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ADVANCED THERMOELECTRIC
MATERIALS WITH ENHANCED CRYSTAL
LATTICE STRUCTURE AND METHODS OF

PREPARATION

RELATED PATENT APPLICATION

This is a continuation-in-part of pending patent applica-
tion Ser. No. (08/189.087 filed Jan. 28, 1994 entitled “HIGH
PERFORMANCE THERMOELECTRIC MATERIALS
AND METHODS OF PREPARATION” of same assignee,
now U.S. Pat. No. 5,610,366, which is a continuation-in-part
of pending patent application Ser. No. 08/101.901 filed Aug.
3, 1993, entitled “ADVANCED THERMOELECTRIC
MATERIALS WITH ENHANCED CRYSTAL LATTICE
STRUCTURE AND METHODS OF PREPARATION” of
same assignee (Attorney’s Docket 17083-0118).

NOTICE

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 U.S.C. 202) in which
the Contractor has elected to retain title.

TECHNICAL FIELD OF THE INVENTION

This invention relates to the design and preparation of
semiconductor materials having enhanced thermoelectric

properties.
BACKGROUND OF THE INVENTION

The basic theory and operation of thermoelectric devices
has been developed for many years. Modern thermoelectric
cooling devices typically include an array of thermocouples
which operate by using the Peltier effect. Thermoelectric
devices are essentially small heat pumps which follow the
laws of thermodynamics in the same manner as mechanical
heat pumps, refrigerators, or any other apparatus used to
transfer heat energy. The principal difference is that ther-
moelectric devices function with solid state electrical com-
ponents (thermocouples) as compared to more traditional
mechanical/fluid heating and cooling components. The effi-
ciency of a thermoelectric device is generally limited to its
associated Carnot cycle efficiency reduced by a factor which
is dependent upon the thermoelectric figure of merit (ZT) of
the materials used in fabrication of the thermoelectric
device.

The thermoelectric figure of merit (ZT) is a dimensionless
measure of the effectiveness of a thermoelectric device and
is related to material properties by the following equation:

ZT=5%aTK @
where S, &, x, and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity and absolute
temperature, respectively. The Seebeck coefficient (S) is a
measure of how readily the respective carriers (electrons or
holes) can change energy in a temperature gradient as they
move across a thermoelectric element. The thermoelectric
figure of merit is related to the strength of interaction of
charge carriers with the lattice structure and the available
encrgy states associated with the respective materials.

The ZT may also be stated by the equation:
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-continued
p = electrical resistivity

o = electrical conductivity
. Lo 1 _4
electrical conductivity = ~lecEical resitviy org= 0

Thermoelectric materials such as alloys of Bi,Te,, PbTe
and BiSb were developed thirty to forty years ago. More
recently, semiconductor alloys such as SiGe have been used
in the fabrication of thermoelectric devices. Commercially
available thermoelectric materials are generally limited to
use in a temperature range between 300° K and 1300° K
with a maximum ZT value of approximately one. The
efficiency of such thermoelectric devices remains relatively
low at approximately five to eight percent (5-8%) energy
conversion efficiency. For the temperature range of —100° C.
to 1000° C., maximum ZT of current state of the art
thermoelectric materials remains limited to values of
approximately 1, except for Te-Ag-Ge-Sb alloys (TAGS)
which may achieve a ZT of 1.2 to 1.4 in a very narrow
temperature range. Recently developed materials such as
SigeGe, alloys used in thermoelectric generators to power
spacecrafts for deep space missions have a thermoelectric
figure of merit approximately equal to 0.5 from 300° C. to
1,000° C. )

SUMMARY OF THE INVENTION

In accordance with the present invention disadvantages
and problems associated with the previous design and prepa-
ration of materials used in the manufacture of thermoelectric
devices have been substantially reduced or eliminated. The
prescnt invention provides the ability to obtain increased
efficiency from a thermoelectric device by using materials
with a skutterudite-type crystal lattice structure and desired
thermoelectric characteristics in fabrication of the thermo-
electric device. Examples of semiconductor materials and
compounds which are satisfactory for use with the present
invention include, but are not limited to, IrSb;, RhSb,,
CoSb,, Ru, JPd, sSb,, RuSb,Te, FeSb,Te and Fe, ;Ni, ;Sb,
and alloys of these compounds.

