on the thermoelectric properties. The
dependence of the residual thermal conductivity, A-Ay5, on
the growth rate for p-type and n-type alloys is shown in Fig.
2. The temperature gradient was said to be 25 K cm™ and, at
the highest growth rate of about 10 cm hr', the value of
V/(dT/dZ) was close to 0.4 cm? K' hr'. The rise of the
residual thermal conductivity with growth rate was
appreciably less than that reported by Cosgrove et al.,
especially for the p-type material.
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Figure 2. Residual thermal conductivity plotted against
growth rate for the alloys used by Yim and Rosi.

Is it possible to account of the fact that Cosgrove et al.
observed almost twice the residual thermal conductivity for
rapidly grown BiSbTe, compared with that for slowly grown
material? It is, perhaps, difficult to explain quite such a large
increase as this, but we may go some way towards an
explanation if we consider the effect of the variation of
thermal conductivity with carrier concentration in uniform
samples of this alloy.
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Figure 3. Variation of thermal conductivity with
electrical conductivity for p-type bismuth telluride at
300K.

Undoped samples of BiSbTe, that are melt grown are not
stoichiometric but are p-type with a typical electrical
conductivity of between 0.5 and 1.0 mQ' cm!. There are
interesting consequences for the Lorenz number and, thus, for
the electronic thermal conductivity when the carrier
concentration rises or falls. When the electronic conductivity
becomes greater, the electronic thermal conductivity rises
even more rapidly as the Lorenz number approaches its value
for metals, which is larger than that for extrinsic
semiconductors. When the electronic conductivity falls, the
Lorenz number becomes very much greater due to bipolar
heat conduction® so that the electronic thermal conductivity
again rises. The effects are illustrated for bismuth telluride in
Fig. 3 and would be relatively greater for BiSbTe, since the
lattice conductivity of the alloy is appreciably less than that
of the compound. According to Rosi et al.’ the lattice
conductivity of BiSbTe3 is about 0.6 W m™ K' and, as
shown in Fig. 3, the electronic component in bismuth
telluride rises by this much on either side of its minimum
value. It appears, then, that Cosgrove and his co-workers
were misled in calculating a residual thermal conductivity by
subtracting an electronic component determined using a
Lorenz number that is typical for non-degenerate extrinsic
semiconductors. If they had taken account of the larger
Lorenz numbers that would have been appropriate for much
of the non-uniform material, they would probably have
deduced only a minor contribution to the thermal
conductivity from circulating currents.

Bismuth-Antimony

The BiSb alloys differ from bismuth telluride alloys in that,
because of their smaller (or non-existent) energy gap, they
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contain both holes and electrons even when produced with

the thermoelectric application in mind. The Seebeck
coefficient can be calculated from
o= (0, + 0,0,)/(c, +0,) (©)]

and is different in the “a” and “c” directions. Thus, even if
the material is chemically homogeneous, the Seebeck
coefficient will vary from point to point in a sample
according to the direction of the current. Thus, the conditions
exist for internal circulating currents to occur. The question
is, whether or not these currents are large enough to have any
appreciable effect on the thermal conductivity.

We consider first the case of pure bismuth. The necessary
data for this element have been given by Gallo et al.' who
made measurements on single crystals along the principal
axes. The data at 100 K are shown in Table 1.

e(mVK") | o@'m?) A(Wm'K?)
“a” axis -40 2.5x 10° 18
“c” axis -90 2.5x 10¢ 13
Table 1 Properties of bismuth in the “a” and “c” directions at

100K.

Thus, the figure of merit, z, of a couple between two crystals
of bismuth aligned respectively in the “a” and “c” directions
is 1.0 x 10°K"", with ZT equal to 1.0 x 102,

This means the contribution of circulating currents to the
thermal conductivity of polycrystalline bismuth could not be
more than 1%. In fact, we would expect it to be much
smaller than this because the grains within a sintered sample
would not be aligned at right angles to one another but would
take up all possible orientations.

Turning to the BiSb alloys, we might expect the anisotropy of
the Seebeck coefficient to be of the same order as for pure
bismuth but the lattice thermal conductivity would be reduced
and one may predict that the figure of merit of a couple
formed from two single crystals of a typical alloy, aligned
respectively in the “a” and “c” directions, would be a few
times higher than for Bi. Nevertheless, in any randomly
oriented sample the contribution to the thermal conductivity
from circulating currents would have to be on the order of
1%.

Experimental Results for BigSb,,
We report elsewhere a technique that we have used to

determine the lattice thermal conductivity of BiSb alloys.
Briefly, we have measured the thermal and electrical
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conductivities in transverse magnetic fields of up to 1 Telsa.
By comparing the field dependencies of the two
conductivities we have been able to estimate the electronic
component of the thermal conductivity, and we have thus
been able to obtain the residual contribution, A; .

Applying this technique to a large grained (50pum) sample of
Big,Sb,, for which boundary scattering of the phonons can
safely be ignored, we find a residual thermal conductivity of
2.3 Wm' K' at 80K. We selected this composition and
temperature because Horst and Williams'! have determined
the lattice conductivity of a single crystal of BigSb,, at 80 K.
They found A; to be 3.1 W m™ K™ in the “a” direction and 1.5
W m' K' in the “c” direction. Now there are two “a”
directions to one “c” direction in the bismuth crystal
structure.  Thus, if we wish to estimate the lattice
conductivity of polycrystalline material from the single
crystal values we should perhaps take a mean that is weighted
2:1 in favor of the “a” direction. The weighted mean has a
value of 2.6 W m"' K'. The fact that the experimentally
determined residual therma! conductivity for the
polycrystalline material is not greater than this predicted
value (it is marginally less) seems to be a good indication that
circulating thermoelectric currents can be ignored.

Conclusions

We have shown that, while circulating thermoelectric
currents undoubtedly flow in non-uniform bismuth telluride
and its alloys, they are unlikely to make a large contribution
to the thermal conductivity. The high thermal conductivities
observed by Cosgrove and his colleagues for BiSbTe, grown
under conditions in which constitutional supercooling
occurred, can be more probably be explained in terms of the
high electronic thermal conductivities on either side of the
optimum thermoelectric composition.

It has been shown that the figure of merit of a couple formed
from crystals of bismuth or BiSb oriented in the “a” and “c”
directions is too small to allow circulating thermoelectric
currents to make any significant contribution to the heat flow.
This is supported by experimental data on polycrystalline and
single crystal BigSb,,.
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Abstract

To study the mechanical alloying process and the properties
of thermoelectric semiconductor with fine dispersed ceramic
particles, Bi-Sb alloys with addition of fine BN and ZrO, were
prepared by mechanical alloying. The milled powders were
sintered by hot pressing. The Bi, ,Sb, . solid solution with fine
dispersion of BN and ZrO, ceramic partlcles were successfully
synthesized. The sintered composites show very fine micro-
structures in which average grain size are less than one micron.
The thermal properties of composites were measured by laser
flash method at room temperature. The electrical properties
were measured by Van der Pauw method at room temperature
and at 77 K. The BN addition has obtained larger reduction of
thermal conductivity compared to ZrO,. The thermal conduc-
tivity has been reduced to 20% of the reported value of Bi-Sb
single crystal, which achieved with 10 vol% addition of BN.

1. Introduction

The mechanical alloying (MA) method has been applied in
various fields®™® of material research. MA process has such
practical merits that :

(1) very wide scale of alloy composition is available

(2) multi phase composite can be prepared

(3) nano scale crystal structure can be realized.

With these characteristics, sintered composites made by MA
powders, have very fine crystal grains and very large amount of
grain boundary. The phonons which carry the heat energy in
semiconductor crystals are scattered at grain boundary, so, we
can expect enhancement of the thermoelectric figure of merit
by sintering MA powder.

_ Furthermore, the method of introducing ultrafine scattering
center for phonon, is considered to be effective for reducing
thermal conductivity of thermoelectric materials. Fleurial®>®
calculated the reduction of thermal conductivity by dispersed
nano scale fine ceramic particles. Such fine paricle dispersion
will be prepared also by MA process.

The present work concentrates on MA process and the effect
of fine dispersed ceramic powders in thermoelectric materials.
The n-type Bi-Sb®solid solution, which is the known best
material in low temperature region thermoelectric conversion,
used as the model material. The effect of milling condition and
the additive amount on the microstructure development and on
the thermoelctrical properties were studied.

2. Experimental Procedure

(1) mechanical alloying

The average particle size and the transport porperties of
starting powders, Bi, Sb, BN and ZrQO,, are shown in Table 1.
The composition of Bi-Sb solid solution is fixed to 7.5 at% Sb.
The reported works®™ on Bi-Sb solid solution show that this
system becomes spontaneously n-type semiconductor, and the
best thermoelectric performance appears in Sb content region
from 7 to 12 at%. In considering these results, we used the
lower end of this region as the trying composition.

0-7803-3221-0/96 $4.00 ©1996 IEEE
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The volume fraction of dispersed fine ceramic powders are
changed to 2.0, 6.0 and 10.0 vol%. The blended powders are
mechanical alloyed using stainless tumbler vessel and carbon
steel milling balls. The milling time were changed to 48, 100,
200 h long. The Ar atmosphere was used in MA. The size of
the milling pot was 70 mm in diameter, 135 mm in length. And
the milling ball size was 12.7 mm in diameter. The filling ratio
of milling ball was 50 vol % of the milling pot. The weight
ratio of filled powder to the milling balls is 1/62.

(2) compaction and sintering

The milled powders were compacted in metal die at a
pressure of 110 MPa, then cold isostatic pressed at 200 MPa.
The compacts were sinterd by hot pressing in ALO, die under
apressure of 70 MPa at 543K for 60 min. The sintering atmo-
sphere was Ar + 5%H, gas flow.
(3) heat treatment

Some of the as-sintered BiSb composites were heat treated
to clarify the influence of recovery and recrystalization of the
microsturucture on the thermoelectric properties. The treatment
was done in 10-*Torr vacuum level at 543 K for 48 h.

4) _micr ture eval

To see the completeness of alloying process , starting pow-
ders and milled powders were examined by x-ray diffraction.
The microstructure of sinterd composites were observed with
TEM. The TEM samples are prepared by polishing with ALO,
paste and by Ar ion milling.

(5) measurement of thermal conductivity

The thermal conductivity of sintered Bi-Sb composites was
measured by laser flash method at room temperature. The
samples were prepared by cutting the samples into a cylindrical
shape of 10mm in diameter and 1mm in thickness.

(6) measurement of electrical porperties

The electrical resistivity and the Hall coefficient of the sin-
tered composites were measured by Van der Pauw method at 77
K and at 300 K. With the measured Hall coefficient the carrier
density and the carrier mobility were calculated. The measuring
current was 10 mA and the magnetic field was 3078 G.

Table 1 Thermal and electrical properties and average
particle size of the starting powders.

Thermal Electrical Average
STARTING Conductivity Resistivity Particle
MATERIAL at 300 K at 300 X Size
[W/emk™1) [0 em] [ 4 m]
Bi 1.9 X 1072 1.16 X 1072  15.6
Sb 4.2 X 1072 4.2 X 1072 55
h-BN 6.3 X 10%2 1 X 1072 5
ZrOz -2 -2
(3mo1%Y,03) 3.3 X 10 > 10 0.3
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3. Results and Discussion

Phase analysis

The x-ray diffraction patterns of blended powder (before
M.A.) and mechanical alloyed Bi-7.5at%Sb powders with
6vol%BN and 6vol%ZrO, additives are shown in Fig.1. The
diffraction peaks of Sb had vanished afrer mechanical alloying,
and the profile shows formation of Bi-Sb solid solution. The
peaks from BN and ZrO, single phases were not detected.
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Fig.1 XRD patterns of sintered Bi-7.5at%Sb composites.

(a) starting powder (b) MA with 6vol% BN and sintered
(¢) MA with 6vol% ZrO, and sintered.

TEM observation

The TEM micrographs of sintered Bi-Sb composites are
shown in Fig.2. Micrograph (a) shows Bi-Sb with 6vol% BN
addition, milled for 48 h. Micrograph (b) shows Bi-Sb with
6vol% BN addition milled for 100 h. Micrograph (c) shows Bi-
Sb with 6vol% Zr0O, addition, milled for 100 h. The average
grain sizes were 130nm in (a), 90nm in (b) and 300nm in (c).
As shown in the micrographs, the grain size of Bi-Sb composite
was influenced by MA condition very much. The grain size
varies from nano scale order to submicron scale order for the
same chemical composition. Comparing the fineness of crystal
grain structure, with BN addition the finer grain structure was
obtained compared to the ZrO, addition of the same milling
time. In case of MA without Ceramic additives, the average
grain size become about 50 nm, which is still finer than the
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Fig.3 Carrier density of mechanical alloyed and hot pressed
Bi-7.5at% Sb powders, with addition of 6vol%BN or 6vol%
Zr0O,, as a function of milling time.
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Fig.4 Carrier mobility of mechanical alloyed and hot pressed

Bi-7.5at% Sb powders, with addition of 6vol%BN or 6vol%
Zx0,, as a function of milling time.

grain sizes with ceramic addition. The ceramic particles are
considered to act as an inhibitor of fine crystal grain formation.
The uniformity of ceramic particle dispersion is also influenced
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Fig.2 TEM images of mechanical alloyed and hot pressed Bi-7.5at%Sb powders. (a) addition of
6vol%BN, MA 24h (b) addition of 6v0l%BN, MA 100h (c) addition of 6vol%Zr02, MA 100h.
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by milling time. Comparing micrograph (a) and (b) , the disper-
sion of BN particle become more uniform with increasing mill-
ing time.

Carrier density
The carrier density of the mechanical alloyed Bi-Sb compos-
ites are shown in Fig.3 as a function of milling time. The addi-
tive amount was 6 vol% for both of BN and ZrO,. The all
samples showed negative seebeck coefficient , so the majority
carrier is considered to be electron. The carrier density at 300
K are higher than those at 77 K for all samples, which is
considered to be caused by thermal activation of conduction
electrons. The carrier density decreased with milling time at
first, then increase slightly with milling time. It is considered
that these changes are related to the amount of lattice deffects
which accumulated through MA process. If the lattice deffects
work as donor sites, the carrier density change can be related to
the microstructure development in MA process. The variation
of the influence of the ceremic particles on carrier density
change , is also considered to be caused by differenct way of
microstructure development.
Carrier mobility
In Fig.4, the carrier mobility of the mechanical alloyed Bi-
Sb composites with 6 vol% for both of BN and ZrO, are shown
as a function of milling time. The mobility at 77K were hi gher
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Fig.5 Electrical resistivity of mechanical alloyed and hot
pressed Bi-7.5at.%Sb powders,with addition of 6vol%
BN or 6vol% ZrO, , as a function of milling time.
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Fig.6 Electrical resistivity of mechanical alloyed and hot
pressed Bi-7.5at%Sb powders, as a function of volume
fraction of additive. ( MA milling time : 48h )
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than those at 300 K which implies the small scattering prob-
abilities of electrons in low temperature region. The relation
between the milling time and the carrier mobility is not simply
discriminated, because in the present work, dispersion of BN or
ZrO, fine parucles occur simultaniously with MA progress.
This’ problem should be examined separately through another
way of composite preparation, i.e., using prealloyed Bi-Sb
powders as starting material.

Electrical resistivi

In Fig.5, the electrical resistivity of the mechanical alloyed
Bi-Sb composites with the same BN and ZrO, content are
shown as a function of milling time. Inthe case of 'BN addition,
the electrical resistivity increased first slightly with milling
time, then decreased for longer milling time. This may be re-
lated to the accumulation of lattice defects in MA process, as is
already mentioned. On the other hand, with ZrO, addition, the
electrical resistivity did not show apprecmble Yariation with
milling time. This is considered to be due to slow progress of
ZrO, dispersion , as shown in micrograph (c) in Fig.2.

In Fig.6, the electrical resistivity versus volume fraction of
additives, are shown. The milling time were fixed to 48 h. With
increase in additive amounts, the electrical resistivity increased
for all samples. This is considered to be caused by the enhance-
ment of electron scattering at the boundaries of Bi-Sb matrix
and ceramic powder particles, that is, non conductive materials,
as shown in Table 1.

Thermal conductivity

The thermal conductivity of the mechanical alloyed Bi-Sb
composites are shown in Fig.7 as a function of milling time.
The thermal conductivity decreased with increase in milling
time. This is considered to be caused by :

(1) increase grain boundary area in MA progress

(2) finer dispersion of addtives in MA progress.
The thermal conductivity reduction was not same for BN and
ZrO,. The difference came from the different influence of each
additives on microstructure formation in MA process. But the
thermal conductivity values became almost constant for both
additives, at the milling time of more than 100 h. Ttisrelated to
full dispersion of added materials under the ball milling energy
condition of the present work.

The thermal conductivities as a function of volume fraction
of addives for the mechanical alloyed Bi-Sb composites are
shown in Fig.8. The milling time were 48 h for all plots.
Though the thermal conductivy of BN and ZrO, were higher
than that of the Bi-Sb alloy, the thermal conduct1v1ty of the

0.06

¥
E
© 005 | Hotpressed Sample of melt-solidified
E """"" Bi-7.5at%Sb powder without additive '=""""""""
- L
0.04 | A
- ® BN
."§ A ZrO2
'S 0.03 | O no additive
o 0
©
S
o 0.02 |
©
£
2 0.0 ! L ! '
- 0 50 100 150 200 250
Milling time, t/h

Fig.7 Thermal conductivity of mechanical alloyed and
hot pressed Bi-7.5at%Sb powders, with addition of 6vol%
BN or 6vol% ZrO,, as a function of milling time.
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composites decreased with increase in ceramic additive
amount. This implies the enhancement of phonon scattering at
the boundary between the Bi-Sb matrix and the ceramic addi-
tives occured effectively. The thermal conductivity was re-
duced to 20% of reported value of Bi-Sb single crystal® with
the condition of 10vol% BN addition and milling time for 48 h.
As described above, by sintering the Bi-Sb powders which
were prepared via mechanical alloying with addition of fine ce-
ramic particles, we can obtaine Bi-Sb composite with nano
scale fine grain structure. Such fine microstructure showed
very large thermal conductivity reduction, but at the same time
the electrical resistivity increased. To reduce the electrical re-
sistivity retaining the low thermal conductivity, heat treatment
experiment of the composites were examined. The thermal and
the electrical properities of as-sintered and annealed Bi-Sb
composites are shown in Table 2. The additive was ZrO, and
the amount were 6 vol% and 10 vol%. The annealing was done
at 533 K for 48 h in 10° Torr vacuum. After annealing, the elec-
trical resistivity decreased. The electrical resistivity could be
reduced to 60% in this condition. It should be studied in more
detail how to gain optimum condition for reduction of electrical
resistivity, keeping the low level thermal conductivity.

4. Summary

Bi-Sb thermoelectric semiconductor composite powders with
dispersion of ceramic particles were prepared by mechanical
alloying. The influence of BN and ZxO, dispersion on the mi-
crostructure formation in MA process and the thermoelectric
properties of the sintered composites from the MA powders
were studied. The following results were obtained.

(1) Bi-7.5at%Sb thermoelectric powder with fine dispersed
BN and ZrO, additives were prepared successfully by MA.

(2) The prepared powders were fully densified by hot pressing
and the composites had submicron size structure. The grain
size changed with milling time of MA. The dispersion of the
ceramic particles has become more uniform with increase in
MA time,

0.04

A
BN

Zro2
no additive

| L

0.03

0.02

0.01 1 1 1 1 1
0 2 4 6 8 10 12

Volume fraction of additive,Vf/vol%
Fig.8 Thermal conductivity of mechanical alloyed a nd

hot pressed Bi-7.5at%Sb powders, as a function of the
volume fraction of additive. ( MA milling time : 48h )

Thermal conductivity, A/Wem-1K™!

(3) With increase in volume fraction of the ceramic particles
up to 10 vol%, the thermal conductivity of sintered composite
decreased for the all samples.

(4) Within the total milling time of 200 h, BN addition resulted
in smaller themal conductivity and also smaller electrical resis-
tivity, compared to the ZrO, addition.

(5) The best thermal conductivity reduction was achieved with
the condition of 10vol% BN addition and milling time for 48 h.
The reduced value was 20% of the reported single crystal Bi-Sb
thermal conductivity.

Table 2 Thermal and electrical properties of as-sintered and
annealed (533K /48h/vacuum ) Bi-7.5at%Sb composites
with ZrO, additive.

6vol%ZrO, 6vol%ZrOp 10vol%ZrOy
MA48h MA100h MA48h
not | not , {not
annealed anneated annealed annealed
. 300K 1.12 0.688 | 0.987 |0.548 | 1.34 |0.820
Electrical
resistivity
(10-2Qcm)
77K [ 121 | 111 | 166 | 105 | 235 | 169
Thermal
conductivi 3.20 2.75 2.16 3.12 2.06 291
(10-2W/em )
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OBSERVATION OF THE EFFECT OF GRAIN SIZE ON THE LATTICE THERMAL
CONDUCTIVITY OF POLYCRYSTALLINE BISMUTH ANTIMONY

E. H. Volckmann, H. J. Goldsmid, J. Sharp
Marlow Industries Inc.
10451 Vista Park Road, Dallas, TX 75238-1645

Abstract

The thermal conductivity of polycrystalline sintered BiSb has
been measured from 80 to 300 K. The samples had mean grain
sizes between 1 um and 19 pm. The electronic contribution to
the thermal conductivity was determined by a technique that
involves the comparison of the magneto-resistance and the
magneto-thermal resistance effects in transverse fields of up to
1.0 tesla. The electronic thermal conductivity seems to be
somewhat smaller than expected, bearing in mind that there
should be a significant bipolar contribution, yet the technique is
believed to be sound since it yields a lattice thermal conductivity
for large-grained samples that is intermediate between the
values for single crystals in the principal crystal directions. The
lattice thermal conductivity is found to decrease as the grain size
is reduced. Such a decrease has been predicted on the basis of
grain boundary scattering of phonons but it is occurring at grain
sizes somewhat larger than expected. It is possible that the
effect may be due to the scattering of phonons on point or line
defects that have been introduced as a consequence of powder
metallurgy. Nevertheless, grain boundary scattering cannot be
ruled out as the cause, in view of the simplifications that were
made in the theory.

Introduction

Of the known n-type thermoelectric materials, Bi-rich alloys
between Bi and Sb exhibit the highest thermoelectric figure of
merit (Z) for temperatures below about 210 K. The best
thermoelectric properties are observed along the trigonal axis of
single crystals, but the propensity of BiSb crystals to cleave
along the trigonal planes has largely prevented utilization of

BiSb alloys in thermoelectric coolers.

Synthesizing polycrystalline BiSb alloys with a fine grain size
eliminates the cleavage problem and offers the possibility of
decreasing the lattice thermal conductivity (A;). Recent theory
predicts that as the grain size is reduced, phonon boundary
scattering should become noticeable at a grain size of about 5

um [1].

The purpose of the present work was to determine if the
predicted A; reduction could be observed experimentally. Two
groups of samples, with varying grain size, were prepared and
characterized metallurgically and electrically.

0-7803-3221-0/96 $4.00 ©1996 IEEE

Experiment

The grain size (L) of each sample was equal to the particle size
of the powder from which it was made. The powder used in the
first sample series was prepared by crushing a BigSb,, ingot
with a porcelain mortar and pestle followed by sieving to obtain
four size fractions. The smallest mean particle size was 6.4 pum,
and there was little size difference between the coarser fractions
(6.4, 12.3, 14.8 and 15.8 pm). The crushed particles were
irregular in shape with some platelet-like nature.

A second lot of powder was produced, at Ames Laboratory, by
high pressure inert gas atomization (HPGA) and fractions with
mean sizes of 19.0, 5.0, 2.5 and 1.1 pm were separated in an air
classifier. The powder composition was Bi,, Sb, indicating that
some Sb was lost during atomization. The HPGA particles were
spherical in shape and each particle contained multiple grains as
shown in Figure 1.

The powders were hot-consolidated to nearly full density. Grain
growth, which becomes more energetically favorable as L
decreases, occurred during consolidation as shown in Figure 2.
However, growth was restricted to the prior particle boundaries
so L became equal to the starting mean particle size.

The composition of powders was determined by atomic
emission spectroscopy and wavelength dispersive spectroscopy.
Oxygen concentrations were determined by the inert gas fusion
method and Auger spectroscopy was used to estimate the oxide
thickness on particle surfaces.

The grain size in consolidated samples was taken from
photomicrographs of polished cross-sections etched with HNO;
using the Heyn procedure [2]. The Archimedes method was
used for determining density. Seebeck coefficient (e), electrical
resistivity (p) and thermal conductivity () were measured from
80 to 300 K (-213 to 27 °C) using a modified Harman method.

For separation of the electronic component, (A.), and the lattice
component, (A;), of the thermal conductivity, transport
measurements were also performed in a transverse field of weak
to intermediate strength. If it is assumed that A, and p vary with
magnetic field strength in the same manner as follows:

p=p(0)(1+cB?) @)
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Figure 1 Microstructure of compact col pressed from HPGA powder. 1000 X,
dilute HNO, etch.

Figure 2. BiSb hot consolidated from 5 pm HPGA powder. 1000 X, dilute
HNO,; etch.
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and

A=A, 0)/(1+cB?) , ¥))
then combining the equations to eliminate B gives
3,21,0/ 2 )
p
Therefore
A'tot:)\'L +Ae =)'L +Ae(0)& ? (4)
p

where A, is the intercept and A.(0) is the slope from the plot of
Ay, versus p(0)/p. Such a plot is shown in Figure 3. In actuality,
p and A, did not depend on B as expected from equations (1) and
(2) but the deviance of the parameters was the same allowing the
use of equation (3). The fact that all the points in Figure 3 lie
so close to the line of best fit supports the validity of equation
(4) and the assumptions on which it is based. Further support is
also provided by the fact that the value of A, obtained from
equation (4) for polycrystals of large grain size, lies between the
values of the principal directions for single crystals of the same
composition [3].

38
—~ 36 —
M
.E 34 —
Q
Z 3 -
< 30 A
28 T T T T T 1

0.304050.60.708091.01.1

p(0)/p
Figure 3. Plot of A, vs p(0)/p produced by testing BigSb,,
(L~45 um) at 160 K in magnetic fields up to 0.6 T. Linear
regression gives A;=24.4 mW cm™ K!' and A,(0)=12.3 mW
cm™! K,

Discussion

The predicted relationship between A, and L is

©))

where Ag is the lattice thermal conductivity of a large crystal of
the solid solution, A, is the lattice thermal conductivity in the
absence of point defect scattering, T is the phonon mean free
path, and L is the grain diameter [1].

Curves generated from equation 5 are plotted in Figures 4 and
5. Since A, of BiSb single crystals is significantly anisotropic,
a value somewhere between A s; (along the trigonal axis) and
A_ 1, (along the binary axis) should be used for Ag . For this
reason, A, of large grained (50 to 75 um) BiSb was taken as an
effective A, for a “single crystal of an intermediate orientation”
and this value was used for Ag. Likewise, an intermediate value
of A_ for pure Bi was estimated from the data of Uher and
Goldsmid [4] and used as A,.

Actual 120 K data is also shown in Figures 4 and 5. Although
much of the data from the first sample series is for a narrow
range of L (Figure 4) , it shows that A, decreases with L. The
second sample series, which was made from HPGA powder,
covers a broader size range and clearly reveals the dependence
of A, on L (Figure 5). It should be noted that A, , which was
smaller than expected for a material that should have a
significant bipolar contribution, also decreased with L.

The experimental data is consistent with the theory that
boundary scattering can produce significant reductions in A
using grains of reasonable dimensions, but further work is
needed to confirm that boundary scattering is responsible for the
reduced A;. The fact that A; begins to decrease at larger grain
sizes than predicted may be a consequence of simplifications
made in the theory or could be a manifestation of an additional
scattering mechanism. The effect of inclusions in the form of
porosity or second phase oxides, was considered.

Auger spectroscopy indicated that all particle surfaces were
covered with an oxide layer about 100 A thick. If this layer was
not disrupted during consolidation, carrier tunneling would be
required for conduction. However, tunneling cannot be taking
place since the electrical resistivity is too low and is independent
of the applied voltage. Consequently, the oxides in the sintered
material must be in the form of inclusions.
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Figure 4. Predicted grain size dependence of A, (curve) and
experimental data; BigSb,, at 120 K.
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Figure 5. Predicted grain size dependence of A, (curve) and
experimental data; Biy,Sb, at 120 K.

Kingery [5] has shown that the effect of insulating inclusions on
the electrical conductivity is given by

IV} =0]—(1 ~X) ,

2
1+£ (6)
( 2)

where 0, and o, are the electrical conductivity of single- and two
phase- material respectively and x is the inclusion volume
fraction.

In the sample made from 1.1 pm HPGA powder, the oxide
fraction was 0.04 so one might have expected a 6% reduction in
electrical conductivity, o, due to the inclusions rather than the
observed decrease of about 75% shown in Figure 6. The effect
on the thermal conductivity would have been even smaller than
6%, since oxide inclusions would have a thermal conductivity
comparable with BiSb. Clearly, the fall of about 20% in A, of
Bi;,Sby made from 1.1 pm powder is much too large to be
explained in this way.

Hall measurements indicate that a reduction in mobility, of both
electrons and holes, is largely responsible for the ¢ behavior
shown in Figure 6. It is not yet clear whether the increasing
level of carrier scattering with decreasing grain size is due to
more defects or if the grain size is approaching the carrier mean
free path.

o (mQ7-cm™)

1 T T T
0.1 1 10 100

L (pm)

Figure 6. Observed grain size dependence of o for Bi,,Sb,
at 120 K.
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Conclusions

The polycrystalline BiSb samples that were prepared exhibited
thermal conductivities that decreased with grain size but an
enhanced figure of merit was not realized due to a dominating,
concurrent decrease in electrical conductivity The lower values
of thermal conductivity were a result of decreases in both the
electronic and the lattice components. Porosity or dispersed
second phase inclusions cannot account for the observed
reductions of the lattice thermal conductivity and electrical
conductivity. While the apparent dependence of the lattice
thermal conductivity on grain size suggests that boundary
scattering of phonons is occurring, further work is required to
rule out other explanations such as phonon scattering by defects
or impurities whose concentration depend on grain size.
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Thermoelectric Properties of Doped Bismuth-Antimony Single Crystals
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Abstract

The thermoelectric phenomena in bismuth-antimony crys-
tals doped by tellurium donor and tin acceptor impuri-
ties in temperature range 80 = 300 K have been inves-
tigated. Crystals have been grown by horizontal zone
recrystallization method with the use of regimes which
provide their homogeneity. The area ranges of doping
bismuth-antimony crystals in, which thermoelectric figure
of merit appears higher than in undoped crystals have
been determined. The transport phenomena and ther-
moelectric figure of merit of Big.g3Sbg g7 <y > crystals
at y < 0.001 at.% Sn and Te have been investigated in
detail. It was shown that thermoelectric figure of merit
of Big 93Sbo o7 <y > crystals doped y = 0.001 at.% Sn
in temperature range 80 = 300 K exceeds thermoelectric
figure of merit undoped and. doped y < 0.001 at.% Te
crystals.

Introduction

The Bij_xSby crystals have the highest thermoelectric fig-
ure of merit Zs33

b= —
p-K

among the low temperature thermoelectric materi-
als in the semimetal-semiconductor transition region in
Bi,_«Sby system, (Fig. 1) [1]-[56]. The high Zs3 of n-type
materials is due to electron contribution predominance in
transport properties of Bij_xSby crystals. However, the
chemical potential level is shifted to conduction band with
temperature increase in because of density of state mass
difference for valence and conductivity bands. Thus its
position can be not optimum for all temperatures in 80 -
300 K range.

Panarin {7] performed preliminary calculations doping
tmpurities influence on 7 of Bi;_,Sb, crystals. How-
ever, he only experimentally détermined the optimum
doping impurities content in Big.ggSbg. 1 Crystals. For
temperature range: 80 — 100 A optimum concentration
y = 0.001 at.% Te, for 100 — 140 K - undoped crystals,
T > 140 K —y = 0.002—-0.005 at.% Sn [7] . Zemskov et al.
(8, 9] investigated low (1075 — 1073at.%) Sn and Te con-
tent influence on the Zsz of Bi;_xSby crystals at x=0.09,
0.15 grown by Chokhralsky method. Slightly (by 2 — 6%)
increase of Z33 in doped crystal is detected.

Our recent investigations have demonstrated that the
increase of bismuth purity degree and Bi,_.Sby single

0-7803-3221-0/96 $4.00 ©1996 |EEE
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Figure 1: Evolutoin of the band structure of Bi;_,Sby
homogeneous single crystals versus x at low temperature.
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crystals homogeneity at growing by zone recrystalliza-
tion method with the use of the low growth speed V <
0.5 mm/h and the small temperature gradient in crystal-
lization front G < 20 K/em leads to little reduction of
thermoelectric figure of merit Z33 in the area of semicon-
ducting state of Bi;_,Sb, in comparison with the results
[2, 3, 5], including the results of doped crystals investiga-
tion [7, 8, 9]. Hence, the problem of optimization of the
chemical potential level position for obtaining maximum
Z33 in homogeneous crystals Bi;_,Sby by doping donor
and acceptor impurities is actual.

Experimental procedure

Preparing Bij;_«Sby single crystals with horizontal zone-
leveling technique, the analysis of their composition and
quality, preparing the samples and the measurement of
transport coefficients in the temperature range 77-300 K
have been carried out according to the method reported
during previous conference [4]. The ingots of doped alloys
Bi)_xSby were preliminary undergone by zone equaliza-
tion of the content at the even number passages of the
molten zone at V=2 cm/h with following single crystals
preparation at the odd passage of the molten zone at
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v =05 mm/h and G < 20 K/em.