In accordance with one aspect of the present invention,
P-type semiconductor materials are formed from alloys of
CoSb,, RhSb, or IrSb, for use in manufacturing thermo-
electric devices with substantially enhanced operating char-
acteristics and improved efficiency as compared to previous
thermoelectric devices.

In accordance with another aspect of the present
invention, P-type semiconductor materials are formed from
skutterudite phases Rug sPd, sSb;, RuSb,Te, FeSb,Te and
Fe, $Nig, sSb,. These skutterudite phases may also be used
for manufacturing thermoelectric devices with substantially
enhanced operating characteristics and improved efficiency
as compared to previous thermoelectric devices.

In accordance with another aspect of the present
invention, N-type semiconductor materials are formed from
alloys of CoSb,, RhSb; or IrSb, for use in manufacturing
thermoelectric devices with substantially enhanced operat-
ing characteristics and improved efficiency as compared to
previous thermoelectric devices. In accordance with another
aspect of the present invention, N-type semiconductor mate-
rials are formed from skutterudite phases Rug sPd, sSbs.
RuSb,Te, FeSb,Te and Fe, sNi, sSb,. These skutterudite
phases may also be used for manufacturing thermoelectric
devices with substantially enhanced operating characteris-
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tics and improved efficiency as compared to previous ther-
moelectric devices.

An important technical advantage of the present invention
includes the use of gradient freezing techniques in the
preparation of semiconductor materials such as IrSb,, RhSb,
and CoSb,. The use of gradient freeze techniques in accor-
dance with the present invention produces a large, single
crystal of semiconductor material having a skutterudite
lattice structure. A Bridgman Two-Zone furnace and a sealed
container have been modified for use in preparation of
semiconductor materials in accordance with the present
invention.

Ancther important technical advantage of the present
invention includes the use of liquid-solid phase sintering
techniques in the preparation of semiconductor materials
such as IrSb,, RhSb; and CoSb,. The use of liquid-solid
phase sintering techniques in accordance with the present
invention produces a large ingot of semiconductor material
having a skutterudite lattice structure. An isothermal furnace
and a sealed container have been modified for use in
preparation of semiconductor materials in accordance with
the present invention.

Another important technical advantage of the present
invention includes the use of powder metallurgy techniques
in the preparation of skutterudite phases Ru,<Pd, ;Sbs.
RuSb,Te, FeSb,Te and Fe, sNig sSby. The use of powder
metallurgy techniques produces a polycrystalline semicon-
ductor material having a skutterudite lattice structure.

Another aspect of the present invention includes manu-
facturing a thermoelectric device with P-type thermoelectric
elements formed from materials such as Rug sPd sSbs,
RuSb,Te, FeSb,Te, Fe, sNij sSb,, CoSb,;, RhSb; or IrSb,
and N-type thermoclectric elements formed from SigaGe,o
or alloys of bismuth (Bi), arsenic (As), antimony (Sb).
selenium (Se), and tellurium (Te), the salts of lead with
chalcogens sulphur (S), tellurium (Te) and selenium (Se).

The present invention allows the manufacture of thermo-
electric energy conversion devices such as electrical power
generators, coolers, and thermocouples or temperature
detectors with high ZT and associated increased efficiency.
By the use of semiconductor phases such as Ru, sPd, sSbs,
RuSb,Te, FeSb,Te, and Fe, <Ni, sSb,, semiconductor com-
pounds IrSb,;, RhSb; and CoSb,, and alloys of these com-
pounds which have been prepared in accordance with the
present invention, the overall efficiency of a thermoelectric
device may be substantially enhanced.