Figure 2: Hall coefficient as a function of temperature for
Big.93Sbo .07 < y > homogeneous single crystals.
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The distribution of the alloy composition (x) and dop-
ing impurities content (y) in the central part of ingot was
homogenious with the concentration close to the concen-
tration inserted during loading. The data [10] show that
the doping impurities of Bi - type crystals in the used
quantity change the concentration of carriers and chemi-
cal potential level without changing the parameters of ini-
tial energy spectrum of charge carriers. Acceptor impuri-
ties doping (tin) causes the increase of holes concentration
and the shift of chemical potential level to valence band.
Donor impurities doping (tellurium) causes the increase of
electrons concentration and the shift of chemical potential
level to conductivity band (Fig. 1). The analysis of doping
impurities content has been carried out according to the
results of measurement of Hall coefficient (Fig. 2).

Results and discussion

The influence of the doping impurities on Seebeck
coefficient of bismuth and Big 93Sbg.o7 < y > crystals
in the temperature range 80-300 K

The measurements of Seebeck coefficient a33 dependence
on the content of doping impurities Te, Sn at the tempera-
ture 80 and 273 K for bismuth crystals having the greatest
overlapping of bands and for Bigg3Sbgor <y > crystals
having thermal energy gap approximating the maximum
for composition 0 < z < 0.20 (Fig. 1) have been carried
out to determine the possible content range of doping im-
purities for the optimization of thermoelectric parameters
of Bij_xSby crystals. The results of these investigations
are shown in Fig. 3, 4.

It 1s obvious that the maximum values of thermoelec-

Figure 3: Seebeck coefficient as a function of the doping
impurities content < y > for Bi;_y <y > single crystals
for two temperatures.
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Figure 4: Seebeck coefficient as a function of the doping
impurities content for Bi; -xSby < y > homogeneous single
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tric figure of merit for n-type materials should be looked
for in the vicinity of the maximum of Seebeck coefficient
absolute value, in the region of negative Seebeck coeffi-
cient. The maximum of az3 and Z33 1n bismuth crystals for
temperature range near the room temperature is reached
at the doping the acceptor impurities 0.1 — 0.2 at.% Sn.
In decreasing the temperature and passing from bands
overlapping to the gap (from x=0 to x=0.12) the See-
beck coefficient @33 maximum becomes more sharp and
1s shifted to the low concentration area of acceptor impu-
rity Sn ~ 1073, approximating the intrinsic conductivity
state. The Z33 maximum is also shifted to the low con-
centration interval area of doping acceptor impurity and
then - to the intrinsic conductivity area and even the low
concentration of donor impurities, which is proved by the
results [7] for x=0.12. Changing the Seebeck coefficient
sign to negative one at increasing the content of Sn in
bismuth crystals at low temperatures (Fig. 3), and also
nonmonotonous Seebeck coefficient dependence on the tin
doping impurities content in crystals (x=0.12), (Fig. 4),
are determined by complicate band structure and contri-
bution of interband scattering [6].

In this paper we demonstrate the results of the experi-
mental investigation of the influence of tin and tellurium
doping impurities (y < 0.001 at.%) on the transport co-
efficients and thermoelectric figure of merit of Bi;_,Sby,
x=0.07 crystals in the temperature range 80-300 K, which
are corresponded with the maximum of Z in homogeneous
undoped crystals [4].

Electrical resistance

The temperature dependence of electrical resistance ps3 of
Big 93Sbg.o7 <y > crystals doped by tin and tellurium is
shown in Fig. 5.

Electrical resistance depends essentially on the content
and type of doping impurities.at 7" < 180 A, but at higher
temperature they have similar values. - ‘

Tin doping results to the shift of the chemical potential
level in energy gap Ey, Fig. 1. In this case the concentra-
tion of the light charge carriers of L-extrema decreases that
causes increase of electrical resistance in low temperature
area.

First, tellurium doping leads to the increase of the elec-
tric resistance and its further decrease at tellurium content

increasing . Nonmonotonous dependence of electrical re-’

sistance on the doping impurities content is determined
not only by changing the electron-and hole concentrations
but the essential changing of intravalley, intervalley, inter-
band and recombination scattering of charge carriers by
phonons.

Seebeck coefficient

Seebeck coefficient of all the investigated crystals in the
temperature range 80-300 K has negative sign, Fig. 6,
which proves the predominant contribution of conduc-
tivity band electrons. Seebeck coefficient of Big.93Sbg g7
crystals doped by tin exceeds the Seebeck coefficient of

29

Figure 5: Electrical resistivuty as a function of tempera-
ture for Bi;_4Sby <y > homogeneous single crystals.
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undoped crystals. Tin doping, Big.93Sbo.o7 < 1075Sn >,
approaches Seebeck coefficient to the maximum shown
in Fig 2, 3, in the temperature range 80-300 K, Fig. 6.
The maximum in the temperature dependence of See-
beck coefficient in the investigated interval for crystal
Big 93Sbo o7 < 10~ %Te > is connected with the transition
to the temperature dependence of Seebeck coefficient typ-
ical for metals. In the range 80-300 K Seebeck coefficient
decreases monotonously in the crystals with less content
of doping impurities and in the undoped crystals.

Thermal conductivity

Increasing of thermal conductivity (k) at the tempera-
ture grown in investigated crystals (Fig. 7) is determined
by the essential contribution of the ambipolar diffusion
of charge carriers to the heat transport. Relative con-
tribution of ambipolar diffusion increases with tin doping
the Big 93Sbg o7 < y > crystals because of approaching to
the equalization of electron and hole contributions, that
causes the increase of dx/dT. Doping does not causes
the substantial changing of lattice thermal conductivity
of Big.93Sbp.g7 <y > crystals , as impurities concentra-
tion is in the several orders less than content of antimony
in the alloy, so the observed difference in value of ther-
mal conductivity (Fig. 7) is determined by charge carriers
contribution changing.

Thermoelectric figure of merit

The results of thermoelectric figure of merit Z33 calcu-
lation are shown in Fig.8. At T > 200 K thermoelec-
tric figure of merit of all the investigated crystals has
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Figure 6: Seebeck coefficient as a function of temperature
for Bi;_xSby < y > homogeneous single crystals.
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Figure 7: Thermal conductivity as a function of tempera-
ture for Bi;_4Sby < y > homogeneous single crystals.
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near values. In the temperature range 80-200 K Zs3
of Big.93Sbg o7 < 107°Sn > crystal noticeably exceeds the
value for all the investigated crystals. In this way, the max-
imum of Z for x = '0.07 in the temperature range 80-300
K is achieved at the tin acceptor impurity content about
0.001 at.%. Tellurium donor impurity doping removes the
chemical potential level from the optimum position in the
given temperature range and causes the decrease of Zs3.
As, due to the complexity of charge carriers energy spec-
trum in Bi-Sb crystals, Fig. 1, the change of electrons and
holes contributions to transport phenomena at doping is
determined by the changing of relative contributions of
various kinds of scattering [6], the dependence of Seebeck
coefficient on temperature and doping impurities content
(Fig. 3,4) show only the general picture of thermoelectric
properties changing.

To identify compositions with maximum Z(x,T) it 1s
necessary to determine exactly the optimum doping level
of Bi-Sb crystals with given (x). It demands the exper-
imental investigation of the complex of transport coeffi-
clents.

Conclusions

1. The thermoelectric figure of merit Z33 of homogeneous
Big 93Sbg o7 < ¥ > crystals in the temperature range 80-
200 K has the maximum in the area of tin acceptor im-
purity doping (y = 0.01 at.%) (y = 0.01 at.%) and exeeds
Z33 of undoped crystals.

2. The thermoelectric figure of merit Zsz of homoge-
neous Big 93Sbg o7 < y >crystals , doped by tellurium, ap-
pears to be lower than Z33 of undoped crystals in the whole
investigated temperature range.

Figure 8: Figure of merit ds a function of temperature for
Bi;-xSby < y > homogeneous single crystals.
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3. Due to the complexity of energy spectrum of charge
carriers and scattering mechanisms the calculation of the
optimum doping level of Bij_xSbyx <y > crystals [7] has
only the character of estimation. The most exact picture
can be obtained using experimental values of Seebeck coef-
ficient (Fig. 2, 3). The most reliable values of the optimum
doping level can be obtained in experimental investigation
of the complex of the transport coeflicients.” The estimat-
ing calculation and experimental data on Seebeck coeffi-
cient essentially narrow the area of searching the optimum
compositions.
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DOPING WITH ORGANIC HALOGEN-CONTAINING COMPOUNDS
THE Biy(Te,Se) 3 SOLID SOLUTIONS

0O.B.Sokolov, S.Ya.Skipidarov, N.I.Duvankov, E.V.Zaitsev
Nord Co., Moscow, RUSSIA

The paper considers the opportunity for the doping with
organic halogen-containing compounds the Bij(Te,Se) 3 solid
solutions. The advantages of their application as compared
to that of inorganic halogen-containing compounds are described.

INTRODUCTION

For the doping of Bij(Te,Se)3 solid solutions
the following elements and compounds are used as
donor additions|1,2]:

- halogens (Cly, Brj, 1),

- metals of the secondary subgroup of group I (Cu,
Ag, Au);

- metals of the secondary subgroup of group II (Zn,
Cd, Hg);

- halides of metals of group I (4gClI, AgBr, Culetc.);
- halides of metals of group II (ZnCly, ZnBr), Znl),
CdCly, CdBrj, Cdly, HgyCly, etc.);

- chlorides and iodides of bismuth and antimony
(8$bCl3, BiCl3, SbI3, Bil3),

- chloreoxides of metals (BiClO, SbCl0).

In actual practice for the doping of low-
temperature thermoelectric materials, which are
employed in cooling modules, chlorides of metals are
usually used. To our view, of all these compounds
mercury chloride (HgyCly) is the most suitable dope.
However it is liable to a breakdown in the presence of
light. It is also hygroscopic, and liable to static-charge
accumulation. All these factors may lead to errors in

the process of its dosing. Furthermore, the presence of

mercury in its composition does not allow to use this
dope for thermoelectric materials intended for the
application under higher temperatures.

CHOOSING A DOPE

According to Gibbs phase rule [3] the number
of degrees of freedom in the system (F), ie., the
system variability, is unambiguously

The latter may negatively affect the
reproducibility of properties of a thermoelectric
material in the process of its formation, as well as the
stability of its operating characteristics. In the context
of the above mentioned the search for new dopes has
been undertaken.

Undoubtedly, of certain interest for the study
are the substances with high content of easily splitted-
out halogen and which are free from elements
negatively affecting the properties of the material. This
condition is readily met by organic halogen-containing
compounds. The molecule of such compounds is
expressed by the following empirical formula: Cp,X,,
where X = CI, Br, I. The presence of carbon (C) in
molecules of such compounds cannot be considered
an obstacle for their application. Carbon does not
actually react with the material components and does
not dissolve in it. Consequently, a certain amount of
carbon is consumed for the reduction of tellurium,
bismuth and selenium oxides which are present in
small amounts in the initial components. One can
expect the residual carbon setting on the walls of a
synthesis container in a graphite phase.

For the practical investigation of the doping
efficiency of organic halogen-containing compounds
hexachloroethane (C2Clg) and hexachlorobenzole
(CgClg) have been chosen. Table 1 below presents
basic characteristics of the chosen organic halogen-
containing compounds compared to those of one of
inorganic halogen-containing compounds (mercurous
chloride) [4].

. Table 1

g;st; rrrrllnnccz)(in;)gneg}i: (Igm:;; ]2; :ﬂz Alloying Additions Characteristics
number of co-existing phases (r): F = Matter Hg2C12 c2¢l6 C6Cl6
k+2-r. Appearance ‘White White ‘White

Liberation of metal due to free-flow | free-flow free-flow
decomposition occuring in the process powder powder powder
of doping with halogen-containing | Molecular mass 472.2 237 285
inorganic compounds results in the | Density, g/cm3 7.151 2.091 2.044
growth of the number of components | Melting point, K - 462 501
in the system per unit. At the same | Boiling point, K - - 605
time the number of phases does not | Sublimation point, K 657 458 -
change. Consequently, the number of | Chlorine content, mass.% 15.04 89.87 74.74
degrees of freedom per unit increases.
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One should note, that the chosen organic
compounds are not hygroscopic, but they are resistant
to light, not liable to the accumulation of static charge
and characterized by a high degree of chemical
stability.

THE ANALYSIS OF THE BEHAVIOUR
OF AN DOPES IN THE PROCESS OF
SYNTHESIS

The synthesis of Bi(Te,Se)3 solid solution was
effected via the melting of components with a
stoichiometric ratio in evacuated sealed-off quartz
ampoules with an inside pressure P = 0.1 Pa under
temperature’ T = 1073 K. For the identification of the
composition of products formed in the process of
thermal decomposition of dopes under consideration
the authors have carried out a thermodynamic analysis
using the parameters which meet the conditions of the
synthesis (P = 0.1 Pa, T = 1073 K). The technique
described in [5] has been used. The results of the
analysis are presented in Table 2.

The Results of the Analysis of the Equilibrium Composition of the Products
formed in the Process of Thermal Decomposition of Dopes
(due account is given to the possible ionization)

Note: condensed products formed in the process of
thermal decomposition are marked by**.

From the above presented data one can come to
the conclusion that under prescribed conditions of the
synthesis the rates of doping of the material with the
use of C2Clg and CgClg are higher than those
observed in such cases when calomel is used, as their
thermal decomposition results in the formation of
larger amounts of an active doping agent, monatomic
chlorine in this case. The amount of products formed
in the process of the dope incomplete decomposition
is negligible in all cases. Neartly all the amount of
carbon emitted in the process of CyClg and CgClg
decomposition is in the condensed phase (graphite).
The latter can be considered a favourable indicator, as
it allows to eliminate the stage of quartz ampoules
graphitization in the technological process, as the
amount of graphite emitted in the process of thermal
decomposition of the dopes under consideration is
sufficient enough for the formation of a continuous
film on the surface of the ampoules.

Through thermodynamic analysis the authors
have assessed the influence of temperature and

pressure of the completeness

Table 2 ofemission of the doping
agent (chlorine) inthe
process of thermal

decomposition of dopes. The

Components Content, mol/kg results of the above
Mercurous chloride Hexachlorathan Hexachlorbensole mentioned assessment are
Cl 2.6366 Cl 12.0090 Cl 9.9832 presented in Table 3.
Cly 0.7839 Cly 6.6675 Cly 5.5427
Hg** 0.0000 C ** [ 8.4481 C ** [21.0690
Hg 4.2204 C 3.498-10-4V | C 2.908-10-4Y
Hg, 1.2283-10-7 | C, 0.0000 Ch 0.0000
HeCl 0.3968 Cj 0.0000 Cs 0.0000
HgCly** | 0.0000 Cy 0.0000 Cy 0.0000
HeCly 0.0161 Cs 0.0000 Cs 0.0000
Hg,Cly* | 0.0000 ccr | 2131110°12 fcar | 1.772-10-14
*
Cl- 2.077-10-1° | CCl, | 5.8397-107 | CCl, | 4.8545-10-7
Hg+ 2.077-10-16 | CCl; | 5.3477-10-7 | CCly | 4.4455-10-7
CCly {7.0033-10-7 | CCly | 5.8219-10-7
CHCl |2.166-10-14 [ C,C1 | 1.801-10-14
CHCly | 1.9842-10-7 | C,Cl, | 1.6495-10-7
C»Cl3 | 3.967-10-13 [ C»Clx | 3.298-10-13
CyCly | 1.322:10-11 [ CHCly [ 1.099-10-11
C»Cls | 5.863-10-2Y | C»Cls | 4.874:10-2V
CHClg | 5.203-10-2V | C,Clg | 4.325-10-2V
Cl- 1.071-10-4Y | CI- 1.058-10-20
C+ 0.0000 C+ 0.0000
C- 0.0000 C- 0.0000
Cr+ | 0.0000 Cr+ [ 0.0000
Cy- [ 0.0000 Cy- [0.0000
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Table 3

Temperature Dependence of the Amount (mol/kg) of Monatomic
and Molecular Chlorine Emitted in the Process of the Dope Pyrolysis (P

ampoule in the process of
synthesis of a semiconductive
material may cause the reduction

= (.1 Pa) of monatomic chlorine content,
T, K CyClg CeClg and, as a result, the inhibition of
Hg»Cly the process of doping.
cl [ch Cl Cl, Cl Cl,

700 | 0.00003 | 0.00045 | 0.00839 | 12.6680 | 0.00698 | 10.5310 ,
800 | 0.00380 | 0.03895 | 0.11872 | 12.6130 | 0.09869 | 10.4850 It is even more true for the
900 | 0.14133 | 0.71564 | 0.93742 | 12.2030 | 0.77926 | 10.1450 cases when mercurous chloride is
1000 | 1.18120 | 1.36160 | 4.83630 | 10.2540 | 4.02040 | 8.52410 Esed’ o ‘&Sl for botg
1100 [ 3.14070 | 5.41810 | 15.3110 | 5.01650 | 12.7280 | 4.17020 hiﬁiimﬁiﬁﬁeni’l‘ie e lovel a’:) "
1200 | 4.06030 | 8.79690 |23.3410 | 1.00150 | 19.4040 | 0.83253 critical prossure, at which the
The results of the analysis show that within the content of monoatomic chlori’ne dramatically

investigated

temperature

range

the

degree

of

decreases, is higher by 50 - 100 times and even more.

dissociation to monoatoms of molecular chlorine
which is emitted in the process of decomposition of
alloying additions largely depends upon the
temperature. As to mercury chloride is concerned,
with the temperature growth the proportional growth
of molecular and monoatomic chlorine content in
decomposition products is observed. It means, that it
is the first stage of the process, i.e. the emission of
molecular chlorine, which is the limiting factor. As to
CyClg and CgClg are concerned, high content of
molecular chlorine in decomposition
products is observed as early as under
700 K temperature. And temperature
growth results in the decrease of its
content accompanied by the growth of
monoatomic chlorine content. That is,

In the process of thermodynamic analysis the
assessment of the opportunity for the application of
the following organic fluorine-, bromine- and iodine-
containing compounds, for instance, polyfluorethylene
((CoFyy,), bromoform (CHBr3) and iodoform
(CHI3), as dopes has been made. The calculations
have been made on the basis of the values of such
parameters which meet the conditions of the synthesis
of a semi-onductive material (Table 5).

Table 5

The Results of the Calculation of the Equilibrium Composition of
the Main Products of Thermal Decomposition of Polyfluorethylene,
Bromoform and Iodoform (T=1073 K, P=0.1 Pa)

it is the second stage of the process, or

Components Content, mol/kg

dissociaton of chlorine molecules, that | (C5Fy), CHBr3 CHIz

is predominantly in progress. It is |F 0.00002 | Br 7.8509 I 7.4826
evident, that higher content of [C ** 24.1860 Br, 0.0319 I, 0.0006
monoatomic  chlorine  (which  is CF, 0.00004 | C ** 3.9568 C ** 2.5398
characterized by the highest chemical CF4 0.00001 H 0.00001 H 0.00005
reactivity) in decomposition products CF, 8.06200 H, 0.0005 H, 1.2021
will provide for the higher doping . - -
efficiency of organic  chlorine- HBr 3.9557 HI 0.1356

containing dopes as compared to that ofmercurous
chloride.

The assessment of the influence of the pressure
made in the process of thermodynamic analysis (Table
4) shows that the increase of pressure in a quartz

Pressure Influence on the Amount (mol/kg) of Monatomic and
Molecular Chlorine Emitted in the Process of Dope Pyrolysis (T = 1073 K)

The data on the composition of products of
thermal decomposition shows that fluorenecontaining

substances are rather stable even under high
Table 4 temperatures, and tl}e
content of  monatomic

fluorene in the products of

yrolysis is ve low to
P,Pa | HgyCl CoClg CeClg grovizl,e for threy efficient
Cl _ Ch Cl Ch Cl Ch doping of a semiconductive

0.01 ]3.91720 | 0.15937 | 21.8500 | 1.74690 [ 18.1640 | 1.45230 material.
0.05 |3.14670 | 0.53955 | 15.3480 | 4.99820 | 12.7590 | 4.15500 The above bromine-
0.10 | 2.63660 | 0.78388 | 12.0090 | 6.66740 | 9.98350 | 5.54260 and iodine-containing
0.50 ] 1.42550 | 1.26630 | 5.92960 | 9.70730 [ 4.92920 | 8.06970 substances may be used as
1.00 | 1.00220 | 1.32190 | 4.25150 | 10.5460 | 3.53430 | 8.76720 dopes because in the process
5.00 [ 0.34510 | 0.93244 | 1.92310 | 11.7110 | 1.59860 | 9.73500 of their pyrolysis a substantial
amount of an active doping
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agent, in this case it is monatomic bromine or
monatomic iodine, as well as hydrobromic and
hydroiodic acids are formed. Small amount of emitted
hydrogen creates (together with carbon) a favourable
environment for the deoxidation of the initial
components. Carbon initially contained in bromoform
and iodoform is nearly completely emitted in a solid
phase (graphite).

TEST RESULTS
With the use of the vertical zone-melting
technique {6], three process runs (Fig.1) and
temperature gradient at the solid-liquid interface of

18-19 K/mm zone-melted ingots of N-Biy(Te,Se)3
material have been produced.

Tk
1000 ———
900 /Vﬁ%?hwh
500 /ﬁ \
700

600

0 20 %0 60 80

Fig.1. Changing of the Material
Temperature in the Process of
the Ingot Growth: 1 - first run,
(heater temperature Ty, = 1133 K);
2 -second run, (T =1123K);
3 - third run, (Tp = 1123 K).

The ingot diameter is 20 and 45 mm, and length
is 200 - 220 mm. All measurements of properties have
been taken in parallel to the growth direction. Figures
2 and 3 present dope content dependence of
thermoelectric characteristics of N-Biy(Te,Se) 3. They
prove that for the doping with organic halogen-
containing compounds high thermoelectric figure of
merit is retained, and it allows to identify an optimum
content of an dope.

010 V/K 0, oo
300 1600
o 158172 [ pony

20 800

180 —4 =% — 400

1) I— * g
i 2 3 A

Doping addition-10° 7

Fig.2. Dope Content Dependence of
Seebeck Coefficient ( ) and Conductivity ( )
of Bix(Teg, 9pSey. 19)3 under 300 K:

1 - CaClg, 2- CgClg.

3 4
210, K

3.0 T
2.5 i /2 [

2!9

1.5 7

1.0

1.6 21 2.6 31 3.6

Doping addition-10°

Fig.3. Dope Content Dependence of the
Thermoelectric Figure of Merit (Z) of

Biy(Tey, gpSey, 1¢) 3 under 300 K:
1 - CClg, 2- CgClg.

Data presented in Table 6 proves that all the
investigated additions have an equal doping efficiency
with an equal optimum content of the doping agent
(chlorine). It shows that mercury (if calomel is used)
does not produce a doping effect.
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Table 6

‘Doping Efficiency of Dopes and a Doping Agent

Dope Hg)Cly CyClg C¢Clg
Optimum content, mass.% | 0.15 0.026 0.031
Doping Agent (Chlorine) 0.023 0.023 0.023
Content, mass.%
Conductivity, Ohm={-cm-! | 1000 1000 1000
Seebeck coefficient, V/K 210-215 210-215 210-215
Figure of Merit x105, K-! | 2.80-3.00 2.80-3.00 2.80-3.00
6. A.lLAnukhin, S.Ya.Skipidarov, O.B.Sokolov,
"Statistical micro-inhomogeneities in  (Bi,Sb)yTej
solid solutions grown from melt with excess content of
CONCLUSIONS tellurium”, Proceedings 14th International Conference

1. The opportunity for the application of organic
halogen-containing compounds as dopes for the
synthesis of thermoelectrical semi-conductive material
on the basis of bismuth telluride and bismuth selenide
solid solutions is described.

2. Through the methods of thermodynamic
analysis the advantages of organic halogen-containing
compounds as compared to inorganic ones (for
instance, mercurous chloride) are proved from the
viewpoint of the pyrolysis of these dopes under
conditions of the synthesis of the material and
formation of the active doping agent, i.e. monatomic
halogen.

3. As a practical example, the experimental
research into the doping ability of hexachloroethane
and hexachlorobenzole has been effected and high
thermoelectric figure of merit of the synthesized semi-
conductive material has been proved.
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Abstract

Single crystals of Bi,Te, and its solid solutions with Bi,Se, for
n type material show anisotropy of thermoelectric property. Hot-
pressed materials also show the anisotropy, but it is weaker than
the single crystal's and the one directional polycrystal's. In a hot
pressed material, crystal grains orient with an orientational
distribution.

In this work, we compared the orientational distributions of hot-
pressed materials which were made by different process
conditions and attempted to lead the best procedure parameters of
a hot-pressed material that give a high Z-value.

Introduction

The crystals of the Bi,Te, and its alloys show uniaxial
anisotoropy in both electrical and thermal properties which are
originated from the crystal structure [1][2]. The structure of
these materials are hexagonal (or rhomohedral) [3] . These
crystals have atomic layers which are stacked alternately along
the c-axis in the sequence: -Te(1)-Bi-Te(2)-Bi-Te(1)-Te(1)-. The
bonding of Te(1)-Te(1) is weak -van der Waal's force [4].
Therefore, these compounds are cleaved perpendicular to the c-
axis.

Both thermal and electrical conductivities in the direction
perpendicular to the c-axis (in the c-plane) are larger than that in
the direction parallel to the c-axis. The Seebeck coefficient
shows only a slight difference in anisotropy. The electrical
conductivity in the c-plane is larger by about four times than the
conductivity parallel to the c-axis in pure Bi,Te;. On the other
hand, the thermal conductivity in the c-plane is larger by about
two times than parallel to the c-axis. The difference of the
anisotoropy ratios of each thermoelectric property causes the
anisotoropy of the figure of merit. The figure of merit in the
direction perpendicular to the c-axis, which is called the a-
lirection and uses the notation small a in this paper, is
approximately two times as large as the figure of merit along
the c-axis, which is called the c-direction and uses the notation
small c in this paper, in n-type alloys [5]. This difference is
relatively small for p-type materials.

Sintered Bi,Te; and its alloys also show anisotropy
[61[71{8][9][10]. The conductivity in the pressed direction is
smaller than that in perpendicular to that direction. The powder's
shape of Bi,Te, and its alloys are flaky because of their cleavage
properties. When the powders are pressed, they slip along the
cleavage planes. Each powder's c-axes tend to align to the
pressed direction, but it is imperfect. The powders orient their c-
axes with an orientaional distribution. Of course, each of the

0-7803-3221-0/96 $4.00 ©1996 IEEE

powders have anisotropic properties as the single crystal. Thus,
the figure of merit of sintered materials depend on the
distribution of the powder grain's orientation [11]. The
orientational distribution can be determined by X-ray diffraction.

In the last work [12], we showed that the results which were
calculated from two dimensional orientation distribution
functions were in good agreement with the experimental results,
and the figure of merit of hot pressed materials were decreased
about 30% compared with the single crystal's.

Model

We consider electric and thermal conductivities in the direction
with the angle 0 to the a-axis in a anisotoropy crystal such as
Bi,Te;[13].The a-axis is selected from one of the directions in
the c-plane freely. There are two cases to measure electrical and
thermal conductivities. In one case, the electrical and thermal
current density vectors are parallel to the axis of the sample and
the electrical and thermal conductivities are measured parallel to
the these vectors. In the other case, the electrical and thermal
gradient vectors are parallel to the axis of the sample. The
electrical and thermal conductivities are measured parallel to
these vectors. In the present study, we prepared near the rod
shape sample in which the sample current was loaded along the
rod. Then we adopted the first case. This case is shown in Fig.1

Electric load

Fig. 1 Current density in a long rod. It makes the
angle O with the a-axis of crystal

Fig.1 illustrates the electric current density vectors with the
angle O to the a-axis. The electric current vector J is given by

J=(Jcos8, Jsinb), )

where J is the magnitude of the electric current density vector.
The electric resistivity tensor is given by
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p =[p @
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)

where pa is the electric resistivity parallel to the a-axis and p ¢
is the resistivity parallel to the c-axis. The electric field vector E
and electric resistivity p(8) with the angle 6 to the a-axis are
given by

E=p J (3)
and
p(8) =J-E/I2. )
Then we obtain p(8) as follows;
P(6) =p acos20+p ¢sin20 5)
and the electrical conductivity is defined by
o(6) =1/p(6) . (6)

The thermal conductivity is obtained similarly.
The conductivity of one grain which is in the hot pressed sample
is calculated by this model. The c-axis of one grain oriented with
angle 0 to the rod shape sample is in the same condition as
shown Fig.1. In the rod shape sample model, the normalized
electric resistivity p (0) and thermal resistivity r (6 ) are given
respectively by

p (8 )/p a=cos?0 +p ¢/p asin’0 (N

and
1(8)/ra=cos20+1/rasin0 ®

where 1¢ is thermal resistivity parallel to the c-axis and ry is
resistivity in the c-plane.

The two dimensional orientational distribution function 6)(8) is
defined by how many crystal grains are oriented to the direction
with angle 8 which is made by their cleavage plane in the hot
pressed ingot and the plane perpendicular to the pressed direction.
The function is obtained by x-ray measurement [14].

The electric resistance in a hot pressed material is a series of
each grain's resistance, which are defined in each orientation
angle 0 . Then, using the orientation distribution function ®(0),
the electric resistivity in the direction perpendicular to the
pressed direction pA is normalized by pa and given as

pa1pa=5-I" p(6)ax6)d6

9
- [7" (cos® 0+ pc / pasin® B)w(6)d6

and the normalized electric resistance in the direction parallel to
the pressed direction pc is given as

peipa=5: [ pO)w(n/2-6)d6

/2 2 . 2 (10)
=], (pc/pacos® 6+sin® 8)w(8)d0

where )(0) is normalized for integration from 0 to n/2;

1= 1" 0x(0)d0 (1.
Notation A indicates the direction perpendicular to the pressed
direction and notation C indicates the direction parallel to the
pressed direction. With thermal resistivity, we can obtain this by

changing a notation from "p " to "r".
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Experiments

Sample preparation

All raw materials were element materials with the grade of
99.999%. They were weighed with the ratio of stoichiometry of
(Bi,Tey)000(Bi,Ses)g, 0 and encapsulated in an evacuated Pyrex
tube with 0.3 atom argon gas. Before encapsulating, HgCl, was
added as a dopant. The raw materials and dopants which were
encapusultaed in the Pyrex tube were heated to above the
melting point, and the melt in the tube was shacked sufficiently
by the rocking furnace. The melt was solidified by the
Bridgeman method. The solidified ingot was grounded into a
powder in a ceramic mortar, and the powder was shifted between
200 and 400 mesh (74 micron and 37 micron). We used this
powder and the fine powder which was passed through the 400
mesh sieve in the experiment. These powders were annealed at
620K for 10 hours in a reducing atmosphere of hydrogen gas,
and hot pressing was accomplished in an argon atmosphere. The
size of ingot was 40 x 40 x 20mm. Several ingots were
prepared by using different procedure parameters; hot press
temperatures, pressures and powder grain sizes.

X-ray Measurement

Press direction

Fig.2 Test pieces cut from hot pressed ingot

Test pieces were cut from each hot pressed ingots with a tilting
angle 0, as shown in Fig.2. The tilting angle was from 0 to 90
degrees. The size of the test piece was 25 x 7.5 x 1 mm. Each
test piece was set in a X-ray diffractometer holder ( CuKa
radiation, 50KV and 150mA) and the area 25x7.5mm’ was
irradiated by the X-ray. Fig.3 and Fig.4 show XRD patterns of
the hot pressed sample cut with tilted 0 degree and 90 degrees,
(perpendicular press direction and parallel press direction),
respectively at room temperature. Reflections such as (0,0,3),
(0,0,6) and (0,0,15) were observed in the 0-degree sample very
well, but their intensities became very weak in the 90-degree
sample. We measured the integral intensities of the Bragg
reflection (0,0,6) in dozen pieces which were tilted in angles
from 0 to 90 degrees without any intensity correction. The
intensities of each piece were plotted as variables of the tilted
angles.
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Measurement of the thermoelectric properties

The electrical resistvity, the Seebeck coefficient and the thermal
conductivity were measured at room temperature (300K). The
electrical resistance was obtained from the measurement of a.c.
resistance. The Seebeck coefficient was obtained by measuring
the thermopower which was caused by the temperature
difference. The thermal conductivity was measured using TF101
Test System which was made by TE Techonology Inc.[15].

Results and discussion

We chose three parameters of the hot press procedure; hot press
temperature, pressure and grain size, and made several hot
pressed ingots by changing these parameters. Table 1 shows the
procedure parameters of the each ingot. The thermoelcric
properties of both the A and C direction of each hot pressed
ingots, the anisotropies of the electrical resistivity and the
anisotropies of the thermal conductivity and density ratios are

shown as Table 2.
Table 1 Procedure parameters

Ingot Hot press Hot press Grain
temperature pressure size
(K) (kg/cm®)  (micron)
A 720 750 37-74
B 770 750 37-74
C 820 750 37-74
D 770 1000 37-74
E 770 500 37-74
F 770 750 under 37

Hot press temperature

Ingots A, B and C were pressed at 720K, 770K and 820K. They
were made in the same conditions except for the hot press
temperature.
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Fig.5 Electrical resistivies of both the directions of
Ingots A, B and C
Fig.5 shows the hot press temperature and both electrical
conductivities; pA and pC. Resistivity pA is not changed by the
hot press temparature in this range. On one hand, the resistivity
pC depends on the hot press temperature. It decreases linearly as
the hot press temperature increases.

The anisotoropy ratio pC/pA also decreases as the hot press

Table 2 Thermoelectric property of three hot pressed samples at 300K

Ingot oA aC pPA pC KA xC pC /pA xA/ xC Density
(uLV/deg) (uV/ideg) UL/em) EQ/em) (mW/cmdeg) (mW/cmdeg) ratio%
A 207 202 1323 2835 15.19 9.82 2.14 1.55 99.3
B 208 203 1355 2506 14.29 10.74 1.85 1.33 99.8
C 208 205 1393 2132 13.92 11.02 1.53 1.26 99.8
D 210 204 1458 2698 14.66 10.17 1.85 1.44 99.8
E 207 204 1352 2445 14.67 10.82 1.81 1.36 99.8
F 238 239 2470 3386 12.38 11 1.37 1.13 98.3
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temperature increases. In the last work, we showed that the
anisotoropy ratio depended on the orientaional distribution of the
ingot. Fig.6 shows the orientational distribution functions of
three ingots, and Table 3 shows both the measured and the
calculated anisotoropy ratios of the electrical resisitivty and
thermal conductivities. The caluculated ratios were obtained by
using Eq. 9, 10 and each of the orientational distribution
functions ®(0). We assumed that the anisotoropy ratio of the
electrical resistivity pc/pa in a single crystal is 4 and the
anisotoropy ratio of the thermal resistivity rc/ra in a single
crystal is 2 respectively [5][13].

Ingots A and B have similar orientaional distributions, and the
ingot C has a weaker random distribution compared with the
others.

2 | | I i |
1.5 —o— INGOT A i
’ --0--INGOTB
—4&— INGOTC
~~
e}
- 1F
8 -
05 |-
0 | i 1 I I
0 w12 w6 w4 W3 Sw/i2 w/12

0

Fig.6 The orientaional distribution function of
three ingots made at different hot press
temperatures.

Table 3 Comparison of the

anisotoropies in ingots A, B and C
Ingot |H.P.Temp.| Measurement Calculation
pC/pA | kA/xC | pC/pA | xA/xC
A 720 2.14 | 1.55 | 1.80 | 1.38
B 770 1.85 | 1.33 | 1.88 | 1.45
C 820 1.53 | 1.26 | 1.71 | 1.34

Because these ingots have similar orientaional distributions, the
calculated results of the three ingots' anisotropy ratios are almost
the same value. From these results, it is realized that the hot
press temperature’'s dependence of pC is not caused by the
difference of the orientational distribution.

It is natural to think that the dependence of pC is caused by the
grain's binding. When an ingot is hot pressed, the grains in a
hot pressed ingot seem to be bound anisotropically by the
crystal's axis. If an ingot is hot pressed at a low temperature, the
grains are not bound enough in the direction paraliel to the c-
axis, so the pC is at high value. The imperfect binding along

the c-axis also influences the density ratio of ingot A, which is
slightly smaller than the others.

The weaker random distribution of ingot C seems to be caused
by the growing of the grains in the ingots under high
temparature hot pressing.

Hot press pressure

Ingots D, B and E were pressed at the pressures 500, 750 and
1000kg/cm®. They were made in the same condition except for
the pressure. Regarding the anisotoropy ratio, there are not great
differences in these ingots. The hot press pressure is not an
important procedure parameter for the orientaional distribution in
this pressure range. At the present, we can not understand why
the carriers decrease in ingot D.

Grain size,

Ingot F was made of the powder which size was under 37
microns. High values of o and p indicate low carrier density in
ingot F. The reason of the decrease of carrier is not understood in
detail, but it seems to be related with the surface of the powder.
Fig.7 shows the orientational distribution functions of ingots B
and F. The orientaional distribution of ingot F shows more
randomness than in ingot B. Random distribution makes both
the electrical and the thermal conductivities decrease. Table 4
shows both the measured and calculated anisotoropy ratios of the
electrical resisitivty and thermal conductivity. The caluculated
anisotoropy ratios are in good agreement with the measurement
ones. From these results, the decrease of both the electrical and
thermal conductivities are only caused by random orientation. In
this grain size, the grain boundary does not affect the electrical
and thermal conductivities .

--0--INGOTF

| ! ! | i
0 w/12 w6 w4 T3 5m/12 w2

0

Fig.7 The orientaional distribution function of
two ingots made of different powder’s grain size

Table 4 Comparison of the anisotropies
in ingots B and F

Ingot | Grain size| Measurement | Calculation
pC/pA | kA/xC | pC/pA | kA/xC

B 37-74 1.85 | 1.33 | 1.88 | 1.45
F under 37 | 1.37 | 1.12 | 1.20 | 1.18
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Conclusion

We evaluated six ingots which were made in different procedure
conditions. We especially noticed the orientation of grains in the
hot press ingots. The hot press pressure did not affect the
orientational distribution. The hot press temperature also did not
affect the orientation, but it affected the binding of the grain. In
the hot pressed ingot achieved at a low temperature, the binding
between the cleavage planes was not enough. This imperfection
of the binding made the anisotoropies of the conducutivities.
The procedure parameter which was the most influenced in this
experiment was the grain size. The hot pressed material which
was produced by the fine powders tended to have random
orientational distribution.

After completing this experiment, we could not improve the

orientational distribution in hot pressed materials which give a.

high Z-value. We realize that further experimentation is required
on this subject, and want to continue to research further.
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CHARGE CARRIER MOBILITY IN Bi,Te;_, Se, (x <0.4) SOLID SOLUTION
WITH EXCESS OF Te

Kutasov V.A., Luk'yanova L.N., Konstantinov P.P., Alekseeva G.T.
A.F. Ioffe Physical-Technical Institute, Russian Academy of Sciences, Russia

Abstract.

Thermoelectric and galvanomagnetic properties of
n-Bi,Te; Se, (x < 0.4) solid solutions with the carrier density
<1-10"® em™ are studied. Some peculiarities of the mobility
temperature dependence with account of the effective
scattering parameter r.¢ are discussed.

Investigation of the possibility of a deep cooling by
means of thermoelectric methods is initiated not only studies
on high-T, superconductivity but also achievements in the
range of sensor techniques. Investigations of the materials
based on solid solutions of Bi and Sb chalcogenides [1] are
shown that a six cascades module may be produced
maximum temperature difference AT,,, = 150° for hot
junction temperature about 300 K. The results of these
studies were shown that a decrease of the carrier density is
allowed to use of the n-type materials at more low
temperatures.

The parameter (m*/m)y2 Ko ( where m’ and Mo are the
density of states effective mass and the mobility of charge
carriers with account of degeneracy of an electron gas, m is
the free electron mass ) is the important value, that defines a
figure of merit Z at considered temperature in the range of
impurity conductivity. A comparison of the mobility value
from data on different authors [2-5] are not always corrected
because in refs. [2-3] the mobility in bismuth telluride and
solid solutions is calculated from measurements of all
indispensable galvanomagnetic effects and in refs. [4-5] from
electroconductivity and Hall effect data only. Nevertheless
temperature dependence of the mobility in Bi,Te, is detail
investigated since the carrier density is constant at studied
temperatures and the dependence of py(T) may be calculated
from the experimental temperature dependence of o(T).

The electroconductivity temperature dependence for
classical statistic and the acoustic mechanism of carrier
scattering can be represented in the following form:

*
G~T -3/2 m -512 )

The electroconductivity o, is considered in the case
of arbitrary degeneracy analogously of .

The experimental dependences of o(T) in Bi,Te,
with carrier densities (1+10) 10" cm ? are differed from
T (from T2t T '*) and are explained by weak
temperature dependence of the density of states effective
mass [6,7]. For low carrier density ( n < 10® em ? ) the more
strong change of the mobility with temperature is observed :
the dependence of the form py ~ T 23 [8] is explained by
temperature dependence of m’, a variation of the mobility

0-7803-3221-0/96 $4.00 ©1996 IEEE
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po ~ T 28 [9] is connected to influence of scattering on
optical phonons for temperature below Debye one.The
analogous of o(T) dependences are observed in Bi,Te;-based
on solid solutions with increase of the carrier density n. The
index of a power in the dependence of o(T) for equal n is
decreased in comparing with Bi,Te; owing to additional
scattering on the atoms of the second component of solid
solution. Investigation of Bi,Te;,Se, (0 < x < 0.3) solid
solutions is limited usually by the range of the optimal carrier
density n = (1+ 3) 10cm™ near the room temperature. These
materials with low density (n < 10" cm‘3) is not studied
systematically, but this range of concentrations is interested
not only for practical application, but it is permitted to study
specific peculiarities of scattering mechanism.

At the present work thermoelectric and
galvanomagnetic properties of n-Bi,Te;,Se, (x = 0.3; 0.36)
solid solutions were measured in the range of temperature
interval from 80 to 300 K. Samples for measurements were
grown by directed crystallization method in the conditions
excluding a concentration overcooling [10]. The temperature
gradient on the front of crystallization was about 200 K cm”,
a rate of crystallization was no more than 0.5 mm/min.
Cleavage planes (0001) in the samples were oriented along
crystallization axis, block-crystalline structure of the samples
provided to cut single crystals for measurement of Hall
effect.

Instead of widely used doping of ordinary impurities
( halogenides of some metals ) we now used excess Te for
deviation from stoichiometric composition. This way
permitted to exclude the influence of the additional scattering
on donor impurities especially for low temperatures and to
obtain the materials with controlled values of the carrier
density.

Usually analysis of temperature dependences of the
thermoelectric properties is carried out for the acoustic
mechanism of carrier scattering ( a scattering parameter r =
-0.5, where r is the index of a power in the dependence of
relaxation time T on energy : T = T,E' ). Such analysis
without account of complicated band structure and a mixed
scattering mechanism in the solid solutions based on Bi,Te;
may be used for qualitative estimations. In ref. {11] the
thermoelectric and the galvanomagnetic properties of
p-Bi,Sb, Te; solid solutions are analyzed assuming a non-
parabolic one-band model and mixed carrier scattering. The
results of investigations of the thermoelectric and the
galvanomagnetic properties in bismuth telluride and its solid
solutions [12] are shown the necessity to use the effective
scattering parameter r.g The parameter r g takes into account
as peculiarities of the band structure as the mechanism of
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carrier scattering. The value r. is changed from - 0.38 to
- 0.82 on composition of solid solution, temperature and
carrier density [12,13].

Temperature dependences of the thermoelectric
power o and the electroconductivity ¢ in Bi,Te;, Se, (x =
0.3; 0.36) solid solutions are shown in Fig.1,2. High values of
the thermoelectric power in studied temperature interval
(Fig.2, curves 1,2,4) point out to low carrier concentration of
the samples. Sharp temperature dependence of the
electroconductivity is connected with increasing of the
mobility at low temperatures.
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Fig.1 Temperature dependences of the electroconductivity ¢
in Bi,Te;_,Se, solid solutions.
x:1,2,3-03;4-0.36.

Analysis of the experimental data of o(T) and o(T)
are carried out in accordance with the expressions applied for

semiconductor in the range of impurity conductivity and a
arbitrary degeneracy:

_ 4(2Wm*koT)3/2 Fn(m)
"s Jat? @

o =eny 3)

Jn Fii2(M)
2 T(r+3/2)F,,(m"

H= 0o @

where 1) is a reduced Fermi level, F(r,) - Fermi integral:
0,
1
r
F(n)= _[x [exp(x— n)+ lT dx )
0

I'(t) - gamma function:

I'(t)= %?xt exp(—x)dx = UG (6)
0
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Fig.2 Temperature dependences of the thermoelectric power
o in Bi,Tes.,Se,.
x:1,2,3,-03;4-0.36.

The parameter (m‘/m)y2 L, may be obtained from
the experimental data on o and ¢ in accordance with the
expressions (2,3) for some assumption about scattering
mechanism. For calculation of the mobility p, and the
effective mass m'/m it is required to define a value of the
carrier density. A calculation of the carrier density in
anisotropic materials with complicated band structure besides
Hall effect data is needed the data on galvanomagnetic
effects and information about a scattering mechanism. In
anisotropic materials the expression for the carrier density is
given by:

A(r, n)B
n=——

A23€

@)
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where A(r,n) is a Hall-factor, B is an anisotropy parameter:

[

Pi1P1133
B= “ )B( of n)J ®
23
B(r,n) is a degeneracy parameter, p;;,P123, P1133 - components

of the resistance, Hall effect and magnetoresistivity tensors.
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Fig. 3 Temperature dependences of the Hall coefficient p,y;
in Bi,Te,Se, (x=0.3) solid solutions.
n,10%em®:1-08;2-1;3-4.

The temperature dependences of Hall coefficient
P13 are shown in Fig. 3. Estimations of the carrier density
were carried out according to the expressions (7,8) with
account of the dependences of B = f(n) [13] and o = f(rg, n),
s = f(n, T) [12,14]. The values of n for these two methods
were closed and were equal to (0.8 + 1) - 10" cm™

The form of p,,; (T) dependence (Fig.3) and also the
carrier density n values show that a second band in the
conduction band of the solid solution is not occupied (curves
1,2). Change of p,»;(T) may be explained with mﬂuence of
anisotropy of the scattering. In the samples at n = 4- 10® cm
the second band is occupied.

The temperature dependences of pu(T) are shown in
Fig.4. Values of i, more higher in one-band samples (curves
1,2,4) due to deficiency of interband scattering.
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Fig. 4 Temperature dependences of the mobility |, in Bi,Tes.
«Se, solid solutions.
x:1,2,3,-0.3;4-0.36.

Analysis of p(T) dependence with account of r
shows to some peculiarities in comparing with the analysis
for the acoustic scattering mechanism. The expression for
angle coefficients s = d In py/d In T are not linear function in
considered temperature interval. However for low and high-
temperature intervals d Inpy/dInT dependences may be
studied as linear one. A change of s value is observed near
Debye temperature (Tp = 155 K for Bi,Te;). In the sohd
solution with low carrier density n = (1+0.8) - -10"%cm™ the
angle coefficients are equal to |s] = 1.75 + 1.9 at T < Ty, and
|s]=1.2 + 1.3 at T > Tp,. The values |s| decreases to (1.4 +1.6)
with growth of the carrier density (n = 410" cm '3) at T <
T p due to increasing of a number of the scattering centers.

The angle coefficients s may be also calculated from
the temperature dependence of electroconductivity since the
carrier density does not changed in the investigated
temperature range. The values of s = d In 6/ d InT for the
acoustic mechanism of carrier scattering have some average
values (1.6 +1.7) in the interval to 80+240 K in accordance
with [7,9]. Changing of s = d In py/d In T at temperature near
Tp, indicates to varying of the scattering mechanism: for T <
Tp, a scattering on optical phonons become noticeable.

From the expressions (2-4) the density of states
effective mass m'/m (Fig.5) was obtained. A strong increase
of m'/m in the samples with high carrier density (Fig.5,
curves 3) may be explained with influence of the additional
band with more effective mass in the conduction band of
solid solution.
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Fig.5 Temperature dependences of the effective mass m'/m in
Bi,Te,.,Se, solid solutions.
x:1,2,3-03;4-0.36.

The effective mass m'/m may be presented in the
exponential form (m'/m ~T") in the low-temperature range
only for T < Tp since t = f (T). Therefore evaluation of t
value from the thermoelectric power temperature dependence
using the angle coefficients d In F,,/d In T is possible only at
low temperature. The angle coefficient t is equal to 0.2 for at
low- and 0.4 at high-carrier density T<Tp,.

Increasing of the mobility in the low-temperature range
leads to increase of the figure of merit Z which was obtained
from experimental data on thermoelectric power a,
electroconductivity ¢ and thermoconductivity k. The values
of figure of merit Z are equal to: Z = (2.0 + 2.3) -10 K" at
80 +100 K in Bi,Te;,Se, (x = 0.3; 0.36) solid solution
samples with low carrier density (0.8 +1) -10'® cm™ which is
optimal at these temperatures.
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Abstract
BizTe3—based thermoelectric materials have been

studied for fabrication parameters and orientation
effects. The powder particle sizes wete less than 150
um and the mixtured grain sizes after sintering were
observed in scanning electron microscope. As the
results, electrical resistivity was 40% lower by
reducing powders before pressing, and cold
1sostatic press took away the layer structures formed
with pressing. The direction to the pressing and the
measurements indicated lower resistivities (30-60%)
for both p- and n- BipTes, then Z values were 2.05

and 2.23 K1 for those types, respectively. It
should be notified that the composites of large and
small garains will mitigate an enhancement of
electrical resistivity and reduce thermal conductivity
in a sintered specimen.

Introduction
BiZTe?) -based thermoelectric materials have been

actively studied for a cooling devices for an
electronic substrate and some other local cooling in
these years. Fabrication method should be
investigated for enchancement of figure of merit as
well as that in the total system of the modules. The
powder particle size dependencies of
thermoelectrical properties were reported by
Sugihara et al.[1]. Smaller powder particles will be
better to obtain lower electrical resistivity, and the
control of the microstructures after sintering are
important in terms of the constituents of a larger
grains and smaller ones.

As the other parameters, the reduction of the
powder has been dicsussed to result in enhancement
of electron mobility, then the increase of the Z
value|2]. The orientation of the thermoelectric
properties due to anisotropy were also reported to

0-7803-3221-0/96 $4.00 ©1996 IEEE

46

indicate the better properties in the perpendicular
direction to the pressing [2], [3], [4].

The purposes of present study are to clarify the
effect on the thermoelectric properties of the powder
reduction, cold isostatic press(CIP), anisotropy and
to discuss the microstructures relating to the
properties.

Experiment
The n- and p- bismuth telluride ingots(Ferro Tech.

Co.Lud. ) are purverized in Ar atmosphere and sieved
with the size less than 150 um. The part of the

powders are provided for reducing for 3 hrs in
93%Ar + 7% Hy atmosphere (Ar+H, ) at 300 °C.

The reduced powder and no-reduced powder(normal
powder) were pressed at 200 MPa. The one group
of green pellets was employed for CIP at 300 MPa
followed by sintering for 2 hrs at 450°C in the Ar
and the another group was proceeded in Ar+H,

atmosphere. Moreover, no sintering process after the
CIP was also studied. The size of sintered specimen
was 12-13 mm in diameter and 13-14 mm in
thickness, then slightly polished for obtaining the
perpendicularity at the both ends. Seebeck
coefficient and electrical resistivity were measured
with a four- probe method and thermal conductivity
was evaluated with a laser flash method. The
microstructures were analyzed with scanning
electron microscope (SEM).

Results and discussion
Effects of CIP

The layered structures were usually seen in
perpendicular to the pressing direction when BiyTe3

powder were pressed as shown in Fig. 1 (a) and the
cross section at the pressed surface exhibited just flat
, showing the large dark part of ingot or the plate-
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like grains with more than 100 um after press: in
Fig.1(b). It is said that the anisotropy exhibits
different thermoelectric properties [3]. Electrical
conductivity ,for instances,was shown to be much
higher in perpendicular to the c-axis of the crystal|4],
and it was evaluated by Hall coefficient that the
crystal c-axis almost equals to the pressing direction
[2]. Figure 2(a) and 2(b) show Seebeck coefficients
and electrical resistivities for the CIPed green pellets
by the p-type powders proceeded in Ar atmosphere (
specimen No. PN3(n)) and in Ar+H2 (specimen No.

47

PR3(r)). It was reasonable that the electrical
resistivities were higher in both cases because of no

‘ | sintering. The Seebeck coefficients for the CIPed

specimens without sintering were apparently higher

| valued showing 200 to 230 uV/K at 50 °C as

illustrated in Fig. 2(a). Since Seebeck coefficient
means the ratio of thermal flow to electric current,
both phonons and carriers are scattered by the grain
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Fig.2 Seebeck coefficient(a) and resistivity(b) of

ClIPed green pellets;powder processing:
PN3(n) in Ar and PR3(r) in Ar+H2.

Electrical resistivity ( X103 Qm)

300

boundaries much containing in the CIPed specimens
without sintering and no phonon drag exists at high
temperatures like 50 °C than the Debye temperature,
then the ratio does not largely change as a result.
After sintering, Seebeck coefficient and resistivity

were 250 uV/K and 1.14 X 104 Qm for the p-type

pellets by the reduced powder, respectively. By the
CIP processing, layer structures were distorted as
shown in Fig. 3(a) particularly, but the faces to the
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pressing direction in Fig.3(b) did not differ from the
specimen proceeded without CIP. The distortion of
the layers by CIP was not much although anisotropy
was alleviated.

Powder reducing
As shown in Fig. 2(b), the resistivity of the CIPed
pellet by the reduced powder in Ar + Hy atmosphere

was larger than that of the pellet by the processing
in only Ar. The p-type sintered pellet by the powder
heat-treated in Ar + Hy had lower resistivity than
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that of the pellet by the powder proceeded in Ar
atmosphere as shown in Fig. 4(b), which tendency
coincided with the result by Kaibe [2]. Itis said to
be the number of carrier reduced because of
decreasing oxygen content but mobility increased
leading to lower resistivity [2]. They did not report
Seebeck coefficient which did not exhibit much
differences in our results as seen Fig. 4(a), This
fact is associated with that the grains already grew in
the reducing powder at 450 “C, and formed necking
between grains after sintering as shown in Fig. 5(a)

and 5(b). The resistivities were 10.5X107 and

8.0X 10~ Qm for the sintered pellets by the powder
processing in Ar and in Ar+ Ho, respectively, which

sintering were performed in the same atmosphere of
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Fig.5 SEM photographs of p-BiyTes by normal

powder: sintering in Ar (a) and Ar+H, (b).

Ar. The pellets by the powder proceeded in Ar+
Hy presented 24 % lower resistivity than the pellets

in Ar.

The sintered pellet is considered to be a composite
of the part of a large alloy with the sintered area
containing small grains. The relationship between
thermal and electrical conductivity is qualitatively
explained in the macroscopic mean; In the part of the
alloy, electrical and thermal conductivity are larger
due to less grain boundaries, while mean free pathin
the sintered area is shorter resulting in the lower
thermal conductivity as shown in the following
equation,

K- (2/3)k2 T Nt/m (1)

as well known in Wiedemann-Franz law in pure
metal, where, k., T and m are usual physical

meanings and N ; the number of electrons and T;

mean free path. Electrical conductivity (O) is also
described in the equation below,

2 t/m (2)
As far as those equations are applied to the metal,
both thermal and electrical conductivity are lower in
the small grains than those in large grains. As
shown in Fig.6, however, the contact area of large
flat grains to small grains is larger when the smaller
grains are sandwiched between flat large grains as
compared to that the larger grains are sandwiched, in

oo G000

Fig. 6 Model for acomposue of large grains and
small grains- sandwiches.
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which are analogous to the electrodes, hereby
electrical conductivity can be improved. Meanwhile
phonon can not transmit from the layer A to the B
layer or vis-a-vis due to lower energy than electron,
then thermal conductivity becomeslower.

Anisotropy of thermoelectric properties

Figure 7 shows the different directions of the
measurement and to pressing pressure for electrical
resistivities of p-type specimens. The measurement
direction of perpendicular to the pressing exhibited
about 60 % lower resistivities for both pressures
than that in the parallel one. Those results can be
understood by the microstructure of the layer as
shown in Fig. 1. The anisotropic resistivites of the n-
type specimens are indicated in Fig. 8, showing
about 30% lower resistivity in perpendicular
direction. These results conincided with the report
that resistivity in perpendicular was lower in
general[2]. There were not significantly depending
on the direction in the Seebeck coefficient for both
p- and n- type as shown in Table 1. Since the heat
flow and electrical current take part in Seebeck
coefficient , concerning problems are complicated,
not only the direction (anisotropy) but also other
factors should be considered. Moreover, the thermal
conductivities for p- and n- types were 20 to 30 %
lower in the perpendicular than those in parallel. The

Z values of 2.05 and 2.23 K1 for p- and n- types,
respectively, were obtained even in an about one
order higher resistivity.

Conclusion
The sintered p- and n- type BiyTes were studied

with the process parameters such as powder
reduction, cold isostatic press and the direction of
the cut specimens and measurement to the pressing.
The conclusions are as follows;

1) Electrical resistivity had a tendency to be one
fourth lower by reducing the powders.

2) The layer structure after pressing was broken by
cold isostatic press ,which did not exhibit significant
results of thermoelectricities although the anisotropy

was taken away somewhat.
3) The direction to the the

measurements indicated lower resistivities (30-60%)
for both types, then Z values were 2.05 and 2.23

pressing and

KL for p- and n- type, respectively.
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Table 1 Thermoelectric properties of sintered p- and n-type BiyTey at 50 °C
(O; Cold Isostatic Press additionally, X; no CIP, *;

50

perpendicular to press )

Specimen | CIP  a(uV/K) po( Qm) K(WimK)  Z(K )

p PR2 X 218 6.50x10" 0.61 1.22
PR4 O 250 1.14x104 0.60 0.91
PN X 230 1.08x10 0.74 0.66
pC2 X 230% 4.30x105" 0.60 2.05

n NNi O  -130 1.70x10°5 0.80 1.24
NN2 | O -t15 1.28x105 0.50 2.07
NN5 X  -125 1.45x10° 0.70 1.54
NC2 X -105¢ 1.01x105” 0.49 2.23

4) The composite of large grains and small ones
will mitigate an enhancement of electrical resistivity
and reduce thermal conductivity in a sintered
specimen. Thermoelectrical ~properties can be
improved by the cotrolled constituents of the larger
grains and the smaller ones.
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Abstract

The pseudo-ternary alloy of
(Bi,Tes)(Sb,Te;)(Sb,Se;) has been explored for
over twenty-five years with little progress in the
figure of merit, p-type 3.4x10”/K and n-type
3.2x10%/K.{1-5] Using multiple dopants, Te and
Sbls, higher figure of merit material can be
achieved without creating more of the deleterious
pure Te commonly found as a second phase in
the p-type alloy, (Bi;Tes)25(SbaTes)72(SbaSes)s.
Using a combination of the two dopants figures
of merit as high as 3.7x10”/K have been
achieved.

~ Using two dopants has also permitted
the creation of an n-type alloy with a composition
of (Bi2T63)7o(Sb2T63)25(szsC3)5. Previously n-
type doping could not be achieved with a single
dopant because the alloy as grown always
exhibits p-type conductivity. Using Te and Sbl;
together as dopants, or Sbl; by itself in this alloy
produces n-type material with a figure of merit of
3.4x107/K.

Introduction

There has been only modest
improvement in the thermoelectric properties of
the (Bi,Te;)(Sb,Tes)(Sb,Ses) since their inception
in the late 1960’s. [1-5] The p-type material had
composition of (Bi;Te;),5(Sb,Tes)72(Sb,Ses)s and
it was doped by adding excess Te. The Te
content was beyond the solubility limit and
caused a deleterious second phase to be found in
the alloy. Figures of merit, Z (Equation 1)

Z=a’[xp M
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a-Seebeck Coefficient  k-thermal conductivity
p-clectrical resistivity
have been reported as high as 3.4x10%/K.[3] The
n-type alloy has been (Bi2T€3)90(Sb2Te3)5
(Sb,Ses)s and the dopant is Sbl;. The maximum
figure of merit of the n-type alloy was reported as
high as 3.2x10”/K.[3] The n-type alloy has a
lower figure of merit than the p-type alloy
primarily due to a higher lattice thermal
conductivity (xp,) which leads to a higher total
thermal conductivity (x) at optimum carrier
concentration. See Equation 2 [1]
K=Kph+Kel+Kamb
Kph-phonon thermal conductivity
Ke-electronic thermal conductivity
Kamp-ambipolar thermal conductivity

2

In this alloy system the phonon thermal
conductivity was measured by Yim and Rosi and
has indicated at higher compositions of Bi,Tes;
the phonon contribution to the thermal
conductivity is lowered. This allows for higher
figure of merit material at higher Sb,Tes
compositions. The material becomes more p-type
in nature as the Sb,Te; composition is
increased. For this reason the n-type material is
made from a low Sb,Te; alloy with a suitable
dopant to make it n-type. Yim and Rosi found
three alloys in this system which could produce
high figures of merit material, see Figure 1 [2-4]

Improvement in the n-type material was
sought by changing composition to a higher level
of Sb,Te;. The research by Yim and Rosi
indicated a peak in Z at
(Bi2T€3)70(Sb2Te3)25(szse3)5.[2] This peak is
achieved through lower thermal conductivity and
higher effective mass. They reported difficulty in
doping that composition as n-type with the
proper resistivity using a single dopant.[3] In the
present work we focus on
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Figure 1-Theoretical prediction of maximum Z
with various compositions in the
(Bi;Te3)(Sb,Te;)(SbaSes). 2]

making this material n-type using multiple
dopants (Te and Sbls) to reach the desired carrier
concentration for optimum figure of merit.

The p-type alloy is presently doped with
Te, an n-type conductor, that acts to compensate
non-stoichiometric holes to achieve the desired
conductivity. The problem with Te is the
solubility limit is 0.2 wt% Te, as found by
metallurgical analysis.[3] Using Te in
conjunction with other n-type dopants (Sbls,
TeCl,, and SbCly) one can create a greater
range of dopant concentrations without
exceeding the Te solubility limit further.[6]
This approach is taken in the present research
to improve the p-type material. '

Experimental Procedure

Ingots were produced from 99.999%
pure elements purchased from Alpha/Aesar.
Alloys were produced in fused silica tubes by
first evacuating with an absorption pump and
then backfilling with Argon before being
sealed. The alloys were melted and mixed for
several hours in a radio frequency furnace. All
ingots were grown using a vertical Bridgman
furnace with a hot zone at 700°C and a
temperature gradient at the melting temperature
of 25°C/cm. The growth rate was about
Smmv/hour.

Ingots were removed from the fused
silica tubes and first tested for resistivity along
the ingot’s length. The resistivity was measured

Figure 2-Absolute method used fo
Seebeck coefficient and thermal conductivity

using a 4 point probe method. Two probes were
used to supply the current which was A/C. The
current was measured using a Fluke 75
multimeter. The two voltage probes were gold
coated blades 10mm apart connected to a
Keithley 195A multimeter. Knowing the applied
current (I), measured voitage (AV), point
separation (L) and area of the piece (A) one
could calculate the resistivity from equation 3.
_AV-A

3
L €))
Pieces were removed from the ingots for
Seebeck coefficient and thermal conductivity
measurements using a Metler slow speed saw
with a diamond tipped blade. Pieces were
approximately 5-7mm long and 8-10mm in
diameter. The sample was placed in an absolute
testing device as schematically shown in figure 2.
The sample was warmed from above and then
from below. Using the thermocoupies the
temperature difference and the voltage produced
across the sample could be measured and this in
turn can be converted to an absolute Seebeck
coefficient. The temperature difference across
the sample as compared to the standard (fused
silica) indicates the thermal conductivity. For
further information please see thereferences.[1,6]
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Experimental Results

New n-type alloy
The new n-type alloy,

(BiTes)70(Sb,Tes),5(Sb,Ses)s, can be
produced with either one or multiple
dopants. Currently both doping
methods produce ingots with
resistivities that vary along the length
when grown in a vertical Bridgman
furnace. (Figure 3) The solubility
limit for Sbl; and excess Te in these
alloys is predicted to be about
0.2wt%.[2] The material can be
successfully made n-type while still
being below the solid solubility of Sbls.
Using Te and Sbl, poses the problem
of exceeding the Te solubility limit
thus creating a detrimental second
phase. In this study no second phase
could be detected with the optical
microscope. However, the combined
dopants also appears to create ingots
with greater variation of resistivity
along the length than that found for a
single dopant.
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Figure 3- Electrical resistivity versus relative
position for the new n-type alloy
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Figure 4-The new n-type alloy (e) versus the
standard n-type alloy grown at UVa (0) and at
RCA (M )in terms of the Seebeck coefficient
and thermal conductivity

Seebeck coefficient measurements of the
new n-type alloy indicate similar properties to the
standard n-type alloy produced at UVa,
(BizTe3)90(Sb2Te3)5(szS€3)5. The standard n-
type alloy produced at UVa is also similar to
measurements taken by Yim and Rosi at RCA,
see Figure 4.[2] The thermal conductivity
measurements show an improvement in the new
n-type alloy over the standard alloy. This is due
to the lower x; in the new alloy thus leading to a
lower total thermal conductivity. This lower total
thermal conductivity leads to a larger figure of
merit, as predicted by Yim and Rosi.[2] A figure
of merit as high as 3.4x10/K has been achieved
in this alloy at a resistivity of 1.1 mohm-cm.

Improved p-type alloy
Using Te in conjunction with Sbl,
TeCls, PbCl, or SbCl; allowed greater variety in
resistivity than can be achieved by using Te only.
This greater resistivity variation has lead to a
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higher measured figure of merit of 3.8x107/K.

The PbCl, acted as a p-type dopant while the 300

others acted as n-type dopants by 280 o .
compensating the holes. Figure 5 indicates ié: 260 . ;. . ¢ .
that through the use of multiple dopants the E 240 | - ;'. e
resistivity versus position shows more 2 «%% *
variation along the length than using Te only 8 220 4 3‘ a®
as a dopant. Further studies are desired to see 3 200 - ;o
if excess Te can be reduced sufficiently to g 180 g
eliminate the deleterious second phase. w1604 M°
Measurement of Seebeck coefficient ~140 t f 1 t l t ;
and thermal conductivity has indicated similar % 194 o9 To + Sbi,
trends to that of the p-type material doped by 5 181 ‘s o Teonl
only Te, see Figure 6 A distinct curve can not E 17 A 4 Te + (SbCL,PbCL, TeCl)
be drawn that distinguishes multiple dopant £ 16 1 AN — — Best Fit RCA (1965-Te only)
from singly doped material, due to the scatter g 15 * d}\‘
in the data. The scatter in the data is believed & 141 :3%6\,, .
to be due partly to the amount of second phase E 13 E’“E?é';.- . .
material present in the ingot. The multiple g 12 - . . *
dopant material has produced figure of merit 1 i % ? ? t—t I
material consistently higher than was possible 6o 05 10 15 20 25 30 35 40
through single doping with Te. This increase Electrical Resistivity (mohm-cm)
we believe is due to an increase in the hole
mobility and hence an increase in the Fermi
energy. This increase in the Fermi energy Figure 6- Seebeck coefficient and thermal conductivity
leads to a higher Seebeck coefficient for the versus electrical resistivity for the p-type material
desired conductivity in the absence of a (Bi,Tes)25(SbaTes)72(Sb,Ses); with varying dopant
second phase. The thermal conductivity may concentrations
be lowered also but not as dramatically.
Conclusions
Using Sbl; or Te and Sbl; as a
30 T oo compensator instead of only Te allow§ f9r
o 6% Te+01% St production of a new n-type alloy that is improved
2254 & anTerozwsy, o o' over the present n-type alloys for cooling
2 ©  No dopant . purposes. The new n-type alloy has a lower
S0 - T o’ . o v phonon thermal conductivity which leads to
> T L L at e higher figure of merit material. The Sbl; dopant
:Zg '5 . . °.o“°° -.‘, can also be used in the p-type material to
& ° a% e, * compensate it to the optimal doping
g iy “.dzo::“ Nt ; e '_' sacre concentration. In this study it appears to improve
s : v, > :*". e " o the present p-type alloy.
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Abstract

Thermopower and electrical resistivity have been investigated
of B-FeSi, single crystals and P-FeSi, thin films in the
temperature range from 40K to 1200K. The single crystals
were grown by chemical transport reaction with source
material of different purity and with a Si/Fe ratio between 1.5
and 2.5 to obtain crystals from the Fe-rich and Si-rich
boundaries of the homogeneity range, respectively. The
undoped and Co-doped thin films have been prepared in the
range -0.06<x<0.25 by coevaporation. It is shown that the
conductivity type of the single crystals changes from p-type to
n-type with increasing purity of the starting material. Both
thermopower and resistivity depend on the deviation from
strict stoichiometry. The low temperature thermopower is
mainly determined by phonon drag effect. The undoped films
are of p-type. It is shown that the films are especially
sensitive to doping at x~0.13.