A further important technical advantage includes the use
of semiconductor materials prepared in accordance with the
present invention in the manufacture of a radioisotope
thermoelectric generator (RTG) to substantially enhance the
associated system efficiency. Such thermoelectric devices
may be used in space power systems. Other thermoelectric
devices manufactured from semiconductor materials fabri-
cated in accordance with the present invention may be used
in waste heat recovery systems, autorobiles, remote power
generators and sensors and coolers for advanced electronic
components such as field effect ransistors.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and its advantages, reference is now made to the
following description taken in conjunction with the accom-
panying drawings in which:

FIG. 1 is an isometric drawing of a thermoelectric device
which may be manufactured from materials incorporating
the present invention;
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FIG. 2 is an clectrical schematic drawing of the thermo-
electric device of FIG. 1;

FIG. 3 is an isometric representation of a skutterudite-
type crystal lattice structure associated with semiconductor
materials which have been fabricated in accordance with the
present invention;

FIG. 4 is an iridium antimony phase diagram;

FIG. 5a is a schematic drawing in elevation and in section
with portions broken away showing a Bridgman Two-Zone
furnace which may be used to prepare semiconductor mate-
rials using gradient freeze techniques in accordance with the
present invention;

FIG. 5b is a graph showing the temperature gradient
associated with growing large, single crystals of semicon-
ductor materials having a skutterudite lattice structure in
accordance with the present invention;

FIG. 6 is a schematic drawing in elevation and in section
with portions broken away showing an isothermal furnace
which may be used in preparing ingots by liquid-solid phase
sintering of semiconductor materials having a skutterudite
lattice structure in accordance with the present invention;

FIG. 7 is a graph showing typical electrical resistivity as
an inverse function of temperature associated with semicon-
ductor materials prepared in accordance with the present
invention;

FIG. 8 is a graph showing typical Hall mobility values as
an inverse function of temperature associated with semicon-
ductor materials prepared in accordance with the present
invention;

FIG. 9 is a graph showing typical Seebeck coefficients as
a function of temperature for semiconductor materials pre-
pared in accordance with the present invention;

FIG. 10 is a graph showing thermal conductivity as a
function of temperature for semiconductor materials pre-
pared in accordance with the present invention as compared
with presently available thermoelectric materials;

FIG. 11 is a graph showing the performance of a multiple
stage thermoelectric cooler fabricated in part from semicon-
ductor materials incorporating the present invention as com-
pared to a multiple stage thermoelectric cooler fabricated
from presently available semiconductor materials;

FIG. 12 is a graph showing typical electrical resistivity as
an inverse function of temperature associated with semicon-
ductor materials prepared in accordance with the present
invention;

FIG. 13 is a graph showing typical Hall mobility values
as an inverse function of temperature associated with semi-
conductor materials prepared in accordance with the present
invention;

FIG. 14 is a graph showing typical Hall carrier concen-
trations as a function of temperature for semiconductor
materials prepared in accordance with the present invention;

FIG. 15 is a graph showing typical Seebeck coefficients as
a function of temperature for semiconductor materials pre-
pared in accordance with the present invention;

FIG. 16 is a graph showing thermal conductivity as a
function of temperature for semiconductor materials pre-
pared in accordance with the present invention as compared
with presently available thermoelectric materials;

FIG. 17 illustrates possible substitutions on the cation site
to form ternary compounds from binary skutterudites;

FIG. 18 illustrates possible substitutes on the anion site to
form ternary compounds from binary skutterudites; and

FIG. 19 illustrates substitutions that can be made on both
the anion and cation sites to form ternary compounds from
binary skutterudites.
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DETAILED DESCRIPTION OF THE
INVENTION

The preferred embodiments of the present invention and
its advantages are best understood by reference to FIGS. 1
through 19 of the drawings, like numerals being used for like
corresponding parts of the various drawings.

Thermoelectric device 20, as shown in FIGS. 1 and 2,
may be manufactured from semiconductor materials and
compounds which have been prepared in accordance with
the present invention. The use of such semiconductor mate-
rials will substantially increase energy conversion efficiency.
Thermoelectric device 20. as shown, may be used as a heater
and/or a cooler. Thermoelectric device 20 is preferably
manufactured with a plurality of thermoelectric elements
(sometimes referred to as “thermocouples™) 22 disposed
between cold plate 24 and hot plate 26. Electrical power
connections 28 and 29 are provided to allow attaching
thermoelectric device 20 to an appropriate source of DC
electrical power. If thermoelectric device 20 were rede-
signed to function as an electrical power generator, electrical
connections 28 and 29 would represent the output terminals
from such a power generator operating between hot and cold
temperature sources (not shown).