Introduction

Within the group of semiconducting silicides the compound
p-FeSi, is known to be one of the most promising
thermoelectric high temperature materials [1]. Many
investigations have been carried out over more than twenty
years to find suitable doping elements and optimum doping
levels in both n-type and p-type material for a high
thermoelectric figure of merit Z, see e.g. [2-14]. Most of the
work was done with ceramic material [2-8], but also thin
films have been investigated [9-14]. It is well established that
doping with transition metals from the right side of Fe in the
Periodic Table like Co and Ni yield n-type PB-FeSi, and
doping with transition metals from the left like Cr and Mn p-
type material. But usually the effect of doping on the
thermoelectric properties depends strongly on the preparation
technology and with that on the kind of the dopant incor-
poration and on non-intentional doping. Deviations from
stoichiometry can also occur and can give additional effects.
As a consequence at the same level of intentional doping the
transport behaviour can be quantitatively quite different.

To get a more detailed understanding of the transport
behaviour of [-FeSi, also single crystals have been
investigated [15-18]. Single crystals can de considered as
systems with high structural order and defined stoichiometry.
Their understanding should be a basis for further improvment
of B-FeSi, ceramics and thin films. In [15,16] the Hall
conductivity was measured and analyzed. It was shown that

0-7803-3221-0/96 $4.00 ©1996 IEEE

the mobility can achieve at low temperature values up to
48cm®V's? in n-type and 1200cm®V's™ in p-type crystals.
These values are much higher than previously observed.
From the analysis of the Hall data of p-type crystals a shallow
impurity at 50meV has been obtained and an impurity band
at about 100meV. The polar optical phonon scattering was
found to be the dominant scattering mechanism above room
temperature [19]. In [17] also photoconductivity was found in
p-type crystals which might be important for optoelectronic
and photovoltaic applications [18].

In [20] first results on the thermopower of B-FeSi, single
crystals have been reported. Doping was performed with Cr,
Co, Mn and Ni but also undoped crystals have been
considered. It was found that between 40K and 1200K at
least four temperature regions exist with specific transport
behaviour. In the doped crystals these four regions are with
increasing temperature [20]: (i) conduction within an
impurity band up to about 100K, (ii) band conduction with an
enhanced thermopower probably due to phonon drag up to
about 250...300K, (iii) band conduction with strong electron-
phonon scattering above room temperature and (iv) above
600K the onset of intrinsic conduction. In contrast to the
doped samples the behaviour of the undoped samples was
irregular caused by non-intentional doping which changes
from sample to sample.

This paper is a continuation of [20]. In the first part the
thermopower and resistivity will be discussed of undoped f-
FeSi, single crystals in dependence on the purity of the
source material. It will be shown that the type of conductivity
is changed from p-type to n-type if the impurity concentration
is reduced. These results will be compared with those of Co-
doped single crystals. The second part is devoted to undoped
and Co-doped [-FeSiy, thin films. It was found that in the
whole temperature range the thermopower remains smaller
than in single crystals and depends strongly on the deviation
from stoichiometry. Possible explanations will be discussed
for the different properties between thin films and single
crystals.

Experimental

Sample preparation:

The B-FeSi, single crystals were grown in closed ampoules
by chemical transport reaction using iodine as the
transporting agent. In comparison with [20] we have changed
kind and purity of the starting material. In [20] as starting
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material FeSi, powder of 99.98% purity was used. The
doping elements were added in a concentration of 2wt%
resulting in a doping level <0.1at%. Now instead of FeSi,
powder a mixture of Fe and Si was used with high purity of
both components up to 99.999%. Up to now only undoped
crystals have been grown with this pure material. The com-
position of the starting powder was in most cases equal to the
atomic ratio Si/Fe=2 of the disilicide. But also the ratios 2.5
and 1.5 were choosen to be sure to obtain crystals at the up-
per and lower boundary of the homogeneity range of B-FeSi,.

The chemical vapour transport was performed in a horizontal
configuration and proceeded from a source at the temperature
T,=1050°C to the crystallization zone kept at a lower
temperature T,. In different runs T, was varied between
750°C and 950°C. The iodine content was 5mg L/cm™, the
total pressure at the processing temperatures about 3bar. The
growth times were in between 1 and 2 weeks. For
temperatures T;<850°C needle-like crystals were obtained
which are about 8-15mm long and have a diameter of 0.5-
2mm. By X-ray diffraction the structure was checked. The
measured peaks were correlated only to the orthorhombic [3-
FeSi, phase, no traces of a-FeSi, were found. For T,=950°C
plate-like crystals were obtained of the phase a-FeSi,.

The B-FeSiy, thin films were prepared by electron beam
coevaporation of pure Fe and Si onto unheated glass
substrates. The film thickness of the undoped samples was
about 200nm, that of the doped ones about 650nm.
Annealing after deposition was caried out at 1100K to obtain
a crystalline structure. The doping with Co was achieved by a
third source which was placed in the middle of the Fe and Si
sources. According to the arrangment of the sources a
concentration profile of the Si/Fe ratio is achieved across the
substrate at almost constant Co concentration. This
concentration profile allows to obtain FeSiy,, films with a
variation of the Si/Fe ratio by 0.4 in one run.

Transport measurements:

Thermopower and resistivity of the single crystals and thin
films have been measured in the temperature range from 40K
to 1200K. The thermopower was measured with a static
temperature gradient, the resistivity by conventional four
probe technique. The high temperature measurements were
carried out in pure He atmosphere. By repeated heating and
cooling cycles also the stability of the samples was tested.
Due to limitations in sample size and stability of contacts
high temperature results could not be obtained for all variants
of crystal growth. The low temperature measurements were
in some cases limited by high sample resaistance.

Results on undoped B-FeSi, single crystals

Undoped single crystals have been investigated to obtain
results about the influence of non-intentional doping and of
the deviation from strict stoichiometry on the transport
properties. The undoped samples in [20] grown with FeSi,
powder of 99.98at% purity were in most cases high ohmic
samples with a thermopower changing sign with increasing
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temperature from positive to negative. Obviously such
samples have a high concentration of deep impurities and are
highly compensated [20]. With the new source material in
form of a mixed powder of Si and Fe and with higher purity
completely different results have been obtained.

The purity of the starting material was improved by two
steps. In the first step carbonyl-iron was used and in the
second step specially prepared Fe with 99.999% purity. The
results of the thermpower of samples grown with carbonyl-
iron are shown in Fig.1. These samples are of p-type and
have a small resistivity which allows measurements at low
temperatures. As shown in Fig. 1 magnitude and temperature
dependence of the thermopower S(T) are very similar to the
results found in Cr-doped single crystals [20]. S(T) shows a
maximum or a plateau at about 150K and a sharp decrease
below 100K. The strong temperature dependence below 150K
can be described by a T -law. The same temperature
dependence is also observed in the doped crystals. The T°-
dependence is characteristic of a phonon drag contribution to
the thermopower [21]. The large number of optical phonon
branches in P-FeSi, makes it very likely that especially
optical phonons contribute to the phonon drag thermopower.
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Fig. 1 Thermopower of undoped and Cr-doped (~0.1at%) p-
type B-FeSi, single crystals (full line: T>-dependence)

Single crystals with the high purity source material were
grown with different composition of the source material. In
table 1 preparation conditions as described above are
summarized and electrical data at room temperature are
given. The values of the resistivity are not very accurately
because of the irregular shape of the needle-like crystals, but
they are correct at least in the order of magnitude and in their
mutual relation. The main difference to the samples of Fig.1
is the negative sign of the thermopower. Obviously there is
also a dependence of the properties on the deviation from
strict stoichiometry, i.e. on the composition within the
homogeneity range of B-FeSi,. Samples grown with Si-rich
source material are assumed to be at the upper boundary of
the homogeneity range, those grown with Fe-rich powder at
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Table 1 Preparation conditions and electrical parameters at
room temperature of $-FeSi, single crystals

initial i
10 L‘;‘r;: T»°C  Ti/°C | p/Qem | SMVK™ | Ex/meV
1| Fesi, | 1050 750 | 20 | -600 45
2| FeSi, | 1050 800 | 230 | -750 50
3| FeSiys | 1050 750 18 -650 23
4| FeSiys | 1050 750 8 300 | ~40

the lower. Different deposition temperatures T, will also yield
different compositions within the homogeneity range. The
main differencies in table 1 are the smaller values of the
resistivity and thermopower of sample 4 in comparison with
all other samples, the small activation energy of sample 3 and
the large resistivity of sample 2. Further differencies can be
seen in the temperature dependence of the transport
parameters.
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Fig. 2 Thermopower of B-FeSi, single crystals prepared with
purified Fe (sample numbers refer to table 1)

In Fig.2 the temperature dependence of the thermopower S is
shown of samples 2 to 4. As for doped crystals [20] and also
for sample 1 four temperature ranges can be defined with
specific temperature dependence as discussed in the
introduction. But there are several important differencies to
the behaviour of the doped crystals prepared with iron of
99.98at% purity. The low temperature minimum caused by
the phonon drag thermopower can achieve much larger
values (in one sample -2mV/K was measured) and depends
probably on the deviation from strict stoichiometry. The
decrease of the thermopower above room temperature caused
by the onset of intrinsic conduction starts already at much
lower temperatures. In sample 2 e.g. the thermopower /S/ is
decreased until 500K to 50uV/K, but in the Co-doped only to
500pV/K [20]. The strong decrease of the thermopower /5/ in
the undoped crystals above 450K is probably the result of a

small density of impurity states in the energy gap region. The
much smaller thermopower of sample 4 below 400K in
comparison with all other samples is believed to be an effect
of the Si excess at the upper phase boundary (deficit of Fe)
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Fig. 3 Resistivity of B-FeSi, single crystals prepared with
purified Fe (sample numbers refer to table 1)
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In Fig,3 the resistivity is shown of samples 2 to 4 in the plot
lgo vs. T In all samples the activation energy of the
resistivity above 450K is (0.42+0.05)eV, i.e. half of the
energy gap as expected for intrinsic conduction. But there is a
difference in the activation energy of the shallow impurity
state determined from p(T) below 400K. As shown in Fig.3
and summarized in table 1 this activation energy is >40meV
in the samples prepared with stoichiometric composition and
with Si excess of the source material but only 20meV in the
sample grown with excess of Fe. This difference is a hint for
the existence of another shallow impurity state at the lower
phase boundary in comparison with the other parts of the
homogeneity range of -FeSi,.

Results on B-FeSi,., thin films

Undoped thin films:
From the results on undoped single crystals one has to expect

that non-intentional doping is also crucial for the transport
properties of the thin films. Because the Fe ingot for the
evaporation was not specially purified the undoped stoichio-
metric films were expected to be of p-type. In [10] it was
found that the thermopower of B-FeSi,i, thin films changes
sign in dependence on composition. This change was ob-
served with increasing x from positive to negative at x=0.06.
To get more information about possible doping effects by
such large deviations from stoichiometry we have again
measured thermopower and resistivity in B-FeSiy, films.

In Figs.4 and 5 the results are shown in the high temperature
range for 0<x<0.25. In the whole considered temperature
range and for all compositions the thermopower is positive.
There is no change in sign. The x-dependence of the
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thermopower is non-monotonous with a maximum at x=0.13.
The maximum in dependence on temperature lies in all
samples between 500K and 550K. Below this maximum the
thermopower strongly decreases to values between 30uV/K
and 150uV/K at room temperature and decreases further
below 300K (not shown in Fig.4). This behaviour is quite dif-
ferent from that in undoped and doped single crystals which
can be explained by the suppression of the phonon drag efect.
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Fig. 4 Thermopower of undoped -FeSi,., thin films

From the temperature dependence of the resistivity p(T) two
activation energies can be estimated. As shown in Fig.5 in
the high temperature range all samples have the same slope
with Ex=0.40eV corresponding to the half of the energy gap.
Therefore this decrease of p(T) as well as the decrease of
S(T) above 500K...550K are related to the onset of intrinsic
conduction. The activation energy at room temperature is
about 45meV. Such values have been often found [16,19] also
in undoped single crystals (table 1).
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Fig. 5 Resistivity of undoped B-FeSis. thin films
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Co-doped films:
For the preparation of the Co-doped films the same

evaporation material was used as for the undoped films.
Therefore, the non-intentional doping should be the same.
But the Co-doping determines the type of conductivity
already at concentrations much smaller than 0.1at%. In Fig.6
the high temperature thermopower is shown in the
composition range -0.06<x<0.16 for a Co concentration of
0.8at%. With increasing Si/Fe ratio the thermopower
increases and shows a broad maximum between 400 and
750K. Especially there is no strong decrease of the
thermopower at T>600K as observed in Co-doped [20] and
undoped single crystals due to the onset of intrinsic
conduction.
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Fig. 6 Thermpower of Co-doped B-FeSi4, thin films
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The x-dependence of the thermopower shows that the largest
doping effect appears at x=0.16. This is approximately the
same x-value where in undoped films the largest positive
thermopower was found. This composition seems to be very
sensitive with respect to doping. The resistivity of the Co-
doped films lies in the same order of magnitude as found by
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other authors, see e.g. [16]. The resulting power factors are
shown in Fig.7. Note, that the largest values are found far
from the stoichiometry at x~0.1.

Conclusions

The effect of doping and of deviations from strict
stoichiometry has been investigated on the thermopower and
resistivity of B-FeSi, single crystals and (3-FeSi,s, thin films.

It has been shown that for 3-FeSi, single crystals the purity of
the source material and with that kind and degree of non-
intentional doping has a determinant effect on the type of
conductivity. The use of Fe with 99.999% purity results in n-
type crystals, whereas p-type crystals heve been obtained with
Fe of lower purity.

By appropriate preparation conditions the n-type crystals
have been grown with different compositions inside the
homogeneity range of 3-FeSi,. It could be shown that crystals
from the upper and lower boundaries as well as crystals
grown at different crystallization temperatures have specific
tranport properties. Especially it was found that

* the shallow impurity state has lowest energy at the lower
phase boundary .

* resistivity and thermopower have lowest value in crystals
at the upper phase boundary

* the resistivity depends strongly on the crystallization
temperature. ‘

In the undoped of B-FeSir;, thin films in the whole
considered composition range -0.5<x<0.25 only p-type
conduction was found. This is obviously the result of non-
intentional doping. Co-doped films are of n-type as expected.

There is a clear dependence of thermopower and power factor
on the deviation from stoichiometry. The largest thermo-
power was found in undoped and doped films at x=0.13. This
composition seems to be especially sensitive to doping. Also
the power factor has the largest value near this composition.
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ABSTRACT

The growth of bulk iron silicide by Horizontal Gradient Freeze (HGF) method was achieved using different growth and
annealing conditions. Two types of annealing process, in-situ annealing and ex-situ annealing, were examined. Three types of
samples were prepared and examined; (i) samples which were not applied any annealing processes, (ii) samples which were
applied in-situ annealing, and (iii) samples which were applied both in-situ and ex-situ annealing. The influence of annealing
and growth conditions upon the material qualities was examined and discussed, putting special emphasis on the structural
properties and electrical properties. Results of the X-ray diffraction revealed that only the in-situ annealing was not sufficient
for the peritectic reaction from o + € eutectic to peritectic B-phase. However, it was revealed that, if the ex-situ annealing is
applied after the in-situ annealing, the condition of 900°C for 200 hours is enough for the ex-situ annealing to obtain almost
single P-phase. It was also confirmed in the aspect of electrical properties that ex-situ annealing at 900°C for 300 hours is
enough to realize electrically semiconducting $-FeSi9. The sample prepared under such a condition exhibited p-type conductivity

with hole concentration and hole mobility about 5.68 X 1017 cm=3 and 1.36 cm?2/Vs, respectively.

INTRODUCTION

Semiconducting silicides have received considerable
attention as very attractive materials for a variety of electronic
applications [1,2]. Among them, beta-iron disilicides (3-FeSi7)
has received particular attention either for optoelectronic
devices (such as light emitting devices and solar cells)
integrated on highly advanced Si-technology, or for
thermoelectric devices {3]. Advantages in using f—FeSi arise
mainly from (i) direct bandgap nature (around 0.87 eV), (ii)
high optical absorption coefficient, and (iii) relatively high
thermoelectric-power figure-of-merit in this material [3-7).

Thermodynamic phase diagram in iron-silicon system has
been the subject of controversial consideration for a long time,
particularly in the region where iron-silicon composition ratio
Fe/Si is less than unity. According to a generally accepted
study [8], iron-silicon system in the composition region has
three types of thermodynamic phases named (g, CB and €,
which are called o, B and € respectively in this paper. The
composition ratio Fe/Si for &, B, and € phases are reported to
be 2/5, 1/2, and 1/1, respectively [8]. Among them, only f-
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FeSiy phase and e-FeSi phase are thermodynamically stable
at room temperature. The a-Fe)Sig phase is stable only
between 937 C and 1220°C, while the &-FeSi phase is stable
below 1410°C. The composition ratio Fe/Si for the o-FepSis
and e-FeSi phases is exactly equal to that for the congruent
melt. On the other hand, the B-FeSiy phase is a peritectic phase,
and stable only below 982°C which is the peritectic
temperature.

The phase diagram in iron-silicon system suggests that the
transition from liquid phase to solid phase takes place at about
1212°C, when the iron-silicon mixture with Fe/Si composition
ratio equal to 1/2 is cooled down from liquid phase. The solid
obtained at the temperature is an eutectic material, which is
the mixture of o-Fe)Sig phase and €-FeSi phase. Then the
peritectic reaction takes place at 982°C. Therefore, the
peritectic reaction is necessary to obtain 3-FeSi» phase, if the
material is prepared through such cooling and solidification
process of liquid. However, the requirement for the peritectic
reaction makes it very difficult to obtain homogenous and high
quality B-FeSip material. In addition, the speed of such a
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peritectic reaction from o + € phase to B-phase is considered to
be extremely low [9]. Therefore, the intensive annealing below
982°C is necessary to realize homogenous and high quality -
FeSiy when it is prepared through such types of crystal growth
technique.

The important nature of the energy-band structure of the B-
FeSip phase has been shown recently [6] to be very sensitive
to very small structural changes, such as distortion or hydrostatic
deformation, which may induce a slight change in the first
neighbor inter-atomic distance. Therefore, it is of great
importance to synthesize high quality B-FeSi2 bulk crystals
for the full understanding of its intrinsic properties [9]. The
bulk material will also be useful as a reference for studying the
properties of strained or relaxed thin films, which may be
subjected to structural change as pointed out above.

In this work, B-FeSig bulk crystals were prepared through
the combination of annealing technique with crystal growth
method from liquid phase. Particularly, we examined two types
of annealing process in this work; in-situ annealing and ex-situ
annealing. The influence of annealing conditions and growth
conditions upon the material qualities was examined and
discussed, putting special emphasis on the structural properties

( such as thermodynamic phases ) and electrical properties.

EXPERIMENTAL

Commercially available chunk and powdered FeSip
materials were used as starting materials to grow B-FeSip
samples. High purity Fe (4N) and Si (9N) materials were also

examined as starting materials to grow high purity B-FeSip

samples. Three kinds of the composition ratio Fe/Si were
selected for this study in the starting materials, which were Fe/
Si=1/2, 2/5 and 1/3. The crucibles were made of high purity
graphite covered with boron nitride (BN) powder. In this work,
we used a technique named Horizontal Gradient Freeze (HGF)
method, which requires the melting and solidification processes
of the materials in crucible.

Non-wetting condition between crucible and liquid of the
charged material is a very important point for any types of crystal
growth technique using crucible, since the wetting condition
gives rise to the inter-diffusion between crucible and charged
material, which gives rise to undesirable contamination from
crucible elements into charged material. Therefore, it is essential
to realize the non-wetting condition to obtain high quality crystal.
This condition strongly depends on the atmosphere in the
furnace. Particularly, the reduction of the residual HpO vapor
in the furnace is essential to realize the non-wetting condition.

In order to reduce the residual HpO vapor in the furnace, we
adopted the following baking process, prior to charge the starting
materials into the crucible, for both crucible and the HGF
furnace: (i) insert empty crucible covered with BN powder into
the HGF furnace, (ii) evacuate the furnace down to
approximately 10°6 Torr, (ii1) bake out the furnace at 400 -
500°C for two hours under the vacuum, (iv) cool and fill the
furnace with high purity argon gas up to 760 Torr, (v) cool the
furnace down to room temperature, (vi) repeat the processes
(i1) - (v) for three times.

Then, the HGF furnace was opened and the crucible was
taken out to be filled with starting materials. Then, we used the

TABLE 1 Growth and annealing conditions.

in-situ annealing conditions

ex-situ annealing conditions

sample name starting material i cooling rate  temperature holding time temperature holding time  remarks

d Pl " (T houn) () (hour) ) (hour)

FST-la  FeSi2 powder 3N) 1/2 60 800°C 100k eeeeeee e

FST-1b  FeSi2 chunk 3N} 12 60 800°C 100h e sample 1

FST-2 gegi§;+§i(9N) 112 120 - e e

FST-4 e(4N)+Si(ON) 12 60 C100h e

FST-5  Fe(4N)+Si(9N) 12 60 g%g i%; _______

FST-7  Fe(4N)+Si(9N) 12 120 900°C 1000 e

FST-8  Fe(4N)+Si(9N) 12 20 s T T

FST-9  Fe(4N)+Si(9N) 12 w - - T T T

FST-10  Fe(4N)+Si(9N) 12 0 - T T

FST-11  Fe(d4N)+Si(ON) 1/2 20 200 0 T T e

FST-12  Fe(4N)+Si(9N) 2/5 e - e e

FST-13  Fe(4N)+Si(9N) 25 120 e e e e sample 2

FST-14  Fe(4N)+Si(9N) 13 120 900°C 100h e e

FST-15  Fe(4N)+Si(9N) 13 120 e e e e sample 3

FST-16  Fe(4N)+Si(9N) 12 120 900°C 100h 900°C 200h sample 4

FST-17  Fe(4N)+Si(9N) 12 120 900°C 100h 900°C 300h sample 5

FST-18  Fe(4N)+Si(ON) 12 120 900°C 100h 900°C 1000n  sample 6
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following procedure for the crystal growth and in-situ annealing:
(1) fill the crucible with starting material and insert into the HGF
furnace, (ii) evacuate the furnace down to approximately 10-6
Torr, (iii) bake out the furnace at 800°C for one hour under the
vacuum, (iv) fill the furnace with high purity argon gas up to
760 Torr, (v) raise the furnace temperature up to 1450°C in the
argon atmosphere, (vi) keep the furnace temperature at 1450°C
during one hour for the reaction and homogenization of the
molten material, (vii) cool the furnace at a cooling rate of R,
down to the in-situ annealing temperature T, (viii) hold the
furnace temperature at T for the time duration of Hq for in-
situ annealing, (ix) cool the furnace down to room temperature.

For ex-situ annealing process, we adopted the following
process: (i) insert the grown sample in quartz tube, (ii) evacuate
the tube down to approximately 10-6 Torr and seal in vacuum,
(iii) insert the tube in ex-situ annealing furnace and anneal at
900°C for the time duration of H7.

In summary, the following experimental parameters were
taken as key parameters to efficiently promote the conversion
from o + € to B-phase in this work: (i) Fe/Si; iron-silicon
composition ratio in the starting materials, (ii) T1; annealing
temperature for the in-situ annealing, (iii) H7; holding time for
the in-situ annealing, (iv) R¢; cooling rate for the cooling from
1450°C to in-situ annealing temperature, (v) H7; holding time
for the ex-situ annealing.

TABLE 1 shows the summary of their growth and
annealing conditions ( Fe/Si, R¢, T1, H1, H7 ). Three types of
samples were prepared and examined in this work; (i) samples
which were not applied any annealing processes, (ii) samples
which were applied in-situ annealing, and (iii) samples which
were applied both in-situ and ex-situ annealing. The ex-situ
annealing was applied to three samples named FST16 - 18. In
this paper, however, experimental results obtained from only
six samples were selected and discussed as the typical results.
Name of the selected six typical specimens are refereed in the
TABLE 1 as sample 1 - 6. Structural characterizations were
carried out by'X-ray Diffraction (XRD). The electrical properties
were characterized by the van der Pauw method at room
temperature.

RESULTS AND DISCUSSION

XRD study was performed in powdered condition for all
the specimens ( sample 1 - 6 ) to analyze theif 1 thermodynamic
phases. Samples before powdering were also studied by XRD
from specimens named sample 1 - 3 to characterize their crystal
quality. The samples before powdering are refereed to “as-
grown” samples in this paper. The as-grown samples were sliced
in arbitrary direction and polished for the XRD study.

The XRD results obtained from specimens named sample 1
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Fig. 1 X-ray diffraction patterns of sample 1 - 3 in as-grown
condition.

- 3 in as-grown condition are shown in Fig. 1. The results exhibit
that all the samples are polycrystalline materials. Therefore, it is
strongly suggested that all the samples grown in this work by
the HGF method must have polycrystalline properties. The XRD
pattern of the sample 1 in Fig. 1 consists mainly of signals related
to B-phase. On the other hand, the results obtained in sample 2
in the same figure exhibit almost o-phase related peaks and very
weak g-phase related one. The (202)/(220) reflection signal
related to B-phase is dominant in the XRD spectrum of sample 3
in Fig. 1, while small o(101) peak is present.

‘The XRD results obtained from specimens named sample 1 -
3 in powdered condition are shown in Fig. 2. The results were
inconsistent with those in Fig. 1. The XRD spectrum of sample
1 in Fig. 2 shows comparable o- and f-phase related peaks with
very weak g-phase related one, in contrast to the result in Fig. 1.
Results obtained in sample 2 in Fig. 2 exhibit almost o-phase
related peaks and very weak f-phase related one. Results obtained
in sample 3 in Fig. 2 show comparable o and B-phase related
peaks, in contrast to the results in Fig. 1. Therefore, the results of
XRD in Fig. 2 clearly suggest that only the in-situ annealing
under the condition shown in TABLE 1 is not sufficient for the
o-phase to be transformed into B-phase through the peritectic
reaction.
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Fig.2 X-ray diffraction patterns of sample 1 - 3 in powdered
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Fig. 3 X-ray diffraction patterns of saample 4 - 6 in powdered
condition.

The XRD results obtained from specimens named sample
4 - 6 in powdered condition are shown in Fig. 3. The result
should be considered in comparison with the results obtained
from sample 1 shown in Fig. 2, since all the specimens named
sample 1 and 4 - 6 were prepared under the same growth and
in-situ annealing conditions. Three results shown in Fig. 3 are
all nearly comparable each other. In addition, almost all the
signals appeared in the spectra shown in Fig. 3 are related to
only P-phase, although small peaks related to a- and €-phases
are observed as well. Therefore, it is strongly suggested from
Fig. 3 that the thermodynamic phases in sample 4 - 6 are almost
B-phase with very small amount of a- and €-phases, in contrast
to the sample 1. The result suggests that, condition of T2 = 200
hours at 900°C is enough for the ex-situ annealing to obtain
almost single B-phase, through the peritectic reaction.

The electrical properties were characterized for sampie 5.
The sample exhibited p-type conductivity. Hole concentration
and hole mobility were estimated to be 5.68 X 1017 ¢cm3 and
1.36 cm2/Vs, respectively. Therefore it was confirmed also in
aspect of electrical properties that annealing condition of T2 =
300 hours at 900°C is enough for the ex-situ annealing to realize
electrically semiconducting B-FeSi7.

CONCLUSIONS

The growth of bulk iron silicide by Horizontal Gradient
Freeze (HGF) method was achieved using different growth and
annealing conditions. Particularly, we examined two types of
annealing process in this work; in-situ annealing and ex-situ
annealing. Results of the XRD analysis revealed that only the
in-situ annealing under the condition adopted for sample 1 - 3
is not sufficient for the ct-phase to be transformed into B-phase,
through the peritectic reaction from ¢ + € eutectic to peritectic
B-phase. However, it is also suggested that, if the ex-situ
annealing was applied in addition, the annealing for 200 hours
at 900°C was enough for the ex-situ annealing to obtain almost
single B-phase. It was confirmed also in aspect of electrical
properties that ex-situ annealing for 300 hours at 900°C is
enough to realize electrically semiconducting B-FeSip. The
sample prepared under such a condition exhibited p-type
conductivity with hole concentration and hole mobility about
5.68 X 1017 cm3 and 1.36 cm2/Vs, respectively.
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Abstract

Heat treatment of o single phase of Fe-Si system produced
eutectoid microstructures consisted of B and Si phases. The
volume fraction of Si dispersoids, 0.1~0.25um in size, was
controlled by varying Si content within the compositional
range of o single phase. The dispersed Si particles in the 3
matrix acted as effective scattering centers for carriers as well
as phonons.

Introduction

As an effort for improving the figure of merit of the thermoe-
lectrics, reduction of thermal conductivity has been attempted
by inducing phonon scattering without any harmful effect on
electrical conductivity and thermoelectric power (Secbeck
coefficient). In this context, solid solution (for Bi;Tes-based
materials) and grain refinement or dispersion of fine particles
(for SiGe-based system) have been studied.[1~4] These, in
other words, were related to the attempt to reduce lattice
thermal conductivity by keeping other variables, including
carrier concentration, to be constant.

During the preparation of stoichiometric $-FeSi,, there un-
dergo several complicated phase transitions. B, o (Fe,Sis), €
(FeSi) and Si phases take part in phase transformations of
peritectoid, eutectoid and eutectic reactions(where o and €
phases show metallic properties[5,6]). Among the various
transition phases, eutectoid phase of Si+f mixture, from
which it is possible to produce fine Si dispersoids in 3 matrix,
are formed by decomposition of o phase when heat treated
below the eutectoid temperature (937°C)[7,8].

Therefore, it is expected that if size of Si dispersoids is con-
trolled to be fine enough to affect phonon scattering by heat
treatment, the decrease in lattice thermal conductivity may be
achieved.

Experimental

Button-shape ingots of o single phase were prepared from
elemental Fe, Mn and Si of >99.9% purity by electron beam
melting in vacuum(~10° torr), and they were remelted five
times thereafter for compositional homogeneity.

Intrinsic FeSi, shows a very low electrical conductivity due to
its high band gap of 0.9¢V[9]. It is, therefore, necessary to
add the dopant usable in the wide range of temperature. In
these studies, Mn was chosen as a p-type dopant, and the
amount of Mn was varied to control the doping effect (or
carrier concentration). For the investigation into the effect of
Si dispersion on thermoelectric properties, volume fraction of
Si was subjected to change within the compositional range of

0-7803-3221-0/96 $4.00 ©1996 IEEE

o single phase(69~71.2at%Si), where atomic ratio of Fe to
Mn was fixed to be 98 to 2(see Table 1).

Table 1. Chemical compositions of the specimens used in this

experiment (W1%)
Specimen Nominal Fe Si Mn
composition
1 (FeoosMng o2)Si, | 42.38 | 56.67 | 0.87
+ 26vol% Si
2 (FeposMngg2)Si, | 39.63 | 59.29 | 0.96
+ 32vol% Si
3 (FeoooMng10)Si, | 41.93 | 53.58 | 4.49
+ 26vol% Si

The heat treatments for eutectoid reaction were carried out at
temperatures of 730, 770, 810 and 850°C for up to 20 hours
in Ar atmosphere. Among those, heat treating condition at
810°C showed the highest rate of eutectoid reaction.

Analyses on compositions and phase transformations were
carried out by ICP and XRD respectively. Microstructures
of heat treated specimens were observed by SEM, and the
mean size and average interparticle spacing of Si dispersoids
were measured by quantitative metallography.{10]
Thermoelectric properties (Seebeck coefficient, electrical
conductivity and figure of merit) were measured at 500°C
where the FeSi, based thermoelectrics were reported to show
the best performance. There was no indication of transforma-
tion or microstructural changes at 500°C. Thermal conductiv-
ity was estimated from the values of figure of merit measured
by Harman’s method.

Results and Discussion

As shown in Table 1, the compositions of specimens were
(Feo.ssMng 02)Siy + 26vol%Si, (FeossMngo2)Si; + 32vol%Si
and (FeogoMny 10)Si, + 26vol%Si. They were designated as
specimen 1, 2 and 3 respectively.

XRD patterns indicated that there existed only o phase for all
specimens before heat treatment. But as it was shown in Fig.
1, o phase in the specimens transformed to B and Si phases
when heat treated at 810°C for 20 hours.

Detailed comparison of integral intensities of Si (100) peak
(20=28.5°) and P peaks ([202]=29.09° and [220]=29.18°)
showed a intensity ratio of 12 : 24 : 13 for specimens 1, 2 and
3, which means the fraction of Si dispersoid in specimen 2
was higher by about 2 times than in the other two specimens.
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The relative XRD intensity of Si to § phase was almost un-
changed for the specimens of same composition irrespective
a of heat treatment temperature. This means that the phase
0B . fractions of Si and B were determined solely by the composi-
ASi ﬁ o tion of o phase. It was also recognized that the size of Si

dispersoids was increased with heating temperature for a
given heating time period. But phase fraction was not varied
much with heat treating time at a given temperature.

Photo. 1 shows the SEM photographs for specimen 1, 2 and 3
heat treated for 20 hours at different temperatures. Bright
phases are Si dispersoids and dark background is  phase.
The shape of the Si dispersoids was ellipsoidal rod having
aspect ratio of ~30. Mean size changed from ~0.lum to
~0.25pum by heat treatment, but there were little variations in
aspect ratio with heat treatment. The fractions of Si phase
were found to be 27.0, 31.9 and 25.0 vol% for specimens 1, 2
and 3 respectively when heat treated at 850°C for 20 hours.
In Figs. 2 and 3, the variations of mean size and interspacing

of Si dispersoids with conditions of heat treatment were
M shown. Figs. 2-(a) and -(b) are for the variations with tem-
. Y PR, VR

b o )

intensity
P
Fe
=
by 0

dH !

! A peratures at fixed heating time of 20 hours, while Fig 3-(a)

T 7 ' T ' and -(b) for the heating time effect at a given temperature of

30 @ 20 0 810°C. During the eutectoid reaction, higher temperatures

enhanced interdiffusion rate of Fe and Si in the o phase. That,

in turn, caused the increment of the size and interspacing of

Fig. 1. XRD patterns of (a) ingot specimen, (b) specimen 1, Si dispersoids as temperatures increased. It seemed that the

(c) specimen 2 and (d) specimen 3 heat treated at mean size of Si dispersoids was changed more effectively by
810°C for 20hr. (Cu Ko heat treating temperature than by time.

1 ﬁm
Photo. 1. SEM photographs of (a)~(d) specimen 1, (e)~(h) specimen 2 and (i}~(1) specimen 3 heat treated at various tempera-
tures for 20 hours
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Fig. 4 shows the variations of thermoelectric properties
measured at 500°C as a function of heat treating temperature,
where the time for heat treatment was fixed at 20 hrs.

Thermoelectric power of specimen 3 showed a clear tendency
of increase with decreasing heat treating temperature,
whereas in the cases of specimen 1 and 2, there was not such
a dependency on the temperature. Electrical conductivity
varied, as expected, reversely to the behavior of thermoelec-
tric power, and higher values were observed for specimen 3
due to the comparatively high doping level. These differences
of changes for specimen 3, thercfore, are believed to be
caused by its relatively high carrier concentration. In other
words, the more the number of carriers, the higher was the
effectiveness of carrier scattering with Si dispersoids.

The values for thermoelectric power of specimen 2 were
higher than those of specimen 1 at all heat treating tempera-
tures, but values of electrical conductivity showed nearly
same values for two specimens. Reason for this is thought to
stem from the smaller interspacings of Si dispersoids for the
case of specimen 2 at the same heat treatment condition(see

Fig 2-(b)).

-

0.4
@)
fg\. 03 |—
LN -
87§ o
qg 02 n/
g 3 p=——5
2 04
[72]
00 1 1 L1 1.1 l i
0.8
®)

0.6

04

02 |—

| 1
10

heat treatment time (hr)

0.0 1 1 ] 1

[ —o— 1 —o— 2 ——3 |

Fig. 3. Variations of mean size(a) and interspacing(b) of Si
dispersoids with treatment time (heated at 810°C)

Thermoelectric figures of merit for all specimens showed
considerably low values (~ one order less) compared with that
of B single phase. Proper reason for this discrepancy was not
possible to understand at present.

Fig. 5 shows the estimated thermal conductivities which were
calculated from the measured thermoelectric power, electrical
conductivity and figure of merit. These values are much
lower than that of  single phase. Considering the fact that
the thermal conductivities of B and Si phase dre respectively
3~6x10” W/cmK[11] and 1.24 W/cmK[12], it is understood
that the fine dispersoids of Si phase caused very effectively to
reduce thermal conductivity of mixed phase. It is believed
that the interface between B and Si phase is responsible for
the scattering of phonons as well as carriers. The lack of data
in the present study did not permit to analyze the quantitative
contribution of dispersoids to carrier and phonon scattering,
but the comparatively high overall effect of dispersoids on
scattering process was clearly demonstrated by this work.
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Conclusion

From the investigation into microstructure, constituent
phases and thermoelectric properties of Fe-Si eutectoid sys-
tem, following results were obtained :

(1) Size of dispersed Si phases of ellipsoidal rod in B matrix
was controllable within 0.1~0.25um range. The mean size
and interspacing of Si dispersoids were increased with heat
treating temperature and time.

(2) Fine Si dispersoids acted as effective scattering sites for
phonons and carriers, consequently electrical conductivity as
well as thermal conductivity was lowered considerably, how-
ever, increase of thermoelectric power was not so profound.
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Abstract

To date the development of thermoelectric materials and tech-
nology has reached a level, that allows the fabrication of reli-
able generators. It now turnes out that the main impediment on
the way to large scale, commercial (terrestrial) applications is
primarily not the comparable low efficiency of the devices, but
the high investment costs, which are still on the order of several
ten Dollars per Watt.

Necessary conditions for cost reduction are the availibility of
(i) cheap, non-toxic materials in large quantities and
(ii) processing methods which allow efficient production; pref-
erably the formation of complete device structures within a
single, automized manufacturing step.

This paper introduces plasma spraying as a forming process
with the potential to fulfil the above stated condition. The paper
reports on first studies on the consolidation and characterization
of iron disilicide (FeSi,). It was found that plasma spray form-
ing is applicable to produce dense materials with properties
comparable to hot-pressed ones.

Introduction

Thermoelectric (TE) generators have shown their reliability in
space applications and there are already a number of efforts to
bring TE generation of electricity into large scale terrestrial,
commercial applications (i.e. [1,2]). Requirement, however, are
lower investment costs for the modules, and — according to
ecologic standards — the employment of non-toxic materials.

In terms of cost efficiency it is indespensible to develop manu-
facturing processes for TE devices, which not only consolidate
the powders in automized procedures, but also have the poten-
tial of lateral shape forming and composition control of the
material. This would give the possibility to form complete ele-
ments, modules, or functionally adapted TE devices, i.e. inte-
grated TE circuits, in a single manufacturing step.

0-7803-3221-0/96 $4.00 ©1996 IEEE
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Here, we introduce plasma spray forming of powders as a pro-
cess with the required capabilities. As first TE material to be
processed by plasma spray forming, we have chosen iron
disilicide (FeSi,), which has an indeed low conversion effi-
ciency, but it meets the condition of being cheap, non-toxic, and
easy to handle [3]. Additionally it can be synthesized by inert
gas atomization [4], i.e. by an industrial mass production pro-
cess and thus at comparable low costs.

Due to its well known properties, the processing of FeSi, allows
a valuation of the novel method’s applicability.

Powder feed

Cathode
Plasma gas

Fig. 1: Sketch of a plasma spray gun.

Plasma spray forming

Plasma spraying is a technology that has been widely used in
the aircraft industry for coating both metals and ceramics since
40 years. Coatings are formed by blowing powder into a plasma
jet, which is produced by an electric discharge in a gas. Due to
the thermal expansion (temperature about 10000 K), the plasma
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gaines a velocity on the order of 1000 m/s. The powder parti-
cles are heated and partially molten by the hot plasma and the
then pasty droplets catapulted with a velocity around 400 m/s
onto the substrate forming flake-like structures (cf. Fig. 1) [5].
In the present case, however, the spraying process is not applied
with the aim to form a coating of a substrate, but to form bulk
material, which itself has functional aspects, i.e. which TE
properties will be exploited.

1t is standard, that the feeding of several different powders and
the moving of the plasma gun (or the target) is computerized.
Additionally, the facility allows a partly shading of the beam,
which gives the possibility to “write” structures consisting of
e.g. alternate layers of differently doped TE-material as the one
sketched in Fig. 2. The beam has a diameter around 10 mm and,
by masking the powder flow, structures with sizes of several
mm are possible [6]. Plasma spray forming can be used to built
up multi-layer thermoelectric modules of much smaller dimen-
sions than by conventional hot-pressing procedures.

Thot

p - doped

n - doped

insulating layer

cold

Fig.2: Itis possible to produce TE-devices with a quasi-layer
structure by plasma spray forming.

Experiment

Gas atomized, Co- and Al-doped, FeSi, powders with mean
particle diameter of 70 pm were plasma sprayed (PS) onto
targets made of conventional steel St37 or of Ti-6Al-4V. The
latter substrate’s thermal expansion coefficient is well matched
to that of FeSi,.

Spraying distance was 70 mm and PS powers between 20 and
30 kW with pure argon as plasma gas, and 30 kW with
hydrogen-addition were used to prepare samples.

Material was sprayed in air (APS), with an argon shroud to
aggravate oxidation (SPS), and finally in so-called vacuum, i.e.
in a closed chamber operated below atmospheric pressure at
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200 mbar inert argon gas (VPS).

For APS and SPS, the cosen spray parameters were appropriate
to produce FeSi, layers up to a thickness of 3 mm, which
showed a mechanical strength almost identical to that of hot-
pressed material. Thus, there were no problems in cutting and
machining samples to be tested. In the case of VPS, however, it
turned out that the chosen spray parameters together with the
quite large powder size did not lead to a sufficiently melting of
the particles.

Whereas with APS and SPS at a powder feed rate of 30 g/Min
every scan produced a layer of 0.1 mm thickness, VPS depos-
ited layers did not exceed 0.02 mm per scan. Preliminary exper-
iments with FeSi, powder synthetisized by self propagating
heating synthesis (SHS) and subsequent ball milling produced
much better results in terms of deposition ability and layer den-
sity [7]. The material itself, however, was not optimized for TE
purposes and is therefore not comparable. Here, we will mainly
focus on the APS and SPS results.

100 pm

Fig. 3: Optical micrograph of argon shrouded plasma sprayed
(SPS) FeSi, sample.

Results and discussion

Metallography

Fig. 3 shows an optical micrograph perpendicular to the growth
direction of an as-sprayed SPS FeSi, sample deposited at
30 kW. We covered the sample with a thin film of ZnSe, which
enhances optical contrast and thus makes the inner grain struc-
ture visible. The former droplets, referred to as splats, can
clearly be distinguished, because they are surrounded by thin
oxide layers, which developed during the flight in spite of the
argon shroud. Compared to APS samples, the oxide contents is
reduced, but only the employment of VPS prevented oxidation
efficiently. The larger structures are pores, which area sums up
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to a fraction of 4.5% as determined by optical image processing
[8]. The porosity was found to be a function of the spraying
power. At the highest energy setting bulk material could be
produced, where the pores covered only a fraction of 1.6%.
However, Al-doped p-type FeSi, showed systematically a 20%
higher porosity than Co-doped material. A similar behaviour
was observed with hot-pressed material — Al- and Co-doped
FeSi, show a significant difference in compactibility.

0,033 |
w 0,029 |
i 0,025 |
“E 0,021 |
]
£ 0017 |
£
® 0013 |
E
S 0,009 |
- Plasma spray formed
0,005
0.001 ot 7 142 min
] 200 400 600 800 1000
Temperature [°C]

Fig. 4: Thermal diffusivity as a function of temperature of
plasma spray formed Co-doped n-type FeSi,.
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Fig. 5: Thermal diffusivity as a function of temperature of
plasma spray formed Al-doped p-type FeSi,.

Thermal conductivity

Due to the rapid solidification during the spraying procedure,
the quenched FeSi, is still in its metallic ¢-phase as revealed by
x-ray diffraction (XRD). In spite of this, the thermal diffusivity,
Dy, at room temperature is by a factor of 3.5 lower compared to
hot-pressed material from the same powder batch (cf. Figs. 4
and 5). Heating the sample to an intermediate temperature, 7,
between 400 and 700°C and maintaining the temperature fixed,
a decrease in D,, is observable. Concomitant XRD investiga-
tions proved this to be the transition from the (metastable) o
into the semiconducting B-phase. Plotting D,, as a function of
time reveals an exponential decrease with a time constant, .
The value of © again is a function of the transition temperature
obeying t© = 1,exp(E,/RT) with E, an activation energy, R the
universal gas constant, and <, a scaling parameter. Evaluation of
©(7) on different samples at different T revealed an activation

energy for the « to p-transition of 200 kJ/mol for the Co-doped
n-type and 260 kJ/mol for the Al-doped p-type plasma spray
formed FeSi, [9].

When further rising the temperature to a value at or above
800°C, one finds an increase in D,, with time. The time con-
stants in this case, however, do not show any particular correla-
tion with temperature, which disregards any simple activated
process.

The measurement cycle is continued by heating up to 1050°C,
which brings the material again into the a-phase and then
slowly cooling down to room temperature allowing the transi-
tion into the p-phase to occur. It is seen in Figs. 4 and 5 that the
D,-values after the heat treatment are approaching those of the
hot-pressed FeSi,. Indeed, a plot of room temperature thermal
conductivity, x, vs. heat treatment time at 1000°C shows, that
the PS FeSi, obviously undergoes a microstructural change
eventually reaching the value of hot-pressed material (cf.
Fig. 6). Material inspection by means of optical metallography
did not detect any obvious reason for the aging process. Possi-
ble mechanisms can be crystallization of initially (pseudo-)
amorphous regions or the relaxation of flat micropores in the
bond regions between the splats [10]. A small amount of such
laminar type of pores can be very effective, as they exhibit a
large scattering cross section.

% Co-doped PS FeSi, ‘
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Fig. 6: Room temperature thermal diffusivity values of
plasma spray formed FeSi, as a function of heat treat-
ment time at 1000°C.

Electrical conductivity and thermopower

SPS FeSi, shows an extremely low electrical conductivity, ¢
(cf. Fig. 7). Compared to hot-pressed material it is by a factor of
5 lower. We contribute this behaviour to the oxide contents in
the samples. This assumption is supported by the observation
that APS FeSi, shown even a 20% lower o. As seen from Fig. 7,
in contrast to the thermal conductivity, o does not show any
significant dependence on the aging properties of the material.
Table 1 lists room temperature values of «, o, S, and carrier
concentration, », for “as sprayed” (i.e. only the «-to-p-transition
has been induced) and 50 h tempered n-type FeSi, together with
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data of hot-pressed samples from the same powder batch. It can
be seen that the thermopower, S, for PS FeSi, is the same than
for hot-pressed material. Also here, no dependence on the heat
treatment process was observed.

30

6 [1/£%m]

] |
2 300 400 500 600

Fig. 7. Electrical conductivity of plasma spray formed Co-
doped n-type FeSi, after different heat treatment dura-

tions at 800°C.
Plasma  sprayed Hot pressed
“as sprayed” { SO h

Porosity 4.5% 4.5 % 2%

xin W/mK || 1.5 4.5 4.9
SinpV/K | 180 180 165

¢ in 1/Qem || 22 20 100

nin cm? 2:10% — 2:10%

Table 1: Room temperature characteristics of plasma sprayed
and hot-pressed Co-doped n-type FeSi,.

Conclusions

Our experiments found that the employed Co- and Al-doped
gas atomized iron disilicide powders exhibit a good sprayability
in case of APS and SPS deposition. For VPS, the particle sizes
of 70 um average were found to be too large. Melting in the
much faster VPS jet was not sufficient to achieve a substantial
deposition rate. Plasma spray formed layers have to undergo a
post-deposition annealing process in order to obtain the semi-
conducting B-phase. It seems to be desirable to develop a pro-
cess, which directly obtains the required semiconducting mate-
rial.

Regarding thermoelectric properties, APS formed TE-material
can be disregarded, because of the too high oxide content. Em-
ploying SPS reduces the amount of oxides somewhat, but there

is a demand for further improvement, as the electrical conduc-
tivity is still extremely low.

The PS FeSi, is not thermally stable. An aging process occurs,
which may be due to recrystallisation and/or micropore relax-
ation. Interesting is the fact, that the aging process only affects
the thermal diffusivity (conductivity), whereas the electrical
conductivity and the thermopower remain unchanged. As seen
from Table 1, in spite of the low o, the ZT-value of “as sprayed”
FeSi, is almost that of hot pressed material due to the extremely
low thermal conductivity.
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gemeinschaft, Schwerpunktprogramm Gradientenwerkstoffe.
We gratefully acknowledge the continuous support by W.A.
Kaysser and E. Lugscheider.
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Properties of iron disilicide doped with Ru, Rh and Pd
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Abstract

This paper shows the results of a study of electrical
resistivity and thermopower of semiconductor iron disilicide
B - FeSiy doped with Ru, Rh and Pd in the temperature
range 300-1000 K. Polycrystalline samples for measurement
were prepared by the vacuum-casting method. The limits of
each dopant solubility in iron disilicide were estimated by X-
ray diffraction measurements. It is shown that if non-band
conductivity mechanism takes place in pure iron disilicide,
the addition of the heavy metals results in change of
conductivity mechanism. The results obtained are discussed
from the point of optical phonon drag effect.

Introduction

Semiconductor iron disilicide is a very interesting
thermoelectric. It has low electrical conductivity, high
thermal conductivity of crystal lattice and notwithstanding
these points doped iron disilicide has a sufficient figure of
merit Z~ 0.4-10-3 K-1, Thermopower (o) of pure iron
disilicide has a maximum value up to 500uV/K [1] and its
temperature dependence is a bell-shape curve [1,2]. This
bell-shape temperature dependence of thermopower is
observed not only on pure iron disilicide but on iron
disilicide doped by manganese and cobalt either [1-4]. If
the first results were obtained on polycrystalline samples
[1,2,4] and could be connected with boundary effects [5],
the last results were obtained on single crystals [3] and so
the hypothesis of boundary effects can be neglected. One can
say there is no good explanation of such a temperature
dependence of thermopower.

A few years ago it was suggested [6] that a drag of current
carriers by longitudinal optical phonons could take place in
this material. This work is devoted to an experimental
check of this hypothesis. Until now mainly cobalt,
manganese and aluminum were used as dopants in any
systematic study of iron disilicide thermopower. The mass
and size of manganese and cobalt atoms are very close to
those of iron atoms. The mass and size of aluminum atom
are closc to those of silicon atoms. Therefore such
impurities cannot essentially change conditions of creation
and scattering of phonons in solid solutions of iron
disilicide with aluminum, manganese or cobalt. If the
hypothesis of drag by optical phonons is correct, doping by
atoms with mass much greater or much less than that of iron
or silicon can drastically change the shape of the temperature
dependence of thermopower.

*?resent address: - Joint-stock venture "EKROS", pr.
Lunacharskogo, 47, St. Petersburg, 194291, Russia
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In this work we studied temperature dependencies of
thermopower and electrical conductivity of solid solutions of
iron disilicide with Pd, Rh and Ru. The masses of these
atoms are nearly twice those of iron. Therefore doping with
these atoms can result in increase of phonon scattering
and decrease of optical phonon drag contribution in
thermopower.

Samples and measurement

Polycrystalline samples for measurements were made by
vacuum-casting method [7] as ingots 50 mm in length and 8

 mm in diameter and then cut with a diamond disk. The final

length of a specimen was 18 mm. The total amount of
uncontrolled impurities was less than 0.03 mas.%. All
samples were annealed for 100 h at 1000 K to obtain the
semiconductor phase of iron disilicide. X-ray diffraction
measurements were used to check the phase composition of
the samples and solubility of dopants. It was shown that
more than 5 at.% of Rh, less than 3 at.% of Ru and less than
2 at% of Pd can be dissolved in iron disilicide.
Measurements of temperature dependencies of thermopower
and electrical conductivity were carried out simultaneously
with automatic installation. Accuracy of thermopower and
electrical conductivity measurement was better than 5%.

Experimental results

Figure 1 shows the temperature dependencies of electrical
conductivity of pure iron disilicide and iron disilicide doped
with palladium. There are two temperature regions for all
dependencies. . Activation dependence of electrical
conductivity on temperature takes place in both regions.
Intrinsic electrical conductivity at higher temperature is
characterized by the same energy of activation (E1=0.43 eV)
for all samples. At lower temperature the activation energy
decreases when concentration of palladium increases (see
Table 1). Similar dependence of activation energy on
impurity content was observed earlier [1,2]. Figure 2 shows
the temperature dependencies of thermopower measured on
the same samples. There is a systematic modification of the
dependencies which can be caused by compensation holes by
electrons and then by increase of electron concentration. The
variation of shape of the dependencies will be discussed
later.

Figure 3 shows the temperature dependencies of electrical
conductivity of pure iron disilicide and iron disilicide
doped with ruthenium and rhodium. Figure 4 shows the
relationships of temperature and thermopower for the same
samples. The behavior of electrical conductivity for both
dopants is the same as that for palladium doped samples.
Moreover, the samples containing 3 and 5 at% of Rh show
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metallic characteristics of conductivity in lower temperature
region. The behavior of thermopower for rhodium doped
samples can be described as being caused by electron
concentration increase when rhodium concentration
increases. The behavior of thermopower for ruthenium
doped samples can be caused by compensation of holes by
electrons.

Table 1.
Activation energy of electrical conductivity in lower
temperature region.

Impurity | Impurity | Activatio

type content | n energy
% eV
none 0 0.10
Pd 0.5 0.09
Pd 1.0 0.07
Pd 1.5 0.04
Ru 1.0 0.02

Ru 2.0 0.005
Rh 1.0 0.01

Discussion

There is no theory which can describe complete behavior of
electrical conductivity and thermopower in iron disilicide.
Another difficulty exists - temperature dependencies of
thermopower obtained by various authors for pure iron
disilicide and doped materials of similar composition differ
significantly [1,2,4]. Figure 5 shows temperature
dependencies of thermopower measured by various authors
on undoped iron disilicide of various degree of purity.
Samples of B-FeSiy doped with Co and Mn usually have
shape of thermopower temperature dependence close to that
measured by Birkholz and Schelm [2] (Figure 5 - curve 3).

It can be suggested that various conductivity mechanisms
prevail in various temperature range. Changing the
conditions of obtaining iron disilicide can change the
contribution of various mechanisms in conductivity and
thermopower. A common feature of thermopower
measurement on a majority of samples of pure p-FeSiy and
doped by Co, Mn, Cr, Al is a very abrupt slope of
thermopower temperature dependence at low temperature
best described as o ~exp(-T/T). The results of fitting the
experimental curves using this formula is shown on the
Figure 5 in solid lines. Such a slope can hardly be caused by
transition from band to polaron conductivity because there is
no similar growth of electrical conductivity in this
temperature region. Polaron theory also does not predict
such a behavior of thermopower [8]. When the existence of
optical phonon drag effect is supposed {4], thermopower is
given by the formula:

®

1 _=
a:_ﬁﬁoz——ph.e T (1)
3e Dpol

where kp - Boltzman constant, e - electron charge, vj,-
group velocity, Toh - phonon transport time, Dpol - polaron
diffusion coefficient, ® - Debye temperature. We calculated
thermopower using the formula (1) for pure B-FeSiy (Figure
2, dotted line ).
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Figure 5. Thermopower of pure $-FeSiy measured by various
author. 1 - [3], 2 - [4], 3 - [2], 4 - [1, low purity], 5 - [1,high
purity]. Solid lines correspond to dependencies calculated
using formula 1.

We calculated either thermopower for one-band model using
the value of thermopower at 300 K. These curves are drawn
in solid lines on Figures 2 and 4. As Figure 2 shows, the
thermopower of pure B-FeSiy at lower temperature is well
described by formula 1. The curve for the one-band model
passes significantly lower than experimental data. When iron
disilicide is doped with 0.5 at.% of palladium, the one-band
curve is much closer to experimental data. When the amount
of the impurity is not less than 1 at.% experimental data at
lower temperatures either are well described by the one-band
model or the theoretical curve passes higher than the data.
Hence it is possible to suggest that doping by high metals
results in destroying optical phonon drag. Similar results are
obtained when B-FeSiy is doped with germanium [9].

Conclusion

So, one can say, that doping with heavy metals results in a
drastic change of temperature dependence of thermopower in
comparison with traditional doping. Hence, the hypothesis of
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optical phonon drag effect in P-iron disilicide probably is
correct and should be studied in more detail.
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Analysis of Quadrupole Splitting of Transition Metal Doped B-FeSi,

S.KONDO MHASAKA and TMORIMURA
Department of Materials Science and Engineering, Faculty of Engineering, Nagasaki University,

Nagasaki 852,Japan

Abstract

Large quadrupole splittings(Q.S.) are observed in
Co doped specimen , compared with other transition metal
doped specimens while isomer shifts( /.5.) do not show large
value. Since (). is associated with the electric field gradient
at nucleus of iron atom ; we calculate the potential at nucleus
site , assuming  the interaction between LA-phonon-
conduction electron. Through the calculations, it is found that
electric field gradient increase with the number of phonons
attached to a conduction electron (=< N, >).  Accordingly
large Q.S. for Co doped specimen are considered to be due to
large < N ;,> in comparison with those for other transition
metal doped specimen.

Introduction

Intermetallic compound B-FeSizm'm is expected to be
applied to thermoelectric device because of high efficiency of
changing heat into electric power. Especially Co or Mn
doped B-FeSi, are very important material in the industrial
fields; hence we measured Mossbauer effects of transition
metal(Ti,CrMn,Co or Ni) doped specimen at room
temperature  and analyzed (.S for the purpose of

investigating the changes in electronic structure owing to

doping element.

Experimental Procedures

Fe3ySiyg alloys, Fes.(Co,Siz(x=1, 3) and Fe,sM,Siq,
(M=Ti,Cr,Mn,Co or Ni ) were prepared from electrolytic
iron(99.9%), pure silicon(99.999%), electrolytic
cobalt(99.93%), manganese(99.99%) , titanium(99.9%),
nickel(99.95%) and chromium(99.99%). The alloys were
melted with a high-frequency furnace in vacuum to prohibit
oxidation. For the purpose of forming a B-FeSi, phase, bars
cut from the alloy ingots were annealed in sealed quartz
ampoules for 240 hours at 1063K and then cooled slowly in a
furnace. After the heat treatment, the bars were powdered for
the measurement of Mossbauer effects. Méssbauer spectra
of *"Fe were taken at room temperature(about 296K) in a
velocity range of  -4mm/sec to  +4mm/sec.
Thermoelectromotive force for each alloy was measured in
the temperature difference of up to 100K between hot and
cold junction with temperature of cold junction remaining
room temperature(about 296K to 302K).

Experimental Results

f3-FeSi; has very complex structure with 48 atoms
per unit cell : there exist two iron sites with different atomic
configurations in a unit cell.

Figure 1 shows two different iron sites ( I site and
Il site) as stated above. An iron atom in each site s
surrounded by eight silicon atoms. As  shown in Fig.1,

0-7803-3221-0/96 $4.00 ©1996 IEEE

symmetry of each iron site is very low ; accordingly Q.§. for
each iron site 1s supposed to be large.

@Fe OSi

1 site
@Fa Osi

1 site

Fig.1 Schematic illustration of both iron sites
( Isite and Il site)
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Fig.2 1S ofboth iron sites for Fe,4M,Siy, alloys
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Figure 2(A) and (B) show the isomer shifts( /.. )of

1 site and 11 site for Fe;sM,Siyg alloy(M=Ti,Cr,Mn.Fe,Co or
Ni). Both /.Sof doped specimens tend to be large in
comparison with those of non doped specimens

Figure 3 shows the O.S. of the I site and II site
for Fe,;gM;Siyg alloy(M=T1,Cr,Mn.Fe,Co or Ni). As shown in
Fig.3, O.S. of both iron sites for Co doped specimen seem
large.

Figure 4 shows Q.S. of both iron sites for
Feso.«Co,Siye  alloy (x=1,2,3). O.S. of both iron sites increase
with Co concentration.
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e
T
=

| site
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(7]
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Q.$.(mmisec)
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0.39
Mn

Fig.3 Q.. of both iron sites for Fe,sM,Si alloys

Feso-xCoxSiro

i1 site

2
X(at.%Co)

Fig.4 Q.S. of both iron sites for Fes,..Co,Siyo alloys

Figure 5 shows thermoelectromotive force for
FesM,Sigg(M=Ti, Cr, Mn, Co,or Ni)alloys. Thermoelectro-
motive force increases almost linearly with temperature of hot
junction. Positive thermoelectromotive force is observed in
the case of M=T1,Cr or Mn whereas negative one is observed
in the case of M=Co or Ni. It should be noted that
thermoelectromotive force is negative when atomic number
of doping element is larger than Fe( M=Co or Ni) and is

80

60

50 |

F62 gMz Si70

E(mV)

delta T(K)

Fig.5 Thermoelectromotive force for Fe,gM,Sis, alloys
where delta T(K) =Ty-T.: Ty, and T, are temperature of
hot and cold junction.

10
Feg,()-,\'COxSim

delta T(K)

E(mV)

Fig.6 Thermoelectromotive force for Fe3y..Co,Siy alloys

positive when smaller than Fe( M=Ti,Cr or Mn ).  From the
sign of thermoelectromotive force, carrier of Ti,Cr or Mn
doped specimen is supposed to be hole while that of Co or Ni
doped specimen to be conduction electron.

Figure 6 shows thermoelectromotive force for
Feso.«CoSizy alloy (x=1,2,3). Thermoelectromotive force
increases linearly with the temperature of hot junction. As
shown in Fig.6, thermoelectromotive force  decreases with
increase in Co concentration; accordingly absolute value of
Seebeck  coefficient decreases with increase in Co
concentration.

Discussion

As shown in Fig.2 (A)and (B), LS. of both iron
sites for Co doped specimen seems not so remarkably large,
compared with those for other transition metal such as Ni or
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Mn doped specimen; however Q. S. of Co doped specimen
are large. Since Co doped B-FeSi, is industrially important
material with good figure of merit; accordingly it seems
essential to examine the mechanism of large Q. S.

At first let consider the direct effect of Co atoms
,providing that electric charge of each atom is approximately
expressed as point charge( namely, point charge approximation
as used often in the Q.S. analysis for ionic materials ).
Q. 8. is giveninthe well-known form as follows:

QS- e’q0(1+ 3 Ty S
and
eqg=| V.,

V.-V, @)
nz—

zZ

Q is quadrupole moment and V., V), and V.. are field gradient
of x,y and z direction at *'Fe nucleus 1 is an asymmetric
constant.  Furthermore V,,V,, and V, satisfy
Ve Il <] 72 L

Then, based on the point charge approximation,
each field gradient tensor V;; at nucleus site is easily written
down

57
v oidj) _, \0idj*5

where ¢,, and R, are effective charge of m-th atom and
vector from *'Fe nucleus to m-th atom and i,j mean X,y
and z. From eq.( 3 ), Vij is found to be expressed as a
summation of C,, q |R,,, |3 ( Cn1s some arbitrary constant),
Consequently atomic distance from *’Fe nucleus to Co
atom plays very important role in determining the electric field
gradient, namely, Q.S.

Table 1 shows atomic distance in each Fe site. As
illustrated in the table, the nearest atomic distance from the Fe
I site to the Fe I site is 0.297nm and from the Fe II site
to another Fe II site is 0.402nm. From the report of Kondo
et al¥l it is disclosed that Co atoms mainly occupy site II
through the analysis of intensity of Mossbauer spectra .
Thereby the influence of Co atom to electric field gradient
in Fe II site should be concluded to be much smaller than
that in Fe I site because of the term of |R,,, |, This means
that the change in O.S. for Fe Isiteis larger thanthat for Fe
1I site. However experimental results, as shown in Fig 3 and
4, say that increase in ().S. for both iron sites is observed;
influence of Co atom itself can not explain the both increase
inQ.S.

From the above discussion, it is disclosed that local
effect such as the direct influence of Co atom can not
explain experimental results as shown in Fig.3 and 4, we

9w ] (3) .
- ml/ p=0
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Table1 Atomic distance for Fe I and Fe II sites, where Si I and

Sill represent Sil and Si II sites, respectively.

X DISTANCE X DISTANCE

(SITE) (FelSITE-x) (SITE) (FellSITE-x)

Sil 0.2338 Sil 0.2347

Sil 0.2338 Sil 0.2347

Sil 0.2376 Sil 0.2333

Sil 0.2376 Sil 0.2333

Sill 0.2385 Sill 0.2429

Sill 0.2385 Sill 0.2429

Sill 0.2339 Sill 0.2335

Sill 0.2339 Sill 0.2335

Fel - 0.3957 Fel 0.2967

Fel 0.3957 Fel 0.2967

Fel 0.3978 Fel 0.3975

Fel 0.3978 Fel 0.3975

Fell 0.2967 Fell 0.4022

Fe Il 0.2967 Fell 0.4022

Fell 0.3975 Fe Il 0.4027

Fell 03975 Fell 04027
need to introduce another factor . It seems , therefore,

reasonable to consider the role of conduction electron, since
conduction electrons spread all over the crystal, not localized
and in addition, Co doped specimen shows n-type behavior of
semiconductor.

To clarify the role of conduction electron, we
divide the electron charge density p(r) into two parts,

p(r):pin(r) +pc(r) (4)
where p i(r) and p.(r) are charge density of inner and

conduction electrons, respectively. Hence potential V(r) can
be divided into two parts:
Vir)=V,(r)+V.(r) (5)

In eq.(5), potential Vi (r) and V(r) are potentials due to
mner and conduction electrons,respectively. Since Viy(r) is
considered to be constant ,regardless of doping elements, the
change in (.S . due to doping can be concluded to be
ascribed to that in V(r). Then Vc(r) is given in the below

form,
o= [l (R (6)

And we can write down pc(r) , using Bloch state ¢  (r)

pR)=S o (R) )

Substituting eq.(7) into eq.(6), we can get
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V.(r) = ;0"‘—1{1?;‘“‘) ®)

where

(k> =9 (R)

For simplifying the discussion, let conduction
electron be free electron, then |k> = exp(ikR)/ VO (o
is volume of the system), consequently eq.(8) is

1 dR N 2 2,
Vc(r)z—g—)—zk: ”J.m =57r(2R0 *Er) ©)

where  4nRy/3 = Q
conduction electrons.