FIG. 2 is a schematic representation of electrical circuit 30
associated with thermoelectric device 20. Electrical circuit
30 is also typical of electrical circuits associated with using
thermoelectric elements or thermocouples to convert heat
energy into electrical energy. Such electrical power genera-
tors may be used in waste heat recovery systems (not
shown), space power systems (not shown) and radioisotope
power generators (not shown).

Electrical circuit 30, which is typical for a single stage
thermoelectric device such as thermoelectric device 20,
generally includes two dissimilar materials such as N-type
thermoelectric elements 224 and P-type thermoelectric ele-
ments 22b. Thermoelectric elements 22 are typically
arranged in an alternating N-type element to P-type element
configuration. In many thermoelectric devices, semiconduc-
tor materials with dissimilar characteristics are connected
electrically in series and thermally in parallel.

N-type semiconductor materials have more electrons than
necessary to complete a perfect molecular lattice structure.
P-type semiconductor materials have fewer electrons than
necessary to complete a lattice structure. The ‘“missing
electrons” are sometimes referred to as “holes.” The extra
electrons in the N-type semiconductor material and the holes
in the P-type semiconductor material (hereinafter referred to
as “carriers”) are the agents, coupled with lattice vibrations
(referred to as “phonons™), which transport or move heat
energy between cold side or cold plate 24 and hot side or hot
plate 26 of thermoelectric elements 22. Ceramic materials
are frequently used in the manufacture of plates 24 and 26
which define in part the cold side and hot side, respectively,
of thermoelectric device 22,

In thermoelectric device 20, alternating thermoelectric
elements 22 of N-type and P-type semiconductor materials
have their ends connected in a serpentine fashion by elec-
trical conductors such as 32, 34 and 36. Conductors 32, 34
and 36 are typically metallizations formed on the interior
surfaces of plates 24 and 26. Commercially available ther-
moelectric coolers may include two metallized ceramic
plates with P-type and N-type eclements of bismuth telluride
alloys soldered between the ceramic plates.

When DC electrical power from power supply 38 is
applied to thermoelectric device 20 having an array of
thermoelectric elements 22, heat energy is absorbed on cold
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side 24 of thermoelectric elements 22. The heat energy
passes through thermoelectric elements 22 and is dissipated
on hot side 26. A heat sink (sometimes referred to as the “hot
sink”, mot shown) may be attached to hot plate 26 of
thermoelectric device 20 to aid in dissipating heat from
thermoelectric elements 22 to the adjacent environment. In
a similar manner a heat sink (sometimes referred to as a
“cold sink™, not shown) may be attached to cold side 24 of
thermoelectric device 20 to aid in removing heat from the
adjacent environment. Thermoelectric device 20 may some-
times be referred to as a thermoelectric cooler. However,
since thermoelectric devices are a type of heat pump,
thermoelectric device 20 may function as either a cooler,
heater, or power generator.

Semiconductor materials (sometimes referred to as “semi-
conductor compounds”) CoSb,, RhSb, and IrSb, have been
prepared in accordance with the present invention in the
form of a large, single or poly crystal with a skutterudite
lattice structure 40 as shown in FIG. 3. Additionally, poly-
crystalline phases having the skutterudite crystal lattice 40
shown in FIG. 3 such as Ru, sPd, ;Sb,, RuSb,Te, FeSb,Te
and Fe, ;Ni, ;Sb; have also been prepared. As will be
explained later in more detail, such semiconductor materials
are preferably prepared in an antimony rich environment.

The skutterudite crystal lattice structure is defined in part
by a unit cell with eight members having the formula AB,.
More generally, the skutterudite crystal lattice structure is
defined by thirty-two atomic crystallographic sites where
eight positions may be occupied by metals and twenty-four
positions may be occupied by nonmetals. The unit cell
dimension for skutterudites ranges from 7.7 to 9.4. Ang-
stroms. Skutterudite phase Ru, sPd, <Sb, has a lattice con-
stant that has been experimentally measured at 9.2944
Angstroms while phase Fe, ;Ni; .Sb; has a lattice constant
that has been experimentally measured at 9.1001 Angstroms.
Alloys having the formula Co,_, Rh,Ir Sb,. where 0=x=1
and 0=y=1 have also been prepared using the present
invention.