Hence we can get electric field gradient tensor Vj; as
following form:

and r=|r|. Nisthe number of

0 0

yo= - 0 (10)

ij

Nl
z—|0

Q
0

w|-h

0

Combining eq.(10) with eq.(1)and(2), we can conclude Q.S.
to be proportional to N/f2 namely, conduction electron
density. Hence increase in Q.S. for both iron sites , as
illustrated in  Fig 4, can be interpreted as increase in
conduction electron density due to the increase in Co
concentration.

Next we consider the Seebeck coefficient. Seebeck
coefficient § is considered to be proportional to l/n(n:
carrier density ), as illustrated in Figh, decrease in
thermoelectromotive force with increase in Co concentration
can be explained by increase in electron charge density.
However Seebeck coefficient for Ni doped specimen , as
illustrated in Fig.5, is smaller than that for Co doped one,
which implies that carrier density of Ni doped specimen is
larger than that of Co doped one. If carrier density
(conduction electron density = N/€2) of Ni doped specimen is
larger than that of Co doped specimen, then we cannot
explain large Q.S. for both iron sites in Co doped specimen
because of Q.S. o¢ N/€2. Hence we can not explain large Q.S.
by above discussion.

As stated above, effect of conduction electron itself
can not explain experimental results, with implying other
interaction . Hence it appearas reasonable to consider the
interaction between conduction electrons and phonons. Then
let introduce LA- phonon -conduction electron interaction for
explaining the experimental results, especially large Q.S. for
both iron sites in Co doped specimen. Hamiltonian for the

- system is well-known form

H:Ho“‘H,
Holk,0) = E,"[k,0)

and

q]

H=iC Y'Y 2L _(q
l lgz‘l: Vpo wq !
(11

where ]k,0> is Bloch state with no perturbation, @ q and

+ +
~d -q)c k+qu

a  are formation and annihilation operators of phonon with

q. ¢’k and ¢, are formation and annihilation operators of

conduction electron with k. C; and p, are deformation
potential constant and density of specimen. In the first order of
perturbation , Bloch state is expressed as

(k - q.1q|H'|K.0)

k)=1k,0 lk - q.1
k)= ’>+§E°k—E°k_q—wq‘ qlq) (12
Substituting eq.(12) into eq.(8), we get
i

V.(r)= k,0——k,0)+

e

1
> 2 Ik, q) (k-q.lq| ——|k-q.lq)
kK q ‘R—l’}
(13)

where
(k - q,1q|H'|k,0)

o
E'% —E%.q-w

A’(k’ q) =

q

The number of phonons attached to a conduction electron
with k (=<N ,;,>)is

(N )= (k| a"ea k) = Y|4 (k@)

if we assume conduction electron to be
discussed previously, then potential V(r) is

- T
ol T i,

(14)

free electron as

:_g_(u(zv NezR?-22r713) a3
Hence , finally we get
:; i) = %%(H(N W) 09

Based on the eq.(16), large O.S. observed in Co
doped specimen is supposed to be due to the term of
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< N, >: the number of phonon attached to one electron is
large in Co doped specimen., compared with other transition
metal doped one. Hence, though  (N/€2) for Ni doped
specimen is larger, as illustrated in Fig.5, than that for Co
doped one, large O.S. appears in Co doped specimen due to
the term of (1+ <N, > ) in eq.(16).

Conclusion

Large 0.S. is observed in Co doped specimen.
Since Q.S. is associated with electric field gradient at nucleus
of iron atom, we evaluate electric charge density of conduction
electron  ,assuming  LA-phonon-conduction  electron
interaction. Electric field gradient at nucleus of iron atom is
found to increase with <N ,;, >; hence large Q.S. observed
in Co doped specimen is concluded to be due to large
<N >
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Electronic and Vibrational Properties of Skutterudites

D.J. Singh, L. Nordstrom, W.E. Pickett and J.L. Feldman
Naval Research Laboratory

Abstract

Advances in theoretical understanding, numerical algorithms
and computing technology have made practical the
determination of electronic, vibrational and other properties
from first principles, even for complex materials like
advanced thermoelectrics. These approaches require a
minimum of experimental input, typically only composition
and crystal structure. As such they may be viewed as a new
window on the materials, which in combination with
experiment may lead to new insights and better understanding
of the variation of properties with variables like composition.
This may then lead to more efficient optimization of
thermoelectric materials and help in searches for new
materials. This paper illustrates how theory is being applied
in the search for high ZT thermoelectrics, mostly through
examples.

Density Functional Methods

Thermoelectric (TE) research aimed at finding new high ZT
materials faces certain difficulties, not the least of which is
narrowing the search to a number of possibilities that can be
feasibly studied. While this is a generic problem in
exploratory materials research, it is particularly significant in
TE efforts. This is because of the strong dependence of
electrical transport properties of semiconductors on the doping
level (n), which makes it necessary to optimize n in order to
evaluate a given material, combined with the fact that TE
research focuses on materials with at least potentially low
thermal conductivity (x) often leading to the consideration of
materials with large complex unit cells. Among the more
recent advances in this area of research are a number of
improved automated characterization methods and the
development of predictive material-specific computational
tools, particularly first principles methods based on density
functional theory. This paper discusses the use of these first
principles tools, particularly the linearized augmented
planewave (LAPW) method [1] for TE research using the
binary and Ce-filled skutterudites as examples [2,3].

The basic approach in first principles studies is to start with
the understanding that solids are essentially collections of
electrons and nuclei governed by the rules of quantum
mechanics and then to calculate as well as possible the
properties with minimal experimental input. Modern
calculations are based on density functional theory, usually
within the local density approximation (LDA). Crystal
structure data 1s the only experimental input, although some
structural data, like internal coordinates, can be calculated.
Because such calculations are not fits to or extrapolations
from experimental measurements they can provide information
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on materials for which experimental data is lacking or is
unreliable. In this sense first principles calculations may be
viewed as a new window on the materials, supplementing
experimental studies.

Density functional theory reduces the intractable problem of
solving the many body Schrodinger equation for the strongly
interacting electron system to that of finding solutions to a set
of single particle like equations coupled through a density
dependent potential, v, (p).

[T+V, ;e () -€;1 0, (r) =0 (1)

where T is the single particle kinetic energy and v (r) is an
effective potential that includes the electron ion interaction as
well as electron electron Hartree and v, contributions, which
depend on the charge density,

p(x)=) ¢ (x) 9, (x) (2)

occe

where the sum is over the occupied states. An excellent
review of density functional theory is in the book of Lundqvist
and March [4].

The local density approximation consists in the use of the
local exchange correlation energy and potential of a uniform
electron gas with the local density p(r).

Density functional theory rigorously gives ground state
properties, such as the charge density and the total energy.
These may be computed as a function of the ionic positions
within the Born-Oppenheimer approximation, to calculate
minimum energy structures, phonon frequencies and elastic -
properties. Although there is no rigorous connection between
the eigenvalues, ¢ and the physical excitation spectra,
numerous calculations have shown that for transition metal
compounds, the density functional band structure is ordinarily
a very close approximation to the physical band structure.

Most methods for solving these equations in solids are based
on basis set expansions of the wavefunctions, or at least can
be shown to be equivalent to this. The differences between
methods are in the particular basis set used (planewaves, local
orbitals, muffin tin orbitals, etc.) and the representations of
the density and potential. Additionally, some methods remove
core states from the problem by employing pseudopotentials
constructed to reproduce the chemical environment sensitive
valence bands and energy.

The calculations discussed in this paper were performed
within the LDA using an extended general potential LAPW
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method [1]. This is an all electron method employing general
expansions of the charge density and potential in all regions
and a flexible basis. It is generally regarded as state-of-the-art
for LDA calculations on complex transition metal compounds.
Since Ref. 1 gives a general review of the method, only
details specific to the present calculations are provided here.

Electronic Properties of IrSh;, CoSb; and CoAs;

The skutterudite pnictides, MA,, where M is Co, Rh or Ir
have been under investigation as a possible basis for new TE
materials [5-7]. The binary skutterudites, which tend to form
p-type, show very high mobilities, u, coupled with reasonable
Seebeck coefficients, S, in as synthesized form. Although the
thermal conductivities, «, are not as low as would be desired
for a good TE material, estimates of the minimum thermal
conductivity [S] imply that considerable reduction in the lattice
thermal conductivity, «, is possible if suitable modifications
can be found, and in fact measurements for Ce filled
skutterudites do show strongly reduced « [8].

The skutterudites occur in a bec Im3 structure with four
formula units per cell. The structure is derived from an
expanded simple cubic transition metal sublattice, with body
center positions alternately filled with x-, y- and z- oriented
A, rings or (one in four) empty. Besides the lattice parameter,
there are two structural parameters, conventionally denoted u
and v, which give the positions of the A atoms.

The binary skutterudites are conventionally regarded as doped
semiconductors with moderate gaps, such as the 1.4 eV
-measured spectroscopically in IrSb, [5], although Ackermann
and Wold reported that they did not find a convincingly clean
optical gap in CoSb, [9]. As will be discussed below, our
calculations also do not show clean gaps in these materials,
although with an interesting twist for the case A=Sb, and this
view is also supported by some more recent measurements
[6,71.

As mentioned our calculations were performed using the
general potential LAPW method. Experimental crystal
structures were used [10,11]. Spin-orbit interactions were
included for IrSb;, where they were found to have only minor
effects on the energy bands. The calculations employed the
Hedin-Lundqvist parameterization of the exchange correlation
functional along with well converged basis sets.

The calculated band structures of IrSb; and CoAs, are shown
in Figs. 1 and 2 respectively. The electronic density of states
(DOS) for IrSb, is shown in Fig. 3. The DOS of the Co based
materials are qualitatively the same.

In all three materials there is a well-defined gap separating
manifolds of valence and conduction bands, and this is evident
in the DOS, which approximates what will be seen in spectro-
scopic experiments. Both manifolds are derived from
hybridized combinations of transition metal d and pnictogen
p states. Neglecting the (important) gap crossing state,
discussed below, all the materials show an indirect gap from
I’ to P. The LDA values of these pseudogaps are 0.71, 0.57
and 0.73 eV for IrSb;, CoSb, and CoAs,, respectively. The
direct gaps at T are larger, e.g. 1.21 eV for IrSb;, which

corresponds reasonably with an optical value of 1.4 eV [5].
However, electrical transport properties are determined by the
band structure near the Fermi energy (Ep); here differences
from the assumed picture of these materials are seen.

S Y
0
S —_—
2 -5 -
w ——— |
-10 g
o~ ]
r H N r P

Fig. 1 Band structure of IrSb,. The dashed line denotes Ej.

What is unexpected is the existence of a gap crossing band, in
addition to the valence and conduction manifolds. This is
present in all three materials, and disperses upwards from the
valence manifold, touching or nearly touching (dependent on
the material) the conduction band manifold at the I' point.
Like the other bands, this state has hybridized transition metal
d, pnictogen p character.

£ (eV)

-10

-15

CoAs,
r H N r P

Fig. 2 Band structure of CoAs,.

CoSb; is predicted to have a very small gap of only 50 meV,
while CoAs; is predicted to be a true zero gap semiconductor.
IrSb, is borderline in the sense that when the older handbook
crystal structure [10] is used zero gap behavior is predicted,
while with the probably more accurate internal parameters of
Kjekshus and Rakke [11] a small 100 meV gap occurs. These
differences are due to different orderings of the bands at the
bottom of the conduction manifold resulting from the 0.05 A
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differences in Sb position.

The discovery of CoAs; as a new gapless semiconductor is
notable because of the apparent stability of the skutterudites
allowing the growth of high quality samples. In particular,
there are strong theoretical indications that novel electronic
states will develop at low temperatures in clean zero gap
semiconductors [12-14], but these have not been realized
experimentally because of difficulties in making sufficiently
clean crystals of known materials like Hg chalcogenides and

grey tin.
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Fig. 3 Electronic DOS and projections for I[rSb;. The
projections are on a per atom basis, while the DOS is per
formula unit.

The fact that the gap crossing states in skutterudites had not
been clearly seen experimentally is related to the complexity
of these materials, and illustrates the importance of first
principles studies. In particular, the band is difficult to see
because of its strong dispersion and the large number of bands
in the valence and conduction manifolds, both of which make
it a relatively weak contributor to the DOS.

The dispersion of the gap crossing band is remarkable.
Although a normal parabolic shape is evident in CoAs; the
dispersion is linear practically to the maximum in [rSb; and
CoSb,. The parabolic region near I' amounts to roughly 107
of the zone, corresponding to hole doping levels of ~3x10'¢
cm®. This is nearly three orders of magnitude below the
doping levels normally found in TE materials and is below the
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doping levels of reported p-type samples, and accordingly
transport measurements on p-type material are determined by
this linear behavior. The slopes of the linear dispersing bands
are o = -3.45 eV A and -3.10 eV A in IrSb, and CoSb,,
respectively.

As mentioned, reported p-type doping levels are within this
linear dispersing regime, where transport properties are
expected to deviate from standard semiconductor behavior.
Here the DOS has a quadratic rather than square root
dependence on E relative to the band edge, while the number
of carriers, n, varies as E;? rather than E;*? in the degenerate
case. The inverse effective mass tensor VVie(k), which is
normally diagonal and constant near a band edge is entirely
off diagonal. The transport mass normal to the Fermi surface
is then formally infinite and the cyclotron mass is n dependent
and given by k/a. Here k is the magnitude of the Fermi
wavevector. The carrier density has the same dependence on
k as in the standard parabolic case and the standard Hall
determination of this quantity holds. In the constant scattering
time approximation, the mobility is predicted to vary as n'”?
and the Seebeck coefficient is given by

1
= 3

2nkiT
3eon

) (3)

T
(3n

As in the ordinary parabolic case, there is a linear T
dependence and the scattering time does not enter the
expression. However, the doping dependence is different.

With the doping level determined by Slack and Tsoukala [5]
for their sample, n = 1.1x10" cm™ and the calculated value
of a for IrSb;, we obtain S = 62 uV/K at 300K and 123
uV/K at 600K, in good agreement with the measured values
of 72 uV/K and 126 uV/K. More recently, the doping level
dependence of S has been measured for a series of p-type
CoSb, samples [6] in apparent agreement with the predictions
of Eqn. 3.

These band structures have certain implications for TE
applications. First of all, in p-type antimonides, the doping
dependence of the power factor, oS* will be weak, and this
combined with the relatively high measured x means that
modifications beyond optimizing n will be needed to make
these competitive. Secondly, reasonably high values of the
effective mass (~ 0.5 m,) are predicted for n-type material.
If the electron mobilities are comparable to the effective
mobilities  for p-type material, the TE performance
comparable to the best present materials (i.e. ZT ~ 1) is
possible with n-type doping.

Lattice Dynamics of CoSb,

One of the key issues in TE research is underétanding the
thermal conductivity and devising strategies for its reduction.
Measurements on binary skutterudites have shown thermal
conductivities as much as 50 times higher than the estimated
minimum for this structure [S]. In this section, use of first
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principles calculations to understand the lattice dynamics of
skutterudites is illustrated by application to CoSb, [15]. This
is a prerequisite to understanding the thermal conductivity.
Despite the fact the CoSb, is probably the best studied
material as regards lattice dynamics, published information
remains scant.

Infrared (IR) measurements have provided information on
seven of the 19 distinct I' point frequencies. Very recently,
Nolas and co-workers [17] have measured some Raman
frequencies in several skutterudites. Here we report LDA
frozen phonon calculations of frequencies and eigenvectors for
A, and A, T point modes. Certain cubic anharmonic
parameters were also determined along with the bulk modulus
and its pressure derivative. These were obtained by the usual
approach of calculating total energies as a function of the
atomic displacements compatible with the above symmetries.
The experimentally determined IR frequencies and the new
LDA "data" were then combined to fit force-constant models.
These were used in turn to calculate complete phonon
dispersions for CoSb,.

The electronic structure of CoSb, is strongly covalent. This
view is supported by the short interatomic distances and the
existence of high hole mobilities. This leads to certain
expectations regarding the lattice dynamics. Strong two body
interactions between nearest neighbor Co and Sb atoms and
between neighboring Sb atoms in the rings are anticipated.
Additionally, three body interactions may be expected
associated with the covalent bonds. LO-TO splittings and Born
effective charges may also be enhanced due to the covalency,
and as such the Born effective charges should not be viewed
as similar to ionic charges.

The lattice parameter, and bulk modulus and its pressure
derivative were determined by computing the total energy as
a function of volume and fitting to the Birch equation of state.
The internal parameters, u and v, were fixed at their zero
pressure values of 0.33537 and 0.15788, respectively.
Accordingly, the value obtained is a constrained, rather than
physical bulk modulus. This value is an upper bound on the
physical modulus, which is then calculated from the force
constant model, discussed below.

Our LDA calculations yield a lattice parameter of 8.937 A or
1.1% below the measured value at room temperature. Lattice
parameters smaller than experiment by 1-2% are typical in
LDA calculations. The constrained bulk modulus is 105 GPa
with a pressure derivative of 4.3.

The A, symmetry modes are associated with changes in u and
v retaining full crystal symmetry. Calculations of the total
energy were performed for 13 values of (u,v) within 0.005 of
the experimental values. A fit retaining all terms up to third
order yielded a standard deviation of 0.02 mRy. The
calculated minimum energy values of u and v were 0.333 and
0.160. The A, Raman frequencies were obtained as 150 cm’
and 178 cm, with polarization vectors nearly parallel to the
edges of the Sb, rings; the lower (higher) frequency mode
modulates the longer (shorter) sides of the ring.

There are two independent A, modes. This symmetry destroys

inversion, and as such the energy must be an even function of
such coordinates. In particular there cannot be cubic terms in
the energy as a function of these coordinates alone. We
performed calculations for 4 sets of displacements consistent
with A, symmetry and used a quadratic least squares fit. A,
frequencies of 110 cm™ and 241 cm™! resulted.

TABLE 1. Zone center phonon frequencies (cm™) for CoSb,.
The experimental data is from Ref. 16. Elastic constants are
in GPa. The bulk modulus is the LDA value less relaxation
from the force constant model.

Mode LK Present Expt. LDA
A, 162 149 150
183 177 178
A, 69 109 110
250 242 241
F. 79 78 78
119 120 120
143 145 144
174 176 174
242 242 247
258 260 257
277 275 275
E, 140 141
194 181
F, 71 84
103 96
162 158
188 176
E, 95 139
275 262
Cas 22 44
¢’ 74
105 102

As mentioned, Lutz and Kliche (LK) measured IR frequencies
for CoSb,. They also present an analysis of these frequencies
in terms of a central force model. Their model yields quite
good agreement with three of the four LDA frequencies and
the bulk modulus that we calculate, even though data on these
phonons was not available when the model was constructed.
The model fails for the lowest A, mode, for which it yields 69
cm’'. This mode involves a twisting motion of the Sb, rings
along with concerted motion of Co and Sb atoms to minimize
bond length changes. The bond stretching forces are relatively
unimportant for this mode, and instead bond-angle forces
related to covalency and/or long range forces will dominate.
The LK model does not include bond angle forces.

We attempted to refit the LK model using the IR frequencies
and our LDA results, but reasonable fits could not be
obtained. Accordingly, we constructed a new model (actually
we tested four similar models, which yielded insignificantly
different results) and fit this to the data. The main difference
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from the LK model was the inclusion of bond angle forces
associated with the two distinct Sb-Sb-Co angles and an
additional Co-Sb stretching parameter operating between the
neighbors near 4.4 A apart. This stretching constant was not
included in the LK model even though it did include Co-Co
forces, which act over a longer distance. We did not include
Sb-Sb interactions across the Sb, ring diagonal, since these are
probably not large in view of the nature of the A
eigenvectors. Phonon frequencies and elastic properties as
obtained from our model are given in Table 1 along with
those of LK and the LDA and experimental data. Besides the
lower A, phonon, discussed above, the largest discrepancy is
for the low frequency E, mode and the c,, elastic constant.

 The phonon DOS, G is presented in Fig. 4. Notable features
are a gap around 100 cm™, which is not present in the LK
spectrum, and a rather sudden departure from parabolic
behavior at ~70 cm®. This departure arises from optic
branches in this frequency range. These are modes involving,
for the most part, rigid motions of the Sb, rings. Sb-Sb bond
bending and bond stretching behaviors are prominent around
110 cm™ and 150-175 cm’', respectively, while modes with
large Co motions occur around 250 cm™.
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Fig. 4 Phonon DOS for CoSb;. The normalization is 48
corresponding to the number of modes per 16 atom cell.

In order to start addressing the question of thermal
conductivity, we have plotted a histogram of <v’>G, where
v is the group velocity, in Fig. 5. This function can give a
qualitative understanding of which modes might contribute to
the lattice thermal conductivity, as related quantities enter a
relaxation time approximation to the Boltzmann-Peierls theory
of thermal conductivity. In CoSb;, <v?*>G is seen to be

appreciable for certain optic modes as well as acoustic modes,
although it should be noted that this is less so in our model
than in the phonon dispersion of the LK model. Based on
these results, the modes that are important in thermal
conduction are the acoustic modes and those optic modes
involving more or less rigid motions of the Sb, rings.
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Fig. 5 <v?G> for CoSb; as determined from the force
constant model.

Ce-filled Skutterudites

Morelli and Meisner [8] have recently reported transport
measurements of CeFe,Sb;, showing a strongly reduced
thermal conductivity relative to unfilled skutterudites. They
measured a Seebeck coefticient of S ~ 70 uV/K at 300K on
their unoptimized p-type sample, with S still rising linearly
with T.

Here we report studies of the electronic structure of this
material and CeFe,P, using LDA calculations. Two distinct
views of the electronic structure have been suggested. First,
it has been suggested that Ce is tetravalent in these compounds
leading to a close correspondence in electronic structure with
the unfilled skutterudites CoSb; and CoP;. On the other hand,
Meisner er al. [18} noting the relationship with U and Th
filled skutterudites, argued that Ce is probably trivalent and
semiconductivity in CeFe,As,» and CeFe/P,, 1s due to
hybridization between valence states and Ce 4f states. This
view is also supported by recent electron spin resonance [19]
and transport measurements [8].

The electronic structures were calculated at the experimental
lattice parameters of 7.792 A and 9.135 A for CeFe,P,, and
CeFe,Sb,,, respectively. Experimental values of u and v were
used for CeFe,P,, (u=0.3522, v=0.1501), while in the

88 15th International Conference on Thermoelectrics (1996)




absence of experimental data, we calculated u and v for
CeFe,Sb, from the LDA total energy variation. In this way
we obtain u=0.333 and v=0.163 with A, Raman frequencies
of 137 cm™ and 157 cm’.

4

r H "N r P
Fig. 6 Band structure of CeFe,P,,

The band structures are shown in Figs. 6 and 7. From these
it is immediately apparent that both materials are predicted to
be narrow gap semiconductors. The band gaps are 340 meV
and 100 meV for CeFe P, and CeFe,Sb,,, respectively. The
highest valence bands have hybridized Fe 3d pnictogen p
character, while the lower lying ones are mostly pnictogen
derived. This is qualitatively the same as in CoSb, and CoAs;,
discussed above. The lowest lying conduction bands are
dominated by the narrow spin-orbit split Ce 4f bands, which
at first sight appear to be in a gap dug out of the other
conduction bands. However, an analysis of the DOS (not
shown) shows substantial Ce 4f contributions to the valence
bands.

e — -

-4

-6
CeFe,Sb,,
r H N T [

Fig. 7 Band structure of CeFe,Sb,,.

Although the band structures are qualitatively similar there are
differences near the nominal E;. In the phosphide, there are
two parabolic bands at the I' point valence band maximum
(VBM), while in the antimonide the highest valence band is
singly degenerate at I'. The corresponding band in the
phosphide, based on its symmetry and orbital character, is the

second highest valence band. These singly degenerate bands
are of primarily Fe 3d character (~80%) and have zero Ce
4f character. The top band in the phosphide, corresponds
closely to the fourth highest band in the antimonide, which is
situated 400 meV below the VBM. These bands have strong
Ce 4f character (~50%) at I', and are derived from strongly
hybridized Ce 4f, Fe 3d and pnictogen p states. Although the
Ce character of this band decreases moving away from the
zone center, it is apparent that Ce 4f states are important
below E,.

An important consequence of this is the occurrence of high
band masses even in the valence bands. The calculated
valence band masses are 0.8 and 2.2 m, for the phosphide and
the antimonide, respectively. This is significant for TE
applications. The conduction bands have even higher masses.
Although there is some uncertainty in the present calculation,
we estimate these masses at 10-20 m, for CeFe,Sb,, and 6-8
m, for CeFe,P,,.

Valency and ionicity in f-band materials are useful but
somewhat ambiguous quantities, and this has led to a degree
of confusion in the literature. Here we discuss valency in two
ways: (1) in terms of the occupancy of the 4f orbital, so that
41° is tetravalent and 4f' is trivalent; and (2) in terms of the
ionicity of the Ce atom, i.e. the amount of charge that is
associated with the Ce atom in an ionic construction of the
crystal charge density.

Integrating the components of the electronic DOS,
decomposed into angular momentum components within each
LAPW sphere, we obtain 1.0 f electrons in CeFe P, and 1.2
f electrons in CeFe,Sb,,, reflecting the f character contained
in the valence bands. For the states like the spatially localized
4f orbitals, this procedure is quantitative. Many body
correlation effects beyond the LDA would tend to favor
integer occupations, although the strength of this effect cannot
be easily estimated from the present calculations. In any case,
in terms of f-occupancy both materials are clearly trivalent.

In order to determine the ionic charge on the Ce atom, we
compare the density of overlapping ions with various charges
to the self-consistently determined charge density from the
LAPW calculations. The ionic densities are obtained from
atomic calculations, where negative ions are stabilized with a
circumscribing Watson sphere. In our tests we transfer charge
between the Ce and Fe atoms, to find the best fit. This was
quantified by calculating the positions of the 4d core levels
and 4f bands relative to those obtained with the true LAPW
charge densities. Some additional tests were performed where
charge was transferred between the Fe and pnictogen atoms,
but this did not affect the results as regards the Ce ionicity.
The fit showed that a Ce 4f' configuration was needed to
obtain a reasonable f band position, and best results were
obtained with an additional 0.5-1.0 valence (Ce 5d) electrons
indicating a substantial covalency of the Ce bonding.

Thus we conclude that Ce is trivalent in these compounds and
that the Ce 4f states are active in the bonding through
hybridization with the Fe 3d and pnictogen p derived bands.
In fact, this hybridization is crucial for the formation of the
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band gaps around the Fermi level, which we find in both
compounds. It is known that the LDA has certain deficiencies
in describing 4f orbitals, and in particular underestimates
intra-atomic correlation effects and as a result overestimates
the degree of hybridization. Based on this one may expect that
our calculated band gaps are higher than the actual gaps. This
may account for the conclusion of experimental studies that
CeFe,Sb,, is metallic, although the observation of high
Seebeck coefficients, and the fact that apparently only fairly
heavily doped p-type material has been studied, suggest that
clean samples should be looked at in order to establish where
there is in fact a small band gap.

The combination of very small gaps and large effective masses
is unusual. This combination and the observed low values of
x are favorable for TE. These compounds deserve detailed
experimental investigation in this context, particularly
CeFe,Sb, and CeFe,As,, (intermediate between the phosphide
and antimonide) and as a function of p- and n-type doping
level.
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Abstract

New thermoeclectric materials with superior transport
properties at high temperalures have been discovered. These
materials are part of the large family of skutterudites, a class
of compounds which have shown a good potential for
thermoelectric applications [1-4]. The composition of these
novel materials, called filled skutterudites, is derived from
the skutterudite crystal structure and can be represented by
the formula LnT,Pn,, (Ln = rare earth, Th; T = Fe, Ru, Os,
Co, Rh, Ir; Pn = P, As, Sb). In these compounds, the empty
octants of the skutterudite structure which are formed in the
TPn; (~ T,Pn,,) framework are filled with a rare earth
element [5,6]. Some of these composilions, based on
CeFe,Sb,,, have been prepared by a combination of melting
and powdcr mctallurgy tcchniques and have shown
exceptional thermoelectric properties in the 350-700°C
temperalure range. AL room {emperature, CeFe,Sb), behaves
as a p-type semimetal, but with a low thermal conductivity
and surprisingly large Seebeck coefficient. These resulls are
consistent with some recent band structure calculations on
these compounds [7]. Replacing Fe with Co in CeFe,Sb,,
and increasing the Co:Fe alomic ratio resulted in an increase
in the Seebeck coefficient values. The possibility of
obtaining n-type conductivity filled skutterudites for Co:Fe
values higher than 1:3 is currently being investigated.
Measurements on bulk samples with a CeFe;sCo(sSb;,
atomic composition and p-type conductivity resulted in
dimensionless figure of merit ZT values of 1.4 at 600°C.

Introduction

A systematic search for advanced thermoelectric materials
was initiated at JPL several years ago and resulted in the
discovery of a new family of promising semiconducting
materials with the skutterudite crystal structure [1]. The
skutterudite structure was originally attributed to a mineral
from Skutterud (Norway) with a general formula (Fe, Co, Ni)
As; [8]. The unit cell of the skutterudite structure (cubic,
space group Im3, prototype CoAss) contains square radicals
[As,]*. This anion located in the center of the smaller cube
is surrounded by 8 Co™ cations. The unit cell was found to
consist of 8 smaller cubes (octants) described above but two
of them do not have the anions [As,] * in the center. This is
necessary to keep the ratio C03+:[As4] * = 4:3. Thus, a
typical coordination structure results with Cog[As,]s
=2Co,[As,]; composition and 32 atoms per cell.

0-7803-3221-0/96 $4.00 ©1996 IEEE
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A low lattice thermal conduclivity and a high carrier
mobility are desirable for improved figures of merit in new
thermoelectric materials. High carrier mobility values are
usually found in crystal structures with a high degree of
covalency. Tt has been shown that the bonding is
predominantly covalent in the skutterudite structure [9] and
high hole mobilily values have been measured recently on
several skutterudite compounds: IrSb; [10], RhSb; [11],
CoSb; [12] and RhP; [13]. The unit cell is relatively large
and contains 32 atoms which indicate that low lattice thermal
conduclivity might be possible. For slale-of-the-art
thermoelectric materials such as PbTe and Bi,Te, alloys, the
number of isostructural compounds is limited and the
possibilities to optimize their properties for maximum
performance at diffcrent temperatures of operation arc also
very limited. This is not the case for the skutterudite family
of materials, where eleven binary compounds and several
solid solutions and related phases are known to exist [1].
These materials cover a large range of decomposition
temperatures and bandgaps which offers the possibility to
adjust composition and doping level for a specific
temperature range of application,

However, the room temperature thermal conductivity of
binary skutterudites (100-150 chm“K'l) was found to be
too high to result in high ZT values. Substantial reductions
in the lattice thermal conductivity must be obtained to
achieve values comparable to those of state of the art
thermoelectric materials (10-40 mWcem'K™). One approach
to the reduction of the lattice thermal conductivity of
skutterudites is to prepare and characterize filled skutterudite
compositions derived from the binary compounds. This
requires filling the two empty octants present in the 32 atom
unit cell and conserving the valence electron count to retain
good semiconducting properties.

Low Thermal Conductivity in Filled Skutterudites

A large number of materials with a filled skutterudite crystal
structure has already been synthesized (see for example [14-
18]). The composition of these types of compounds can be
represented by the formula LnT,Pn;, (Ln = La, Ce, Pr, Nd,
Sm, Eu, Gd, Th and U; T = Fe, Ru, Os; Pn = P, As, Sb). In
these compounds, the empty octants of the skutterudite
structure ( see Figure 1) which are formed in the TPn; (~
T4Pny;,) framework are filled with a rare earth element.
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Because the T,Pn;, groups using Fe, Ru or Os are electron-
deficient (by 4 ¢) relative to the skullerudile electronic
structure (using Co, Rh or Ir), the introduction of the rare
earth atom compensates this deficiency by adding free
electrons. However, the number of valence electrons given
up by the rare earth aloms is generally insufficient: for
example, La has a 3+ oxidation state, Ce can be 3+ or 4+.
This means that most of these compounds behave as metals,
or very heavily doped p-type semimetals.

[Rarc Earth I . | Transition Metal |

(O [Pricogen

Figure 1: Schematic of the filled skutterudite 34 atom unit
cell of the novel thermoelectric materials. Each cell contains
8 transition metal atoms: Fe, Ru, Os, Co, Rh, Ir, Ni, Pd or Pt;
24 pnicogen atoms: P, As, Sb (substitution by S, Se or Te
possible); 2 rare-earth atoms filling the vacant octants in the
skutterudite structure: La, Ce, Pr, Nd, Sm, Eu, Gd, Th and U.

However, the introduction of a filling atom into the
skutterudite structure is expected to substantially reduce the
lattice thermal conductivity of the original binary compound
with minimal decrease in carrier mobility. The heavy filling
atom would “rattle” within its octant “cage” and thus scatter
phonons quite effectively. Also because it is filling an
empty octant, its contribution to the electrical transport
would be minimal, though the increased phonon scattering
rate should somewhat impact the carrier scattering rate
(carrier-phonon interaction). Recent experimental results on
filled skutterudite samples have confirmed that the thermal
conductivity values are much lower in these materials than in
CoSb; or IrSbs;, even taking into account the high porosity of
the samples [5,6].

To conserve the excellent semiconducting behavior of the
unfilled binary skutterudites, it is necessary to introduce a
“compensating” atom for the addition of the “filling” atom
into the structure. The ratio of compensating atoms to filling
atoms is determined exclusively from the number of valence

electrons of the filling atom. Thus, if Ce (the most stable
valence number is 3) is introduced into the two empty
octants of the 32 atoms CoSb; unit cell, 6 atoms of Fe (each
providing one acceplor per atom) will have (o be substituted
for Co: CoSb; (or CogSb,,) will become Ce,FeCo,Sb,, (or
CeFe;CoSby;).  This composition is very close o the
compound CeFe,Sb;, whose existence was previously
reporled. The same approach can be applied to replacing Sb
by Ge, resulting in CeCo,Ge;Sby or both Co and Sb by Fe
and Te, resulting in CeFe,Sb,; Te. Moreover, the doping
level and conductivity type might be controlled by changing
the compensating to filling atomic ratio. It is important to
note that because compensating atoms need to be introduced
in quantity, they could also bring a substantial increase in
phonon scattering (mass and volume differences) and carrier
scattering (ionized impurity, disorder) rates.