Skutterudite-type crystal lattice structure 40 includes a
cubic lattice of metal atoms 42. Metal atoms 42 are prefer-
ably selected from the group consisting of ruthenium,
palladium, iron, nickel, cobalt, iridium, and/or rhodium. A
four-member planary ring 44 of non-metal atoms 46 is
disposed within the cubic lattice structure. Planary rings 44
preferably include four atoms of antimony. Each metal atom
42 has six neighbor atoms 42. Non-metal atoms 46 have two
adjacent non-metal atoms 46 and two metal atoms 42. The
covalent bonding associated with skutterudite-type crystal
lattice structure 40 provides high hole mobility and low
thermal conductivity.

Semiconductor materials having skutterudite-type crystal
lattice structure 40 may be doped with selected impurities to
produce N-type thermoelectric elements 22 and P-type
thermoelectric elements 22b. For example, adding platinum
(Pt) as a doping agent with IrSb; semiconductor material
produced N-type thermoelectric elements. If desired, ther-
moelectric device 20 may be manufactured with N-type
thermoclectric elements 22b fabricated from IrSb, and
N-type thermoelectric elements 22a fabricated from previ-
ously available semiconductor materials such as alloys of
Bi, As, Sb, Te, salts of lead with chalcogen elements,
sulphur, tellurium and selenium.

Skutterudite phases Ru, sPd, sSb;, RuSb,Te. FeSb,Te
and Fe, sNi, sSb; may also be doped with selected elements
to produce N-type thermoelectric elements 22a and P-type
thermoelectric elements 22b. These phases may be doped
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with selected elements such as silicon or germanium to
produce P-type thermoelectric elements 22b. In addition, the
skutterudite phase Ru, sPd, sSb; may be made into an
N-type thermoelectric element 224 by substituting some
amount of Fe for Ru and/or some amount of Ni or Pt for Pd.
The carrier concentration of Ru, sPd, sSb; can also be
adjusted by using excess Ru and a deficit of Pd. Similarly,
the skutterudite phase Feg sNi, ;Sb; may be made into an
N-type thermoelectric element 22a by substituting some
amount of Ru for Fe and/or some amount of Pd or Pt for Ni.
The carmrier concentration of Feg sNij Sb, can also be
adjusted by using excess Fe and a deficit of Ni. Similar
substitutions can be made in other skutterudite phases. If
desired. thermoelectric device 20 may be manufactured with
P-type thermoelectric clements 22b fabricated from
Ru, sPd,, sSbs, RuSb,Te, FeSb,Te, or Fe, (Ni, ;Sb, and
N-type thermoelectric elements 224 fabricated from previ-
ously available semiconductor materials such as alloys of
Bi. As, Sb, Te, salts of lead with chalcogen elements, sulfur,
tellurium, and selenium.

Other ternary compounds can be formed such as
CoGe, <Se, 5 and CoGe, 55, ;. Such ternary compounds can
be formed by simultaneous substitution of the transition
metal (T) atom or pnicogen (Pn) atom in a binary skutteru-
dite (TPn,) by elements on the left and on the right of these
atoms in the periodic table of the elements. This substitution
results in an isoelectronic phase.

FIGS. 17-19 summarize several possible substitutions to
form termary compounds from binary skutterudites. For
example, as illustrated in FIG. 17, for substitutions on the
cation site, a ternary compound can be formed of the
formula T, sT", sPn, where T, ; may be selected from the
group consisting of Fe, Ru, and Os. T", s may be selected
from the group consisting of Ni, Pd, and Pt. Pn may be
selected from the group consisting of P, As and Sb. Known
skutterudite phases formed by such substitutions include
Feq Nig sAs;. The thermoelectric properties of this phase
were previously unknown. Newly discovered skutterudite
phases formed by such substitutions and prepared using
powder metallury techniques include Feg, ;Nij 5Sb,,
Feg sPdy 55bs,. Feo 5Pty sSby, Rug sNig 58b;, Rug ;Pd,, ;Sbs,
and Ru, sPt, sSb;,.