Experimental Results and Discussion

The filled skutterudite compositions based on CeFe,Sb;,
were prepared by a combination of melting and powder
metallurgy techniques. X-ray diffraction analysis indicated
that the samples were mostly filled skutterudites with the
presence of some FeSb, and CeSb,. After synthesis, mass
density measurements showed that the geometrical density of
the cylindrical pellets (about 10 mm long and 6.4 mm in
diameter) were close to 98% of the theoretical values
calculated from the experimentally determined lattice
parameters (see Table 1). The electron microprobe analysis
of the samples confirmed the previous X-ray diffraction
results, indicating the presence of only about 5% in volume
of FeSb, and CeSb, in the CeFe,Sb,, ,CeFe; sCo,5Sb,, and
CeFe;CoSb,, samples. The compositions of the filled
skutterudite phase in these samples were found to be very
close to the nominal atomic concentrations.

The high temperature electrical and thermal transport
properties of the filled skutterudite samples were measured
from 25 up to 650°C. The room temperature results are
reported in Table 1.

Table 1: Room temperature properties of Ce-based filled
skutterudite samples where aj, is the lattice parameter (&), cc
is the carrier concentration (cm"3), g is the Hall mobility
(cm’ V}s'l), p is the electrical resistivity (mQcm), S is the
Seebeck coefficient (uVK'l) and A is the thermal
conductivity (mWem 'K,
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Composition a,y cc My p S A
CeFe,Sb;,  9.1460 55x10” 15 075 59 14
CeFe; sCoosSby, 91349 57x10” 15 071 76 22
CeFe;CoSb,, 9.1145 44x10" 17 084 106 19
CeFe,Co,Sb;, 9.0909 6.5x10° 29 389 125 28
Co,Sb,, 9.0385 4.4x10"™ 1944 074 138 118
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Figure 2: High temperature variations of the electrical resistivity of Ce-filled skutterudite samples
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Figure 3: High temperature variations of the Seebeck coefficient of Ce-filled skutterudite samples

The temperature dependence of the electrical resistivity,
Seebeck coefficient and thermal conductivity are reported in
Figures 2, 3 and 4, respectively. The results show that the
Fe-rich compositions have a semi-metallic behavior (very
high carrier concentration of about 5x10*' cm™ and low
carrier mobilities,) with a low electrical resistivity, which

increases slightly with temperature. However, the
CeFe,Co,Sb;, sample demonstrated a semiconducting
behavior, with a bandgap value of 0.45 eV determined from
high temperature electrical resistivity measurements. What
is most surprising is the magnitude of the Seebeck
coefficients, ranging from 55 to 125 uVK™' at 25°C and
increasing steadily with temperature. Again, the intrinsic
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regime is obtained in CeFe,Co,Sb,, for temperatures over similarly to heavy fermions systems: the hybridization
350°C. These values are comparable to those obtained for between Ce and the transition metal (Fe or Co here) creates a
other p-type binary skutterudites except that here the carrier  small bandgap and carriers possess large effective masses
concentration is two to three orders of magnitude higher. resulting in a low mobility but unusually high Seebeck
This is attributed to the fact that these materials behave coefficient [5,7].
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Figure 4: High temperature variations of the thermal conductivity of Ce-filled skutterudite samples
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The thermal conductivity of those materials is much lower
than for CoSb;. The CeFe,Sb,, sample has a low thermal
conductivity of about 14 mWcem 'K at room temperature
and increasing up to 20 mWem 'K at 575°C. Such low
values indicate that nearly all of the thermal conductivity is
from an electronic contribution. This demonstrates that the
combination of the “rattling” atom and very high carrier
concentration very effectively scatter the phonons, and
results in an extremely low lattice thermal conductivity.

The CeFe;5Cos5b;, and CeFe;CoSb;, samples also show
low thermal conductivity values with a temperature
dependence identical to that of CeFe,Sby,. It is quite
interesting to note that both the room temperature Seebeck
coefficient and thermal conductivity tend to increase as the
amount of Co is increased from 0 at.% to 12 at.%. This
suggests that the introduction of Co alters the strength of the
Ce-Fe interactions. However, even for the CeFe,Co,Sb,,
composition (with 12 at.% of Co), the carrier concentration
is still very high, indicating that the compensation effects
between Fe and Co might be neutralized by valence
fluctuations. As discussed above, the introduction of Ir, or
Te instead of Co might lead to very different results.

The combination of the low electrical resistivity, moderate
Seebeck coefficient and low thermal conductivity resulted in
high ZT values at temperatures above 400°C. A maximum
ZT value of 1.4 has been achieved to date at a temperature
of 600°C. However, it appears that ZT keeps on increasing
with temperature for those filled skutterudite samples, as
expected from the metallic behavior of the electrical
properties. This means that if those materials were
determined to remain stable at higher temperatures, even
higher ZT would be obtained. The results, displayed on
Figure 5, arc higher than for any other state of the art
materials (p-type or n-type).

High ZT values in lower or higher temperature ranges, as
well as n-type conductivity samples might be obtained by
controlling the composition and doping levels. For these
materials to be useful at lower temperatures for cooling
applications, the Seebeck coefficient must be increased,
which requires a lower doping level. For example, this
might be achieved by increasing the Co to Fe atomic ratio
(CeFe,,Co,Sb,, with 1<x<4) or combining Co with Te or
Se. Replacing Co by Ir in the filled skutterudites would
certainly result in higher decomposition temperatures
allowing their use in power generation applications at
temperatures close to 1000°C. In addition, the heavier and
larger Ir atom will introduce additional scattering of the
phonons, resulting in a decrease in lattice thermal
conductivity.
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Abstract

We present some results on physical and electrical
properties of the Skutterudites CoSb; and mixed alloys.
Most of samples measured were polycrystalline, which have
been prepared by hot-pressing of powders under 107 Pa at
~650°C and ~750°C, and a few measurements on CoSb,
single crystals were performed. - We report some results of
the Hall mobility, Seebeck coefficient and electrical conduc~
tivity measurements on CoSb,; and mixed alloys. Based on
the experimental results, we make clear important factors
which have influence on the electronic transport properties, in
particular, on the Hall mobility of the materials.

1. Introduction

The Skutterudites MSb; ( M: Co, Rh and Ir ) with
antimony have been a topic of a new promising thermoelec-
tric material, because of its peculiar band structure and unusu-
al electronic transport properties. The crystal structure of the
Skutterudite CoSb, is shown in Fig.1, which is formed by a
cubic~lattice of 8-cobalt atoms and by 4-planary rings of Sb
atoms, and cobalt atoms are octahedrally surrounded by six—
antimony atoms. Figure 2 shows a band scheme, and this is
based on a model for transition metal chalcogenidies proposed
by Ackermann [1]. The energy band gap is formed by the
occupied bonding o, , band and the antibonding 0", band.
The Sb,-rings are achieved through the overlap of anion-sp?
orbitals to form the two o bands. Recently, it has been
reported by David ef al [2] that the Skutterudite antimonides
have a band structure of a pseudogap around the Fermi level
and the band gap dispersion remarkably cross over to linear
behavior extremely close to the band edge, and that the
unusual transport properties of the antimonides are deter-
mined by the linear dispersion.

The research of the Skutterudite was first made on
CoSb; by Dudkin in 1957 [3], and a phase diagram of the
binary system Co-Sb and the thermoelectric properties of the
semiconducting CoSb, with Sn, Te and Ni impurities were
investigated extensively [4]. The most attractive point is an
extremely large hole mobility for the p-type Skutterudites.
Morelli et al [5] have shown that single crystals of CoSb,
exhibit large hole mobilities up to 3000 cm?/Vs at room
temperature. In recent studies, Caillat ef a/ [6] demonstrated
at room temperature p-type hole mobility of about 3445
cm?/Vs for single crystals CoSb, at a carrier concentration of
4x10'7 cm™3, which were grown by a gradient—freeze tech-
nique. In addition, Mandrus ef al [7] measured a value of
1940 cm?/Vs for a very lightly doped ( 1/ gR,, = 7.0x10'6

0-7803-3221-0/96 $4.00 ©1996 IEEE
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Fig.l  Crystal structure for CoSb, (a) and a proposed energy

band model (b).

holes/cm?) single crystal of CoSb,, which was grown from a
Sb-rich melt. For our hot-pressed CoSb; samples, however,
the hole mobility value at room temperature was as low as 60
to 80 cm?/Vs up to now [8,9]. In short, there is a great varia—
tion in the measured values of the hole mobility in CoSb, (p-
type) samples.

The purpose of this study , therefore, is to find important
factors which have a great influence on the hole mobility of
CoSb, (p-type). Major factors which have a considerable
influence on the hole mobility of CoSb, (p—type) can be
considered to be (1) crystal quality, (2) nonstoichiometry, (3)
impurities.

2. Experimental procedure
2.1 Sample preparation

The starting materials used are cobalts (Co), which have
the three varieties of purity of (1) 99.87%, (2) 99.92% and (3)
99.998%, and antimony (Sb) is "extra pure" of 6N. Prime
impurities in cobalt are nickel, and the contents are 450ppm
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for (1), 230ppm for (2), and undetectable for (3), respectively.

The sample preparation was made by annealing stoichi-
ometric mixtures of cobalt and antimony in evacuated quartz
tubes ( 600°C, 2 days ), that is, a solid phase reaction,
followed by hot-pressing under 600kgf/cm? at 650°C for 1hr
(sample CO01) and at 750°C for 3hr(sample C03), respectively.
The all samples were polycrystalline structures, and X-ray
powder diffraction methods were used to verify the stoichi-
ometry after hot-pressing. The quantitative analyses of the
starting materials and the hot—pressed samples were made by
ICP emission spectroscopy and electron-probe microanalysis
(EPMA).
2.2 Characterization

Powder X-ray diffraction pattern of samples obtained in
this way showed an insensitive peak along a (310) plane,
which is characteristic of the stoichiometric CoSb, with the
lattice constant a = 9.016A. The density of samples was
determined by hydrostatic weighing, and the densities were
about 95% of the theoretical value of CoSb, ( 7.69g/cm? ).
The microstructure and homogeneity of samples were studied
by the observation of scaning electron microscope (SEM) on
the crystal habit of the sample surface after polishing using
0.5 wm diamond paste up to mirror-like surface and etching
with 20% HNos,.

3. Experimental results

Figure 3 shows the Hall mobility of our hot-pressed
CoSb, samples as a function of temperature, compared with
the results for two p-type single crystals: one was grown by a
normal gradient freezing method [6] and the other was grown
from a Sb-rich melt [7].

As shown in this figure, a room temperature hole mobili—
ty of 2000 cm?/Vs is obtained for the CoSb, hot-pressed
sample (C03), when cobalt of nickel-free was used as a raw
material. This result suggests that the hole mobility values
for the p~type CoSb; samples are very sensitive to impurity
nickel in cobalt. For the samples, below 300K the hole
mobility increases with increasing temperature, and the mobil-
ity varies as 7%2.  The temperature dependence is similar to
the result of Mandrus ef al [7], which is explained in terms of
an ionized impurity scattering model.

On the dominant scattering mechanism for the p-type
CoSb;, there is no denying a thermally activated hopping due
to a small polaron or bipolaron. In general, for materials
which are characterized by narrow band gap in the vicinity of
the Fermi energy, as the case of the materials, the electron—
phonon coupling should be considered explicitly. Electronic
interactions between electrons ( or holes ) and an adjacent
atom give rise to a localized atomic distortion. Such
distortions of this type can move with electrons in the crystal
lattice, and this is called "small polaron". When the distor—
tions are sufficiently large, electrons ( or holes ) will be
trapped in a lattice site associated with the atomic distortions,
that is, a localized potential well.

Schematic view of the small polaron is illustrated in
Fig.3. Free carriers will conduct only by means of thermally
activated hopping at ordinary temperatures [10]. A small
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Fig.2 Hall mobilities of our hot-pressed CoSb, samples as a
function of temperature, compared with two single
crystal CoSb, samples.

polaron consists of a self-bound charge carrier in the local-
ized potential well, and two carriers bound in a potential well
form a small bipolaron. In both cases, increasing temperature
causes atomic distortions on sites neighboring the polarons.
Such distortions aid the mortion of the charge carrier, and
results in an increase of the mobility with increasing temper—
ature. The mobility is expressed as follows: [11]

u = (qa®v/ kgT) exp(-E,/ kgT),

where g is the electron charge, a is the mean distance for the
hopping of carriers, v is a characteristic vibrational frequency,
kg is the Boltzman constant, and E, is the activation energy to
produce an atomic distortion on sites neighboring the small
polaron.

The exponential factors of the Hall mobility for samples
vary inversely with temperature, and plots of the logarithm of
(uT) versus 1/T were linear at low temperatures up to 300K.
The activation energy E, obtained from the slope of the plots
was fairly small ( 0.016 to 0.042 eV ).  The value of the
activation energy is about 1/10 as compared with those for
B-FeSi, (0.3t0 0.4 eV ) [12]. CoSb; is probably of a
charge-transfer type [13], for which the transport properties
of carriers are directly related to the electronegativity of anion
atoms. Therefore, it is likely that the atomic distortion can be

97 15th International Conference on Thermoelectrics (1996)




o O e O o
OO\,_@\}O
* ©Oi0:O o
O €@ O
o O e O e

Fig.3 Schematic view of a small polaron model. Increasing
temperature causes atomic distortions on sites neighbor—-
ing the polaron, and such distortions aid the motion of
carriers. Free carriers will conduct only by means of
thermally activated hopping.
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Fig.4 Electrical conductivities for the hot-pressed CoSb,
samples as a function of temperature.

produced by mainly thermal motion of the constituent atoms.
This is substantially different from the transport properties for
high-spin Fe*3 or Mn*? compounds as the case of 3-FeSi,.
In the latter case, the transport properties of carriers are
strongly suppressed because of the high energies of the d—d
Coulomb and exchange interactions, resulting in low carrier
mobilities. In fact, the carrier mobilities ( electron and hole)
of 3-FeSi, are as low as 0.3 to 4.0 cm?/Vs [14].

Figure 5 shows the electrical conductivity for the CoSb,
samples versus inverse temperature. The carrier concentra-
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Fig.5 Seebeck coefficient for the hot—pressed CoSb,
samples as a function of temperature.

tions of the samples (C01 and, C03) were about 1/(qRy) =
10'8/cm3, which is lower than the degenerate concentration
estimated to be 10%%/cm3.  Therefore, the positive tempera—
ture dependence of conductivity o for the samples should be
considered in relation to a quisi-band gap peculiar to the
Skutterudite structure. It is also possible to consider that the
band gap is formed by additional doping of nickel in the
crystal lattice.

Figure 6 shows the Seebeck coefficient S for the samples
as a function of temperature. The two samples (C01 and C03)
which were prepared using nickel-free cobalt and antimony
of 6N are of p—type. The values of S are about 200uV/K at
temperatures ranging from 430 to 600K are less dependent on
temperature.

On the other hand, for the other samples which contain
nickel as an impurity, the Seebeck coefficient is found to be
highly dependent on the concentration of nickel substituted in
the crystal. For example, the samples containing 450 ppm
nickel ( samples: H2.1 and H24 ) indicate a large temperature
dependence of the Seebeck coefficient. For the sample of
the stoichiometric composition (H2.1), the value of the p-type
Seebeck coefficient decreases as compared with those for the
nickel-free samples (C01 and CO03) below 500K. This
suggests that the nickel as an impurity acts as a donor and the
hole concentration in the p—type CoSb, is partially compen-
sated in the crystal lattice. For the sample of missing anti-
mony atoms (H24), which has a composition of CoSb,,, the
Seebeck coefficient varies from n-type to p-type at about
470K, suggesting that the excess of cobalt atoms causes an
anion vacancy as a donor. On the contrary, it was found that
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samples with excess antimony led to the positive thermoelec—
tric powers ( "hole conducting" ), which were fairly lower
than those of the stoichiometric CoSbs.

Conclusion

Major results obtained in this study are as follows:

(1) A great variation in the measured values in hole
mobility in CoSb3 (p-type) can be attributed in impurities, in
particular, nickel in cobalt as a raw material is highly sensi-
tive to the hole mobility of rhe material. By using nickel-free
cobalt as a raw material, a room temperature hole mobility of
2000 cm?/Vs can be obtained for hot-pressed porycrystals.

(2) Nickel as an impurity acts as a donor in the crystal
lattice of CoSb,; that is, a partially compensated material.

(3) From the low temperature dependence of the Hall
mobility below 300K for CoSb,, a form of scattering by
thermally activated hopping of holes ( small polarons or
bipolarons can be expected to predominate.

(4) Non-stoichiometory also have a pronounced effect
on the electric transport properties of the Skutterudite CoSbs.
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Abstract

Thermoelectric generators and cooling devices present several
advantages compared to other energy conversion technologies:
they are reliable, can operate unattended in hostile
environments, and are also environmentally friendly.
However, their application has been limited up to now
because of the relatively low conversion efficiency of
traditional thermoelectric materials used in the devices. New
more efficient materials are needed. A new class of
semiconducting materials was identified at JPL a few years
ago and the study of the properties of these materials for
thermoelectric and other applications has been subject to a
growing interest. Recent findings on the physical-chemical
and transport properties of skutterudite materials are reviewed.
Results obtained on binary compounds showed that their
lattice thermal conductivity is too high to achieve high
thermoelectric figures of merit. Several approaches have been
recently proposed to decrease the lattice thermal conductivity
‘of skutterudite materials. They are described and illustrated by
recent experimental results. It is shown that low thermal
conductivity can be achieved and high ZT values are possible
for skutterudites.

Introduction

Skutterudite materials have generated considerable interest as
new thermoelectric materials over the past few years [1,2]. The
value of a material for thermoelectric power generation or
cooling applications is defined by the thermoelectric figure of
merit Z which is a function of the Seebeck coefficient (oc),
electrical 1es1st1v1ty (p), and thermal conductivity (), and is
definedas Z = o /p?» Skutterudite materials have interesting
transport properties, in particular high hole mobilities [3,4].
The work on skutterudites initially focused on the study of
the properties of the binary compounds IrSb; and CoSbs [1-3].
The most completely characterized binary compound is
CoSb;. Both n- and p-type single crystals were grown over a
wide carrier concentration range and their thermoelectric
properties measured [4,5]. In the first section of this paper, the
thermoelectric propertics of CoSb; are reviewed. The
thermoelectric properties of other binary compounds, when
known, seem to follow the trends established for CoSbs.
Band structures calculations of skutterudite compounds were
also recently performed.[6,7]. These studies showed that the
binary skutterudite compounds appear to be small band gap
semiconductors with highly nonparabolic valence bands in the
case of the antimonides which result in unusual transport
properties. Although the binary compounds have good
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electrical properties, their thermoelectric figure of merit is
limited by their relatively high thermal conductivity (about
110 mW/cmK atroom temperature for IrSb; and CoSb;). If the
lattice thermal conductivity of the binary compounds could be
significantly reduced, high thermoelectric figure of merit
values might be possible [2].

Several approaches were recently considered to reduce the
lattice thermal conductivity of these materials. Such reduction
shave been observed in solid solutions, ternary compounds,
filled skutterudites, and also heavily doped n-type samples.
The corresponding phonon scattering mechanisms are
reviewed in the second part of this paper and illustrated by
experimental data obtained for several skutterudite materials.
It is shown that low thermal conductivity skutterudite
materials can be obtained and high ZT values are possible.

Thermoelectric properties of CoShs

We present in this section some properties of the binary
skutterudite compound CoSb; at room temperature. As we
mentioned before, this compound is the most characterized of
the binary skutterudite compounds MA;, where M is Co, Rh,
or Ir and A is Sb, As, or P. The data obtained on the other
binary compounds showed that the trends established for
CoSbs are also valid for these compounds. CoSb; single
crystals grown from Sb-rich melts have p-type conduct1V1ty
and were obtamed with carrier concentrations from 1 x 10"
1 x 10¥ c¢m” [4]. N- -type smgle crystals were obtained by
doplng with Pd or Te w1th carrier concentrations from 1 X
to 1 x 10% * [4]. According to band structure
calculatlons, CoSb; was predlcted to have an indirect pseudo-
gap of 0.57 eV but there is 2 band crossing the pseudo-gap
and, in fact, CoSb; would have a small gap of only 50 meV
[6,7].
The room temperature variations of hole and electron
mobilities in CoSbs are shown in Fig. 1. The hole mobilities
are very large but the electron mobilities are much smaller.
According to the predictions of Smgh and Pickett {6,71, for
hole concentratlon above 3 x 10" em”, the hole mobility
should vary as p” as determined by the linear dispersions of
the bands. For a palabohc band, the moblhty should vary as
p?*. In Fig. 1, the p’ predlcted behavior is compared w1th
the experlmental data For carrier concentrations from 1 x 10"
to 1 x 10” em”, the experimental data seem to agree
reasonably well with the model predictions. However, for
lower carrier concentrations, the hole mobilities seem to
flatten out and vary only weakly with carrier concentration.
This is presumably due to a change in the carrier scattering
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mechanisms as it was observed in InSb and other small gap
semiconductors [8]. As a result of the large difference between
the electron and hole mobilities, the electrical resistivity
values are larger for n-type samples than for p-type at a given
carrier concentration (see Fig.2). However, electrical resistivity
values about 1 mQ cm were obtained for both p- and n-type
but at a camer concentratlon of 3 x 10'* em” for p-type and
1.5 x 10°° cm” for n-type. An estimation of the carrier
effective masses was carried out using a parabolic band model
and acoustic phonons scattering for the carriers [5]. The results
showed that the effective mass of the electrons is about 10
times larger than the hole effectlve mass. At a carrier
concentration of 1 X 10" , the hole effective mass 1is
0.13 my and the electron effectlve mass s 1.4 me. The hole
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effective mass shows some dependence on the doping level
which suggests some degree of non-parabolicity for the
valence band.

The room temperature Seebeck coefficients values are shown
in Fig 3. for CoSbs. As a result of the large difference
between electron and hole effective mass, the n-type Seebeck
coefficient values are much larger than p-type at a given carrier
concentration. In the constant scattering time approximation,
the Seebeck coefficient is given by [6]

o= - (2nk%T) (lt_)l/3
3es /\3p) | 6
where s is the slope of the linear dispersing band, p the hole
carrier concentration, and s = -3.10 eV A. The calculated

15th International Conterence on Thermoelectrics (1996)




Seebeck coefficient values using equation (1) are also plotted
on Fig 3. and seem to agree fairly well with the experimental
data, supporting the model proposed [4].

The calculated power factor values (of/p) are shown in Fig 4.
for p- and n-type CoSb; single crystals. The power factor
values are relatively large and comparable to those for state-of-
the-art thermoelectric materials. Although a maximum power
factor value of about 30 pW/ cm K* was obtained for both p-
and n-type, the maximum occurs at a carrier concentration of
about an order of magnitude lower for p-type than for n-type
which can also be attributed to the difference in effective
masses. Based on band structure calculations, it was predicted

400

that for p-type antimonides, the doping dependence of the
power factor would be weak [9] but the experimental data
suggests that the power factor is somewhat dependent on the
carrier concentration.

The minimum thermal conductivity at high temperatures was
estimated at 3.11 mW/cmK for CoSb; [10]. Using a parabolic
band model, acoustic phonon scattering for the carriers, and
assuming that the thermal conductivity has its minimum
value of 3.11 mW/cmK, a maximum room temperature ZT
Value of 1.59 would be obtained f01 n—type CoSb; at 2 x 107
em” and 0.98 for p-type at 5 x 10" cm™ . Unfortunately, the
intrinsic thermal conductivity of CoSb; at room temperature
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is about 100 mW/cmK and the ZT values are low. Existing
thermal conductivity data on other binary compounds show
that their thermal conductivity is also too high to outperform
state-of-the-art thermoelectric materials. 1t is clear that the
efforts should now focus on lattice thermal conductivity
reduction. Recent studies on skutterudite materials have
shown that several phonon scattering mechanisms can
successfully lower the lattice thermal conductivity of
skutterudites and initial results have shown that high ZT
values can be obtained. The different approaches are reviewed
in the next section.

Lattice thermal conductivity reduction in skutterudites

We recently reviewed the mechanisms which were successfully
used to reduce the lattice thermal conductivity of skutterudites
{10]. The four major mechanisms are mass and strain
fluctuation, electron-phonon scattering in heavily doped
samples, electron charge transfer in mixed-valence temary
compounds, and void filling in the skutterudite structure.
These mechanisms are briefly described in the next paragraphs
and 1llustrated by experimental data.

Skutterudite solid solutions

All state-of-the-art thermoelectric materials are solid solutions
and using mass and strain fluctuations in solid solutions is a
well known approach to reduce the lattice thermal
conductivity. This type of phonon scattering would tend to
scatter high frequency phonons but would also result in some
carrier mobility reduction. Thus, improvements in the
thermoelectric properties can be obtained if the ratio between
carrier mobility and lattice thermal conductivity (MU/Ar) is
larger for the solid solutions. A number of solid solutions
between skutterudite compounds were reported in the literature
[2,11-13]. More recent studies showed that many more solid
solutions can be formed and initial results showed that some
reduction in lattice thermal conductivity can be obtained [14].
For example, a room temperature lattice thermal conductivity
of 29 mW/cmK was obtained for a solid solution
(IrSbs)o.12(CoSbs)ess. This represents a threefold reduction
compared to either one of the end members in this system.
Results obtained for a solid solution (RhSbs)os(IrSbs)os
showed that its room temperature lattice thermal conductivity
was 90 mW/cmK [2]. The reduction is not as large as for the
solid solution (IrSbs)o.12(CoSbs)ossand can be attributed to the
fact that the decrease is only due to mass fluctuation in this
system and that there is no strain fluctuation. In order to help
selecting the most promising solid solutions systems, the
effect of mass and strain fluctuation scattering of phonons was
calculated for skutterudites using the theory developed by
Callaway and Von Baeyer [15]. The details of the calculations
and the results will be published later. The major findings are:

1. Skutterudite alloys with small mass and volume
fluctuations (such as CoSbs-FeosNigsSbs, IrSbs-RhSb,
and IrSbs-RuSb;Te) exhibit relatively small decrease in
thermal conductivity,.

2. Alloys between ternary and binary skutterudites do not
result in lower thermal conductivity values compared to
those obtained for optimum binary skutterudite alloys.
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3. The lowest thermal conductivity values are achieved for
alloys maximizing mass and volume fluctuations, such as
CoSbs-IrP; with 8 mW/emK for a 50 mole%
concentration.

These calculations show that point defect scattering can be a
very efficient phonon scattering mechanism in some
skutterudite solid solutions. More work is mneeded to
determine the solubility limit of some of these solid solutions
and efforts are currently underway to prepare samples of the
most promising systems and compare the experimental data
with the theoretical predictions.

Heavily doped CoSb,

The thermal conductivity of heavily doped n-type CoSb;
sample was recently measured [5]. The thermal conductivity
data are shown in Fig. 5. For lightly doped samples, the
room temperature lattice thermal conductivity is about 100
but for more heavily doped samples, the value decreases to
about 57 mW/cmK. The temperature dependence of the lattice
thermal conductivity varies with the doping level of the
samples, becoming smaller for heavily doped samples. These
results suggest that electron-phonon scattering is responsible
for the large decrease in lattice thermal conductivity in heavily
doped samples. This is an interesting finding because charge
catrier phonon scattering would scatter the phonons with low
frequency and if coupled with point defect scattering could
result in very low lattice thermal conductivity values. The
combination of point defects and charge carrier scattering was
utilized in Si-Ge alloys [16]. Up to now, this scattering
mechanism appears to be much weaker in p-type samples.

Ternary compounds

The properties of the ternary skutterudite phase Rug sPdo sSbs
were recently studied in details [17]. The thermal conductivity
data are shown in Fig. 6. The total room temperature thermal
conductivity is 30 mW/cmK and the lattice component is
about 16 mW/cmK, about five times lower than for p-type
CoSbs. The substitution of Ru and Pd for Rh in RhSb; is
expected to create some mass and volume disorder in the
structure, resulting in lower thermal conductivity. However,
Ru and Pd have only slightly different atomic masses and
atomic radii. Therefore, the large decrease in lattice thermal
conductivity does not appear to be only due to mass and
volume fluctuations. A possible explanation for the unusually
high scattering rates of charge carriers and phonons in
RuosPdosSbs could be that ruthenium has a mixed valence
states and eclectrons are transferred between the two ions,
scattering the phonons. The binary compound CoSb; can be
described by its ionic formula: Co’*Sby'. For the
stoichiometric RugsPdysSbs, we assume that the valence state
of Ru, Pd, and Sb would be Ru**, Pd*, and Sb’. A
systematic shift from the stoichiometry RuosPdosSbs was
revealed by microprobe analysis. To compensate for the Pd
deficit and excess Sb in the samples, the Ru might take a
mixed valence state, i.e., Ru’’ and Ru*. Based on the
microprobe results, we calculated that 48% of the Ru would
be in the Ru*" state in our samples. In a study of the thermal
conductivity of Fe;O,, Slack [18] has shown that the phonon
scattering caused by interaction of the phonons by local
disorder in the magnetic lattice was significant.
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Similarly, for RugsPdosSbs, electron exchange between the
Ru*" and Ru*" jons and/or Pd*" might occur which could
explain why a large decrease in carrier mobility was observed.
Similarly to FeiO4 the nearly temperature independent
thermal conductivity might be caused (at least partially) by
the same electron exchange between the ions in this

compound. This scattering mechanism might also be at the
origin of the low thermal conductivity observed on other
ternary skutterudite compounds [19]. Although ternary
compounds have rather low thermal conductivity values, it
was not found yet how to control their electrical properties.
The ZT values for these compounds are relatively low but
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efforts should focus on controlling the doping level, preparing
n-type samples, and investigate their properties.

Filled skutterudites

Finally, the last approach which was considered to lower the
lattice thermal conductivity of skutterudite materials is to fill
the voids present in the skutterudite structure with rare earth
elements. Slack [20] first suggested that the “rattling” of the
rare earth element would produce a significant phonon
scattering and reduce the thermal conductivity. Experimental
evidence of this enhanced phonon scattering was since
published in the literature [21-24]. This approach seems to be
particularly promising in light of recent results obtained on
CeFes.Co.Sby, materials [24]. The thermal conductivity data
of some of these compositions are shown in Fig. 7. The room
temperature lattice thermal conductivity of CeFes.Sbysis about
12 mW/ecmK. As a result of these low thermal conductivity
values and good transport properties of these semi-metallic
compositions, ZT values up to 1.4 at 600°C were measured.
Numerous filled skutterudites with the formula RM,B),,
where M=Fe, Ru or Os and B= P, As or Sb, are known. The
calculated band gaps for CeFesSbi, and CeFesPy; are 0.1 and
0.34 eV, respectively [7]. In addition, band structure
calculations determined that these compounds should possess
large effective masses which should result in large Seebeck
coefficients. The properties of these compounds will be
investigated further.

Summary

The thermoelectric properties of the binary skutterudite
compound CoSb; have been reviewed and we have shown that
this compound possesses good electric properties but the
thermoelectric figure of merit value are limited by the
relatively high thermal conductivity values. We have also
reviewed several phonon scattering mechanisms which can
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reduce the lattice thermal conductivity of skutterudites.
Among these mechanisms, mass and strain fluctuation and
void filling appear to be the most promising. Ultimately, a
combination of these mechanisms should be employed to
reach lattice thermal conductivity close to the theoretical
minimum. Initial results show that high ZT values are
obtainable for skutterudites. Efforts are currently underway at
JPL to investigate the various approaches described in this
paper to reduce the lattice thermal conductivity.
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Abstract

The thermoelectric properties of CoSb,, which was doped with
IV elements of Sn, Ge and Pb, were investigated in order to
improve the p-type thermoelectric performance of non-doped
CoSb,.  Co(M,Sb,,); (M=Ge, Sn, Pb) compounds were
prepared by hot-pressing. The solubility limit of these
dopants was determined from measurements of the x-ray
photoelectron spectroscopy (XPS). The solubility limit of Ge
and Sn are estimated to be about 1.4 and 2.4%, respectively,
while Pb hardly substitutes for Sb. The Hall measurements
reveal that the maximum carrier concentrations at room
temperature were 1.5 X 10"°cm™ for Ge and 2.9 X 10”°cm™ for
Sn. The change in the mobility with x can be explained
qualitatively by taking account of conduction of both holes
and electrons in doped CoSb;. The electrical conductivity o
and Seebeck coefficient S of these samples were measured in
the temperature range from 300 to 800K. The p-type
conduction is achieved in the whole temperature range by
introducing Ge and Sn in CoSb,. The values of the power
factor S*o for Co(Sn,Sb, ), with x=1% are of the order of
10°W/cmK® and 2~10 times as hi gh as those of the non-doped
CoSb, in the wide temperature range.

Introduction

Many skutterudite compounds have been investigated as new
thermoelectric materials [1-13]. These compounds have an
extraordinarily high hole mobility, compared with those of
state-of-the-art semiconductors.  Further,  the thermal

conductivity of skutterudite compounds is relatively low
because of their large unit cell. These natures are favorable for
a thermoelectric material. In these skutterudite families, CoSb,
have been investigated actively as is the case with IrSb,
[1-3,7-11,13]. Non-doped CoSb, shows p-type conduction
due to its high hole mobility. For CoSb, with n-type
conduction, Ni, Pd and Te have been used as a dopant
2,3,7,8,11]. We found that the substitution of Pdfor Co in
sintered CoSb, allowed one to enhance the n-type

thermoelectric performance [8]. On the other hand, although
Fe and Sn are known as a dopant for p-type CoSb,, few
studies on the doping for p-type CoSb, have been made
{2,3,11}. Since the bonding of CoSb, is predominantly
covalent, the substitution of IV elements, such as Ge, Sn and
Pb, for Sb (V element) is expected to be effective for
generation of holes, that is, enhancement of p-type

thermoelectric performance.