Alternatively, as illustrated in FIG. 18, substitutions may
also be made on the anion site to form a ternary compound
having the formula TA; (B, 5. T may be selected from the
group consisting of Co, Rh and Ir; A may be selected from
the group consisting of Si, Ge, Sn and Pb. B may be selected
from the group consisting of S, Se. and Te. Known skut-

terudite phases formed by such substitutions include-

CoGe, S, 5. CoGe, s8¢, 5, RhGe, S, 5, IrGe, S, .
IrGe, ;Se, 5. and IrSn, S, . The thermoelectric properties
of these phases were previously unknown. Newly discov-
ered skutterudite phases formed by such substitutions and
prepared using powder metallurgy techniques include
CoSn, Te, 5 and IrSn, Te; .

Finally, other substitutions may be made as illustrated in
FIG. 19. The compounds RuSb,Te and PtSnSb, contain
substitutions on both a cation site and an anion site. Thus,
skutterudite phases can be formed by substituting atoms at
the cation site, anion site, or both, so long as the valence
electron count remains constant. Known skutterudite phases
formed by such substitutions include PtSn, ,Sb, ;. The ther-
moelectric properties of this phase were previously
unknown. Newly discovered skutterudite phases formed by
such substitutions and prepared using powder metallurgy
techniques include FeSb,Se, FeSb,Te. RuSb,Se, and
RuSb,Te. These phases as well as those phases discussed in
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connection with FIGS. 17 and 18 may all be used as
semiconductors for thermoelectric devices.

Large. single crystals of semiconductor materials have
been prepared in accordance with the present invention
using both gradient freeze techniques and liquid-solid phase
sintering techniques. The phase diagram for iridium-
antimony, as shown in FIG. 4, demonstrates that growth of
the desired skutterudite-type crystal lattice structure is very
difficult. Such crystal growth is preferably initiated from a
narrow range of compositions. In addition. the liquid crystal
curve in the region forming IrSb, is relatively sharp which
further increases the difficulty of separating liquid and solid
phases during crystallization.

Depending upon the type of semiconductor material and
the relationship of cobalt, rthodium and iridium. either gra-
dient freeze techniques or liquid-solid phase sintering tech-
niques may be used to produce the desired skutterudite-type
crystal lattice structure. For some semiconductor materials
such as CoSb, and RhSb,, gradient freeze techniques have
produced the desired large, single crystal. For other semi-
conductor materials such as single phase IrSb,. liquid-solid
phase sintering techniques have produced the desired large,
single crystals.

Large, single crystals of semiconductor materials with the
desired skutterudite lattice structure 40 may be grown by
using gradient freeze techniques and furnace 50 as shown in
FIG. 5a. Furnace 50 is frequently referred to as a Bridgman
Two-Zone furnace. Furnace 50 includes housing 52 with a
first or upper heater assembly 54 and a second or lower
heater assembly 56. Housing 52 defines in part chamber 60.
Thermal baffle 58 is preferably disposed between first heater
assembly 54 and second heater assembly 56 intermediate
chamber 60. Various components which comprise furnace
50 are preferably disposed vertically within chamber 60 of
housing §2.

As shown in FIG. 54, housing 52 includes end closure 62
which seals the upper portion of chamber 60 and end closure
64 which seals the lower portion of chamber 60. Quartz rod
66 may be vertically disposed within chamber 60. Container
68 is preferably secured to one end of rod 66 adjacent to
thermal baffle 58.

The lower portion 70 of container 68 is preferably pointed
or tapered with respect to rod 66. Various types of containers
68 may be satisfactorily used with the present invention. A
sealed quartz crystal or quartz ampoule has been found
satisfactory for use with furnace §0. If desired, housing 52
and end closure 64 may be modified to allow a conveyor (not
shown) with a plurality of rods 66 and containers 68 to be
passed sequentially through furnace 50.