In this paper, we report some results of CoSb; which was
doped with IV elements of Sn, Ge and Pb by substituting for
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Sb. The solubility limit of these dopant in CoSb; is
discussed based on the results of the x-ray photoelectron
spectroscopy (XPS).  The dependence of the carrier

concentration and the mobility for Co(M,Sb,,); (M=Ge, Sn)
on the introduced dopant concentration x are also discussed

For the thermoelectric properties of Co(M,Sb,,); (M=Ge, Sn),
results of the electrical conductivity and the Seebeck

coefficient are described, and the thermoelectric figure of merit
is estimated.

Experiment

CoSb, doped with Ge, Sn and Pb was sintered by

hot-pressing. Co (99.9%) and Sb (99.9999%) ingots were
mixed in the molar ratio Co:Sb=1:3.1, which took account of
deficiency of Sb due to evaporation during the following
process. The ingots of Ge (99.9999%), Sn (99.999%) and Pb
(99.9999%) were also mixed as a dopant with the mixture of
Co and Sb. The introduced dopant concentration x were
changed from 0.5% to 5% of an Sb amount. The mixture of
these ingots was arc-melted together in an Ar atmosphere, and
the resultant alloy was crushed and ground by ball-milling to
powder diameters of several pym. The obtained powder was
hot-pressed at 600°C and 60MPa for 3 hours in an Ar

atmosphere.

The dopant concentration in the sintered CoSb, was measured
and the bonding state of the dopant was investigated
simultaneously by the x-ray photoelectron spectroscopy
(XPS). The crystal structure was checked by the x-ray
diffractometry (XRD) analysis. The Hall measurements were
made at room temperature to examine the carrier concentration
and the mobility. The carrier concentration p was calculated
from the Hall coefficient R,; using the simple equation
p=1/(eR,). The Hall mobility p, was determined from the
zero-field conductivity o and R using the equation u,=R,0.
The electrical conductivity o and Seebeck coefficient S were
measured in the temperature range from 300 to 800K.

Results and Discussion

Sintered Co(M,Sb,,); (M=Ge, Sn, Pb) had a skutterudite
structure and was highly dense within x=0~5%. The powder
of Co(M,Sb, ), showed a typical x-ray diffraction pattern of
CoSb; powder and no diffraction peak from other phases could
be observed in the patterns. The measured densities of all
samples were found to be over 96% of the theoretical CoSb,
density.

Figure 1 shows the dopant concentrations, which were
measured by XPS, as a function of the introduced dopant
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concentration x. For Ge and Sn, their concentrations in
CoSb, are almost equal to x, and Ge and Sn remain in CoSb,
through the arc-melting and the hot-pressing processes. On
the other hand, Pb concentration becomes lower than the
introduced Pb concentration x.

Figures 2 (a), (b) and (c) show the XPS spectra of Ge 2p,,,
core electron for Co(Ge,Sb,.,);, Sn 3d,,, for Co(Sn,Sb,_), and
Pb 4f,, for Co(PbSb, ), with different introduced dopant
concentrations x, respectively. In these fi gures, "m" and "c¢"
indicate the XPS peak of the non-substituted metallic dopant
and the substituted dopant for Sb in a CoSb, crystal,

respectively. The "c" peaks shift toward higher energies, as

8
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Fig.1 Measured dopant concentration vs. introduced
dopant concentration.

m Co(Gebe1_x)3 Co(Sn,Sb; )3
m

! !

compared with the "m" peaks, resulting from the formation of
covalent bonds of dopant atoms in the skutterudite crystal.
For Ge and Sn, although the "¢" peaks are dominant for x <
2%, the "m" peaks become higher than "c¢" peaks as x
increases above x=3%. Figure 3 shows the XPS peak area
ratio S./(S.+S,,) of the "c" peak to these two peaks as a
function of x. The peak ratios S./(S.+S,) for Ge and Sn
hardly change up to x=2%, and rapidly decrease above x=2%.
From the results of Fig.1 and Fig.3, the solubility limits of
Ge and Sn could be estimated to be about 1.4% and 2.4%,
respectively.

On the other hand, for Pb the "m" peak appears even at
x=0.5% in Fig.2 (c), and the peak ratio S./(S.+S,) is not
dependent on x. These results suggest that Pb is not
substituted for Sb in an appreciable amount. Bi, of which
tetrahedral covalent radius is almost equal to that of Pb, was
reported to be hardly substituted for Sb [2]. The electrical
conductivity o hardly changed even if Pb was introduced up to
x=5%. Accordingly, it is concluded that the tetrahedral
covalent radius of Pb is too large for Pb to substitute for Sb.

Figure 4 shows the carrier concentrations (n or p) at room
temperature for Co(Ge,Sb,_,); and Co(Sn,Sb, ), as a function
of the introduced dopant concentration x. Non-doped CoSb,
shows n-type conduction. This is related to the deficiency of
Sb during the arc-melting and the hot-pressing processes [11]
and/or n-type impurities such as Ni in Co powder. As x
increases, the carrier concentration decreases and the

conduction changes from n-type to p-type. The dopant

concentration x, at which the conduction changes from n-type
to p-type is approximately x.=1.3% for Co(Ge,Sb,,); and
x=0.7% for Co(Sn,Sb,,);. At about x=3%, each carrier
concentration reaches the maximum and decreases slightly
above x=3%. The maximum values of hole concentration p
are 1.5 X 10°cm™ and 2.9 X 10°em” for Co(Ge,Sb, ), and
Co(Sn,Sb, ), respectively. For Co(Ge,Sb,.,),, p is lower and

i Co (Pbeb1 —x)3

, o c
Ge?2
P32 c Sn 3da/o Pb 47 l i
\[/ x=5% M
x=5%
‘ M M
x=3%
m N M
Mr/\"/\;;w x=1% x=1%
M )
M x=0.5% M
| — 1 1 1 1 I | 1 1 J L | ] 1 | 1 L J L i | | | I ]
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@ (b) ©

Fig.2 XPS spectra of (a) Ge 2p;), core electron for Ge-, (b) Sn 3d,,, for Sn- and (c) Pb 4f, , for Pb-doped CoSb, with different x.
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x. is higher than those for Co(Sn,Sb,_),. This is attributed to
the lower solubility limit for Co(Ge,Sb,,), than that for
Co(Sn,Sb,,). The Ge and Sn atomic concentrations in the
CoSb; crystal, which were estimated from the values of
solubility limit, are 4.6 X 10°cm™ and 7.8 X 10°cm?,

respectively. A few percent of dopant atoms substituted for
Sb is found to be active as an acceptor.

Figure 5 shows the Hall mobility g, at room temperature for
Co(Ge,Sb,_,), and Co(Sn,Sb, ), as a function of the introduced
dopant concentration x. The values of uy, are lower than those
of single crystals due to the scattering at grain boundaries in
the sintered CoSb;. The p,; increases with increasing x and

100
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Fig.4 Carrier concentration n/p at room temperature as
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Fig.3 XPS peak area ratio S./(S.+S,,) as a function of
x for Ge-, Sn- and Pb-doped CoSb,.
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tends to be saturated above about x=3%. When both electrons
and holes coexist in a semiconductor, the mobility p is given
as the following equation.

‘- ‘u;p -u'n
H,p+ p,n

where p, and u, are mobilities for holes and electrons,
respectively. CoSb; has an extraordinarily high hole mobility
Hy (~3009cm2/Vs [7]) and a relatively low electron mobility p,
(~100cm/Vs [7]). Accordingly, as the hole concentration p
increases, the mobility u increases according to Eq(l).
Co(Ge,Sb,,), shows lower values of p, in the whole dopant
concentration range than those of Co(Sn,Sb,,),, since the
phonon scattering is enhanced due to a large mass difference
between Sb and Ge.

Figures 6 (a) and (b) show the temperature dependence of
electrical conductivity o for Co(Ge,Sb,,); and Co(Sn,Sb,_),,
respectively. The electrical conductivities o for both doped
CoSb; increase rapidly at the dopant concentration x at which
the conduction changes from n-type to p-type. Since the
carrier conduction state is degenerate, o of the doped CoSb,
with higher x decreases with an increase in temperature
according to a decrease in the mobility. The mobility u of the
samples with higher x was calculated assuming that the carrier
concentrations is constant. For Co(Ge,Sb,,), with x=2% and
Co(Sn,Sb, ), with x=1%, p almost obeys the relation p ¢
T, suggesting that carriers are mainly scattered by acoustic
phonons. As x increases above x=2% for Co(Ge,Sb,_), and
x=1% for Co(Sn,Sb, ), u deviates from the relation poc T"°
by the other scattering such as the ionized impurity scattering.

M

Figures 7 (a) and (b) show the temperature dependence of
Seebeck coefficient § for Co(Ge,Sb,,); and Co(Sn,Sb, ),
respectively. For non-doped CoSb,, Co(Ge,Sb,.), (x = 1%)
and Co(Sn,Sb, ), (x=0.5%), the sign of S is negative at lower

500
400 —
Q .
<
§ 800
= 5
§
% Co(M,Sb1_,)3
100
at 300K
f 1 I 1 | 1 | 1 I 1

0 1 2 3 4 5 6
Dopant Concentration x (%)

Fig.5 Hall mobility u;; at room temperature as a
function of x for Ge- and Sn-doped CoSb,.
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temperatures and changes to positive at higher temperatures.
The temperature dependence of S for these samples is very
similar to that of the hot-pressed CoSb, [11].  For the
samples with higher x, the sign of S is positive in the whole
temperature range, and the p-type conduction can successfully
be obtained As the dopant concentration x increases, the
values of § decreases slightly, and the temperature at which §
shows the maximum shifts toward higher temperatures. This
behavior can be explained by an increase in the carrier
concentration.

Figure 8 shows the temperature dependence of the power factor
S’0 for Co(Ge,Sb, ), with x=2% and Co(Sn,Sb,,), with
x=1%, which showed the highest S’c at 600K of

Co(Ge,Sb,,); and Co(Sn,Sb, ,),, respectively. In this figure,
the power factor $”o for non-doped CoSb, is compared. Note
that for non-doped CoSb; the conduction changes from n-type
to p-type at about 450K. The values of $°o for doped CoSb,
are 2~10 times as high as those for non-doped CoSb;,.

Although the value of S°c is almost same between

Co(Ge,Sb, ), and Co(Sn,Sb, ), above about 580K, S’o of
Co(Sn,Sb,_,); is improved better than that of Co(GeSb, ),
below about 580K. For Co(Sn,Sb,,);, the value of S*o is
almost constant and of the order of 10°W/ecmK® in the
temperature range from 300 to 600K. From these values, the
maximum value of the non-dimensional thermoelectric figure
of merit ZT was estimated using the values of thermal
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Fig.8 Temperature dependence of power factor $°o for
Ge- (x=2%) and Sn-doped CoSb; (x=1%), as compared
with that of non-doped CoSb,.

conductivity x of the hot-pressed non-doped CoSb, [11]. The
maximum ZT of 0.15 was obtained at 600K. This value is
comparable to that of non-doped single crystals [7]. An
improvement of the figure of merit Z for these doped CoSb,
would be achieved by suppressing minority carriers (electron)
which give rise to a decrease in the mobility u. The
hot-pressed CoSb,, which was prepared using Co of high
purity (99.998%) by solid reaction of Co and Sb, showed
p-type conduction in the temperature range from 300 to 800K
and a high mobility of the order of 1000cm’/Vs at room
temperature [13]. This result suggests that the value of ZT of
these doped CoSb; is improved 2~3 times.

Conclusion

The thermoelectric properties of Co(M,Sb,_,), (M=Ge, Sn, Pb)
compounds were investigated The solubility limits of Ge and
Sn are estimated to be 1.4 and 2.4%, respectively, while Pb
hardly substitutes for Sb. The p-type conduction is achieved
in the temperature range from 300 to 800K and the hole
concentration at room temperature is in excess of 10”cm™ by
doping CoSb, with Ge and Sn. The values of power factor
S’0 for Co(Sn,Sb,,), with x=1% are of the order of
10°W/cmK® in the wide temperature range, leading to the
estimation of Z7=0.15 at 600K. The figure of merit Z for
these doped CoSb; is expected to be increased by suppressing
minority carriers (electron) which give rise to a decrease in the
mobility u. By improving the process of sintered CoSb;, Ge
and Sn could become candidates for an effective p-type dopant.
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Abstract

Skutterudite semiconductors possess attractive transport
properties and have a good potential for achieving high
thermoelectric  figures of merit, ZT. Low electrical
resistivities and moderate to large Seebeck coefficients are
obtained in binary skutterudite compounds such as CoSb,.
However, their thermal conductivities are too high (100 to 150
x 102 Wem 'K at 300K) to achieve high ZT values. It is well
known that the formation of solid solutions, or alloying, can
substantially reduce the lattice thermal conductivity of
semiconductors. Because a large number of skutterudite
compounds, solid solutions and related phases exist, these
materials offer many possibilities for optimizing the thermal
and electrical properties to a specific range of temperature. An
overview of the formation of skutterudite solid solutions is
given. It is shown that a substantial decrease of thermal
conductivity can be achieved in cases where the fluctuations
of atomic masses and volumes can be maximized and the
possibility of achieving high ZT values is discussed.

Introduction

The chemical compounds with the skutterudite structure have
been found to be attractive thermoelectric materials [1,2].
Most of the binary skutterudite compounds possess reasonably
large Seebeck coefficient and good electrical conductivity,
resulting in large power factor values comparable to state-of-
the-art thermoelectric materials. However, their thermal
conductivity remains too high to make these materials
efficient thermoelectrics. The room temperature thermal
conductivity values are about 100 x10? Wem 'K with 80% of
lattice contribution. The formation of solid solution is a well
known approach to lower the lattice thermal conductivity. It
has already been shown that in solid solutions between IrSb,
and CoSb, the thermal conductivity can be substantially
reduced, from 90-100 to 30-35 x 102 Wcm'K’!, at room
temperature [3]. The formation of solid solutions in numerous
systems (binary-binary, binary-ternary and ternary-ternary
combinations) was investigated and thirteen new solid
solutions were found.

0-7803-3221-0/96 $4.00 ©1996 IEEE
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Experimental

Polycrystalline samples were prepared by low temperature
synthesis of elemental powders followed by hot pressing,
resulting in dense cylinders of 5-15mm long and 6.35mm in
diameter (95-97% of the theoretical density calculated from the
lattice parameters). X-ray diffractometry, optical and electron
microscopy, microprobe analysis, electrical and thermal
measurements (Seebeck coefficient, electrical resistivity,
thermal conductivity) and speed of sound measurements were
performed to reveal the solid solution formation and evaluate
their thermoelectric properties. The methods of preparation and
measurements were described in details elsewhere [3,4].

Experimental results

Besides three solid solutions already known in the literature,
CoP;-CoAs;, RhSb,-IrSb,, and CoAs,-CoSb,; [2,5], a full
range of solid solutions in the following two systems was
found:

IrSb;- RuSb,Te
F€0.5Ni0.55b3- RUO.SPdO.SSb3'

Partial solid solutions were also found in the following eleven
systems:

IrAs;-IrSb, CoSbs-Ruy sPdy sSbs
CoAs;-IrAs, CoSb;-Feg sNig sSb,
IrSb,-Fe, sNig sSb, IrSb,;-Ru, sPd, sSb,
CoSb;-IrSb, CoSb,-FeSb,Te
IrSb,-Ru, sPd,y sSb, FeSb,Te-RuSb,Te

CoSb;-RuSb,Te

The existence of solid solutions is proved by lattice parameter-
composition dependencies followed by the microstructure and
microprobe analyses. Figs. 1 and 2 show such dependencies
for three systems.

Based on experimental results achieved on binary skutterudite
compounds, lattice thermal conductivity values in the order of
about 10 to 15 x10° Wem 'K should be obtained in order to
reach high figures of merit for skutterudite materials. Our
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results show that alloying is an effective means to reduce the
lattice thermal conductivity of binary compounds. Maximum
reductions of lattice thermal conductivity values obtained
experimentally are presented in Table 1 for some compositions
of several systems. The lattice thermal conductivity values,
reported in Table 1, were calculated using the Wiedemann-
Franz law (based on electrical resistivity and Seebeck
coefficient measurements). Some of the values were increased
to account for sample porosity (in particular in the CoSb;,-
IrSb, system).
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Fig. 2: Lattice parameter variations as a function of
composition for Fe, ;Ni, ;Sb,-based alloys

Because of the large number of alloying possibilities, we used
the experimental thermal conductivity data to perform some
theoretical calculations on the effect of alloy scattering in
skutterudites. The goal was to predict the maximum possible
reduction in thermal conductivity and help select the most
promising systems for further investigations. The results are
presented in the following section.

Table 1: Lattice thermal conductivity values for some solid
solutions (10°W cm 'K )

Solid solution Alloy meﬁaer mfrﬂ o
(CoSb,)g 06-(IrSby)q 4 45 100 100
(CoSb; )y 0-(IrSby)y 46 32 100 100
(CoSb,)y g5-(IrSby), 1, 29 100 100
(CoAS; ) 55-(CoSba)g 57 140 100
(CoSb,)g 4o (IrAsy ) 4 25 100 145
(CoSb,),4-(FeSb,Se), ,, 31 100 -
(CoSb,)g5-( Fey sNiy ;Sbs)gy 35 100 30
(IrSby), o0-(RuSb, Te), 42 100 32
(Ru,;PdysSby)os-(Feo NigsSba)es | 24 14 30

Lattice thermal conductivity calculations

The effect of alloy scattering on the thermal conductivity of
skutterudite compounds can be evaluated by using the
theoretical work of Callaway and Von Baeyer [6,7]. The
thermal conductivity of an alloy, A,;,,, can be calculated from
the experimental value obtained for the pure compound, A,

pures

tan™ (u)
’ xalloyz ._U.— . A’pure )
with u= f3GIA . )
n20,8°
. 3hy? ®

S

where 0, is the Debye temperature, §° is the average volume
per atom in the crystal, vgis the average sound velocity, h is
the Planck’s constant, u is an alloy scattering scaling
parameter and I is the alloy scattering parameter. Based on the
speed of sound measurements, the calculated values for G for
several skutterudites are reported in Table 2.

To determine the lattice thermal conductivity of the
skutterudite alloys, the alloy scattering parameter I' must now
be calculated. Quaternary skutterudite alloys are considered in
the following paragraphs, with the formula A ,B,C.D,. There
are only two sublattices present in skutterudites: the sublattice
of the transition metal element (such as Co) and the sublattice
of the pnicogen element (such as Sb). Mass and volume
fluctuations can occur on only one sublattice, such as in
Co,.,Ir,Sbs, or in Fe,lr,, NiSb, alloys, or both sublattices,
such as in Co,Ir,Sb, As,.
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Table 2: Calculation of the G parameter for several

cation and anion radii values instead of the usual covalent radii
values is important when calculating the alloying effects in
systems such as CoSb,-Fe, sNi, sSb, or IrSb,-RuSb,Te.

Table 3: Atomic mass and ionic radius for the transition metal
and pnicogen/chalcogen

skutterudite compounds
d e, \A G A
A) K ~ x10°  (mK (10° W
em.s”) WY omig
CoSb, 2.8470  306.8 2.935 408.4 103
CoAs, 2.5846 4254 3.695 267.4 140
IrSb, 2.9146 302.7 2.964 423.8 100
Ru,,Pd,sSb, | 2.9281  267.8 2.635 481.2 14
RuSb,Te 2.9211 268.6  2.637 478.6 32

The scattering parameter for each atom located on one of these
sublattices can be written as:

For the mass fluctuation term:

2
. M.
V=Y 1-= @)
i M A
where the average mass of the atoms on the A site
isM AT X fiA M;, fiA representing the relative proportion
i

of each atom on a particular site (¥, £* = 1).
i

For the volume fluctuation term:

2
ry= zf;*eA(l—é-J ®)
i Ty

where the average radius of the atoms on the A site is
_ A
T, = XA
1

The parameters €,, €y, €c, and &p, are adjustable strain
parameters, with values typically of the order of 10 to 100.
For skutterudite alloys, only two different values of the strain
parameters g;, are considered, one for the transition metal site,
€qe and one for the pnicogen site, €.

The total average mass for the alloy is:

M=3p:M; ©
1
with the atomic proportion of the A atoms in the compound
a
Pa= a+b+c+d
The total alloy scattering parameter is determined by:
M,
= Yp.| | == |TM+ TV )
: 1 M" 1 1

Table 3 lists the atomic mass, radius and charge of the cations
and anions used in the skutterudite structure. The use of the

Transition | Pnicogen/ Ton Mass (g)  Radius (A)
metal chalcogen | charge
Fe 2+ 55.847  1.14
Ru 2+ 101.07  1.26
Os 2+ 190.2 1.25
Co 3+ 589332 1.07
Rh ' 3+ 102.905 1.19
Ir 3+ 19222 1.19
Ni 4+ 58.7 1.15
Pd 4+ 106.4 1.26
Pt 4+ 195.09 1.28
P 1- 309737 1.14
As 1- 749216 126
Sb 1- 121.75 145
S 0 32.06 1.1
Se 0 78.96 1.23
Te 0 127.6 1.43
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The strain parameter value for the transition metal site is
calculated by considering experimental data obtained on several
CoSb,-rich CoSb,-IrSb, alloys. The best match between
experimental and calculated values was achieved for a value of
€.,=398. The strain parameter value for the pnicogen site is
obtained by considering experimental data on CoSb,-CoAs,,
CoSb;-IrAs, and CoSb,-FeSb,Se samples. Because the CoSb;-
CoAs, and CoSb;-IrAs; samples show mixed conduction
effects at room temperature, only an upper limit to the lattice
thermal conductivity of these alloys could be determined. The
extrinsic (CoSb,),,-(FeSb,Se),, sample was used to calculate
a value of g, = 225.

The variations of the thermal conductivity of CoSb,- and
IrSb;-based alloys could now be estimated. Some results of
our calculations are reported in Fig. 3 for CoSb, alloys
(similar calculations were performed for IrSb, alloys and some
ternary-based compositions). It should be noticed, that Figure
3 is drawn in assumption that solid solutions form up to 50%
mol. of the second component introduced into the base
compound located at the right hand of the graph. Several
conclusions can be drawn from these calculations:

e  Skutterudite alloys with small mass and volume
fluctuations result in relatively small decrease in thermal
conductivity, such as CoSb,-Fe,Ni,Sb,, IrSb,-RhSb,
and IrSb,-RuSb,Te.
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e Alloys between temary and binary skutterudites do not
result in lower thermal conductivity values than those
obtained with optimum binary skutterudite alloys.

e The lowest thermal conductivity values are achieved for
alloys maximizing mass and volume fluctuations, such as
CoSb,-IrP,, with 8x10° W cm'K™! for a 50 mol% alloy.

The low thermal conductivity achieved on ternary skutterudite
compounds derived from binary compounds (such as RuSb,Te
and Ru,sPd, ;Sb, from RhSb,) cannot be explained by mass
and volume fluctuations alone. Moreover, a complete range of
solid solutions exists between the RuysPd,;Sb, and
Fe, sNi, sSb, compounds, but the lattice thermal conductivity
of 50-50 and 75-25 mol% samples is significantly higher, not
lower as predicted from simple alloy scattering, than the value
obtained for Ru, sPd, ;Sb,. This means that other mechanisms,
such as charge exchange between the ions, must be considered

(4.

100 ; : : ' '

90 F-=-=--1. CoSbsFeqsNipsSh - -~ 003

80 E..._.32.CoSbiRhSby & _____ & _ __
] 13. CoSba-IrSb; 4 '

70 fe=-=-- 14. CoSbs-Fesb;Se === === -t---

60 E--nac.15. COSb3-COASs .cimmc o utof-
16. CoSba-IrAss 1

50 777717 CoSby Py T

40 Femmom-dmeomonias

Lattice thermal conductivity (10 W cm™'K")

- 9!
20 P — 3y
Y S N :
0.5 0.6 0.7 0.8 0.9 1

alloy composition (mole%)

Fig. 3 Effect of alloy scattering on the room temperature
lattice thermal conductivity of CoSb,. The symbols O and @
are experimental data obtained for the systems 1 and 3,
respectively.

These calculations do not take into account the effect of
phonon scattering by charge carriers. This additional scattering
is very much apparent in heavily doped n-type samples of
CoSb, and CoSb,-Fe, sNi, sSb, which have substantially lower
thermal conductivity values than expected.

These calculations must now be further tested against
additional experimental data. In particular, some good quality
samples of the best alloy compositions should be prepared and
measured to determine the validity of the theoretical findings.
However, based on these preliminary results and considering
the impact of electron-phonon scattering, it appears that a total
thermal conductivity value of 15x10% W ¢cm”K™! or lower at
room temperature might be achieved for an optimal
skutterudite alloy, with an electrical resistivity of
1x10® Q.cm and a doping level between 10" cm™ and
10% cm?®. Considering the attractive electrical properties of
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these materials, the possibility of obtaining such a low lattice
thermal conductivity indicates that the study of alloying effects
on skutterudites should be pursued.

To illustrate the potential of heavily doped CoSh,-based solid
solutions, the improvement in ZT over current heavily doped
CoSb, samples (Pd- or Te-doped) is plotted on Fig. 4. The
graph shows that the optimum CoSb,-based solid solution
could reach a ZT value of 1.75 at 600°C, a considerably higher
value that obtained for state of the art thermoelectric materials.
This value was calculated assuming a thermal conductivity of
15x10° W cm”'K" and that there will not be any significant
deterioration of the electrical properties compared to heavily
doped n-type CoSb, samples. Indeed, considering the high
doping levels required in n-type samples, it is likely that the
carrier mobility of the alloy will only decrease a little
compared to n-type CoSb,.

2.5
! + n-type CoSb; solid solutions
| H (projected optimum)

20 p----- s P e A U
! ! ! e S

1.5 F Bi,Tesbased 1"~ " " - |22=7 " n-type CoSb; -

5 L . B (experimental)
[ > '

1.0

0.5

0.0

Fig. 4: Calculated improvement in ZT as a function of
temperature for heavily doped n-type CoSb;-based solid
solutions

Sources of new skutterudite solid solutions

Skutterudites were discovered last century by geologists
looking for sources of elements on the earth. Large Seebeck
coefficients have been measured on synthetic skutterudites
several years ago. In the meantime, some of the natural
skutterudites such as arsenides as well as phosphides have been
synthesized. The diagram shown on Fig. 5 [8] depicts a
skutterudite group of minerals available in the nature and based
on a mixture of CoAs;, NiAs, and FeAs, compounds (the
existence of the latter has not been proven).

All minerals (skutterudites, smaltites and chloanthites) are
solid solutions with a similar crystal structure. As can be
replaced by Sb and P, widening the number of possible solid
solutions. Thus, the huge number of solid solutions with a
skutterudite structure is available for researchers. No doubts,
part of these materials are semiconductors with the possibility
of attractive thermoelectric properties.
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Smaltite

tterudit
(CoNi,Fe)As, Skutterudite

CoAsy

Chloanthite
NiAs3

Fig. 5: Skutterudite group of minerals (compositions are
idealized)
Conclusions

¢ Thirteen quasibinary systems have been studied: two were
found to form solid solutions with full range of solubility
and eleven with partial solid solubility.

e  Significant reduction in thermal conductivity of binary
compounds was achieved by solid solution formation.

e Theoretical calculation of lattice thermal conductivity for
different systems of skutterudite solid solutions, at room
temperature, was performed, and the lowest possible
thermal conductivity value of about 8x10° Wem'K! was
predicted for the CoSb,-IrP; system.

e Many more solid solutions within skutterudite group of
materials are available for evaloation of their
thermoelectric properties.

Acknowledgments

The work described in this paper was carried out at the Jet
Propulsion Laboratory/California Institute of Technology,
under contract with the National Aeronautics and space
administration. The authors would like to thank Danny and
Andy Zoltan for thermoelectric property measurements, Jim
Kulleck for x-ray diffractometry, Paul Carpenter for
microprobe analysis and Yoseph Bar-Cohen for sound velocity
measurements.

References

1. T. Caillat, A. Borshchevsky, J-P. Fleurial, Proc. 12th
Int. Conf. on Thermoelectrics, Yokohama, Japan, 1994,
p.p-132-136 (Inst. of Electrical Engineers of Japan)

2. G. A. Slack, V. G. Tsoukala, J. Appl. Phys. 76, 1665
(1994)

3. A.Borshchevsky, J.-P. Fleurial, E. Allevato, T. Caillat,
American Institute of Physics, Conf. Proc. 316, p. 3
(XIII Int. Conf. on Thermoelectrics, Kansas City, MO,
1994), 1995

T. Caillat, J. Kulleck, A. Borshchevsky, J.-P. Fleurial, J.
Appl. Physics 79, 11......(1996)

5. H. D. Lutz and G. Kliche, J. Solid State Chemistry 40,
64 (1981)

6. J. Callaway and H. C. Baeyer, Phys. Rev. 120, 1149
(1960)

7. G. A. Slack, private communication

8. A. A. Godovikov "Mineralogy", Moscow, publ. house
"Nedra", 1975, p.112 (in Russian)

116 15th International Conference on Thermoelectrics (1996)




Thermoelectric Properties of CoSb, Prepared by Copper Mold Quenching Technique

Hamazo Nakagawa', Hisao Tanaka', Akio Kasama', Kou Miyamura', Hiroki Masumoto' and Kakuei Matsubara®

1 Japan Ultra-high Temperature Materials Research Institute,
Okiube 573-3, Ube City, Yamaguchi Prefecture 755, JAPAN
2 Science University of Tokyo / in Yamaguchi,
1-1-1 Daigaku-Dori, Onoda City, Yamaguchi Prefecfure 756, JAPAN

Abstract

A novel technique to prepare CoSb, materials on a mass
production level was studied. Co and Sb 'were melted together
in an alumina crucible at 1373K, and cast in a copper mold to
solidify the melts. The obtained alloyed ingots consist of
mainly three phases of CoSb,, CoSb, and Sb. To react Sb with
CoSb, and get a CoSb, single’ phase the ingots were annealed at
823-1073K. During the heat treatment, Sb and CoSb, phases
changed to CoSb, phases and voids. The obtained CoSb,
samples show n- type thermoelectric properties. Some factors
affecting the properties, for example, Sb/Co atomic ratio,
impurity content and density are discussed, based on the
experimental data by X-ray diffractmetry, optical microscopy,
EPMA, chemical analysis and so on. On the other hand, an
ingot was ground, mechanically alloyed and hot-pressed. The
hot-pressed samples show p-type thermoelectric properties.
Moreover, mechanical alloying is effective to reduce the
thermal conductivity by refining the crystal grain size of CoSb..
As a result, ZT value, 0.10 was obtained at a temperature of
669K.

1. Introduction

CoSb, and its doped alloys have recently been identified as
promising *candidates for advanced thermoelectric materials[1].

T. Caillat et al. [2] have grown CoSb, single crystals
successfully using the gradient freeze technique from melts
with 93at.%Sb in sealed quartz ampoules. The Co-Sb phase
diagram [3] shows that CoSb, single crystals can only be grown
from Sb rich melts between 90 to 97 at.%Sb. Although fully
dense and high quality CoSb, can be obtained by the gradient
freeze technique, it is not pract1ca1 way because the yield of
CoSb, single crystals is very low and the thermoelectric
propertles are not constant in the growing direction of the
process.

An other method of preparing CoSb, is the powder
processing of raw materials of Sb and Co powders J. W. Sharp
et al. [4] heated stoichiometric mixtures of Sb and Co powders
in evacuated fused silica ampoules at 873-973K for two to three
days. Following the powder reaction, 3/4-in.-diam pellets were
formed by hot-pressing (107Pa, 873-973K), or cold-pressing
(107 Pa) and sintering at 973K. The hot-pressed CoSb, showed
n-type thermoelectric properties. On the other hand cold-
pressed and sintered CoSb, had p-type thermoelectric
properties. They mentioned that the reason why the hot-pressed
samples showed n-type thermoelectric properties was a slight
Sb deficiency from the stoichiometry of CoSb,. However, it is
not clear. ’

In our studies, we aim to make clear the reason why some
CoSb, materials show n-type conduction behaviors. The reason
was supposed to be related to a processing method. During the
powder processing, samples are easy to be contaminated
especially by oxygen and milling materials. We chose an
annealing method of solidified alloyed ingots. We believe the
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method is more suitable for mass production than the gradient
freeze technique, and the obtained materials by the method are
less contaminated by oxygen and so on than by the powder
processing.

2. Experimental procedure
2.1 Sample preparation

High purity Sb ingots (99.999%) and Co flakes (99.9%)
were used as raw materials. They were placed in an alumina
crucible in the various Sb/Co atomic ratios from 2.6 to 3.4, and
heated up to 1373K in an induction furnace for the melting Sb
and Co together in an Ar atmosphere. After the melts were kept
for 5 minutes at the maximum temperature to make sure the
homogeneity, the melts were poured into a copper mold for the
solidification. After the Imm thickness surface layers of the
solidified alloyed ingots were removed, they were cut into
pieces, which were annealed at 823-1073K for 20-100h in a
covered alumina crucible in Ar. The annealed samples were cut
into several pieces for the characterization. Especially, the
samples for thermoelectric property measurements were cut
from the middle of the materials.

After an Sb-rich Co-Sb alloy was crushed with an stamp
mill under the size of 2mm, the granules were put in a stainless
steel vessel and mechanically alloyed using steel arms and steel
balls for 10h. The mechanically alloyed powders were
recovered as a slurry in hexane to prevent a surface oxidation of
powders. After the hexane was removed from the slurry in an
Ar atmosphere, the powders were hot-pressed at 823K for 10h
at a pressure of 29MPa in Ar. During the hot pressing, samples
were enveloped by graphite foil. The surfaces of the hot-
pressed samples were removed a