Elements such as Co, Rh and Sb powders which will be
formed into the desired semiconductor material using fur-
nace 50 arc preferably sealed within container 68 under a
vacuum. Pointed or tapered end 70 of container 68 is
attached to quartz rod 66 and disposed vertically within
chamber 60. Tapered end 70 and its attachment to rod 66
cooperate to maintain the desired temperature gradients in
container 68. Furnace 50 is then heated to establish the
temperature gradients 68 and 67 as shown in FIG. 5b.
Various temperature gradients may be used depending upon
the elements placed within container 68 to produce the
desired semiconductor material.

Samples of CoSb; and RhSb, were directionally crystal-
lized from nen-stoichiometric melts 72 rich in antimony.
Crystals of CoSb; and RhSb, were grown with an axial
temperature gradient of about 50° C./cm and a growth rate
about 1 mm/day. The crystals of CoSb; and RhSb, were
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approximately 10 mm long and 6 mm in diameter. The
average density of the CoSb, crystals was measured and
found to be 99.7% of the theoretical density (7.69 g/cm®).
The average density of the RhSb;, crystals was measured and
found to be 99.5% of the theoretical density (7.69 g/cm®).
Crystals of the Ir,Co, ,Sb; solid solutions were also suc-
cessfully grown by the gradient freeze technique from
antimony-rich melts in furnace 50.

Large ingots of semiconductor materials with a skutteru-
dite lattice structure may also be prepared by using liquid-
solid phase sintering techniques and furnace 80 as shown in
FIG. 6. Furnace 80 may be referred to as an isothermal
furnace as compared to furnace 50 which has two different
temperature zones. Furnace 80 includes housing 82 with
heater assembly 84 disposed therein. Housing 82 defines in
part chamber 90. Various components which comprise fur-
nace 80 are preferably vertically disposed within chamber
90 of housing 82.

As shown in FIG. 6, housing 82 includes end closure 92
which seals the upper portion of chamber 90 and end closure
94 which seals the lower portion of chamber 90. Quartz rod
66 is preferably disposed vertically within chamber 90.
Container 68 is preferably secured within chamber 90 inter-
mediate end closures 94 and 92 at approximately the mid
point of chamber 90.

The elements such as Ir. Rh, Co and Sb which will be used
to form the desired semiconductor material may be sealed
within container 68. The lower portion 70 of container 68 is
preferably pointed or tapered with respect to quartz rod 66.
The relationship of tapered end 70 with quartz rod 66
cooperate to maintain the desired temperature gradient in
container 68 during growth of the skutterudite-type crystal
structure 40. Various types of containers 68 may be satis-
factorily used with the present invention. A sealed quartz
ampoule has been found satisfactory for use with the present
invention. As previously noted for furnace 50, housing 82
and end closure 94 may be modified to allow a conveyor (not
shown) to pass a plurality of rods 66 and containers 68
sequentially through furnace 80.

Liquid-solid phase sintering techniques have been used to
prepare large, single crystals of semiconductor material
IrSb; and also some alloys of (Ir, , Rh,Co,) Sb; solid
solutions using furnace 80 and container 68. The samples
produced had good semiconducting properties including
exceptional P-type Hall mobilities as high as 7725 cm?.V~
1.5 at room temperature. The crystals were approximately
10 mm long and 6 mm in diameter.

The liquid-solid phase sintering technique used to pro-
duce IrSb; and (Ir, , ,Rh,Co,)Sb, solid solutions included
placing a first layer 98 of elemental iridium, cobalt and/or
thodium powders together with a second layer 100 of
antimony shots in a container sealed under vacuum. In the
case of the preparation of a solid solution (Ir, . Rh,Co))
Sbs. the powders of iridium, cobalt and rhodium in the
desired amount were loaded in plastic vials, mixed and
shaken in a mixer mill for about thirty minutes. The con-
tainer 68 with material layers 98 and 100 was then held
vertical and heated in furnace 80 as illustrated in FIG. 6.
Several different reaction times and temperatures were tried.
For some mixtures, the best results were obtained with a
reaction time of 24 hours at a temperature of 1000° C. Under
these conditions, the resulting crystals were the most dense.

Transport properties measurements performed on samples
of CoSb,, RhSb, and (Ir, . ,Rh,Co,)Sb; prepared using the
previously described procedures and apparatus demon-
strated excellent semiconducting and thermoelectric prop-
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erties. For example, the compounds with skutterudite crys-
tallographic structure 40 had exceptional high P-type Hall
mobilities. Room temperature values as high as 7725 cm® v~
1.s7* were measured on a RhSb, sample at a doping level of
2.4 10'%cm™. Although linked to the particular crystal
structure of this compound. this high value is also a result of
the good quality of the sample. For example. lower mobili-
ties were measured on hot-pressed RhSb, samples such as a
maximum value of 1500 cm®.V~"s7". Mobility as high as
1732 em® V™.s™! were measured on P-type CoSb, single
crystals compared to a maximum value of 290 ¢cm?. V157!
for samples prepared by other procedures. IrSb; samples
also possessed high P-type Hall mobilities as high as 1241
em?.V~'.s7! at a doping level of 7.2 10"%cm™.

Semiconductor compounds and related solid solutions
have also been prepared by sintering elemental powders of
iridium, cobalt, rhodium and antimony in various ratios.
Completion of the reaction was achieved in times as short at
six hours at a temperature of 600° C. These powders have
been successfully hot-pressed under specific conditions into
large ingots (not shown).

Powders of IrSb, compound and several compositions of
the (Ir, , Rh Co,)Sb, solid solutions were also prepared in
relatively short times (as low as six hours) by hot press
sintering elemental powders or iridium, cobalt, antimony
and thodium. Several different mixtures of elemental pow-
ders were successfully hot-pressed in a graphite die (not
shown) into dense ingots about 15 mm long and 6 mm in
diameter. The resulting compounds demonstrated desirable
thermoelectric properties.

Doping of the elemental powders can be achieved by
introducing the desired amount of dopant in the initial
powder load. By using commercially available hot presses
and graphite die containers. this process is quick, cost
effective and may be easily adapted to industrial manufac-
turing of large quantities of (Ir, .., Rh,Co,)Sb; samples of
different compositions and doping level.

Ternary skutterudite-type phases can be obtained by
simultaneous substitution of the transition-metal or pnico-
gen atom in a binary skutterudite by elements on the left and
on the right of this atom in the periodic table. The result is
an isoelectronic phase. For example, the ternary phases
CoGe, sSe, s and CoGe, ;S, s can be derived from the
binary compound CoAs,. The existence of a compound
Fe, sNi, <Sb; formed by the substitution of the Co atom by
Fe and Ni in the compounds CoSb; has also been reported
but thermoelectric properties of this phase were previously
unknown,

Skutterudite phases Rug <Pd, sSb, and Fe, sNij, <Sb; may
be prepared with powder metallurgy techniques using a
single zone isothermal furnace. For example, single phase,
polycrystalline samples of Ru, sPd, sSb; can be prepared by
direct combination of the elements. Ruthenium (99.997%).
palladium (99.9%) and antimony (99.9999%) powders are
mixed in stoichiometric ratio in a plastic vial before being
loaded and sealed in a quartz ampoule under vacuum. The
ampoule is then heated for eight days at 600° C. Next. the
product is removed from the ampoule and crushed in an
agate mortar. The mixture is then reloaded in a second quartz
ampoule, and heated for four days at 550° C. The skutteru-
dite phase Feo, sNi, <Sb; may be prepared similarly. Iron
(99.999%), nickel (99.996%) and antimony (99.9999%)
powders are mixed in stoichiometric ratio in a plastic vial
and then loaded in a quartz ampoule under vacuum. The
ampoule is then heated for four days at 750° C., the mixture
is crushed and then made subject to a second annealing for
four days at 550° C.

After synthesis of these powders, high density samples
can be prepared by hot pressing. Powders of the skutterudite
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phases Rug sPd, sSb; and Fe, sNig sSb; can be hot pressed
into cylinders approximately 6 mm in diameter and 6 mm
long. Hot pressing may be coaducted, for example, at a
pressure of about 20,000 psi and a temperature of 500° C. for
two hours.

Other skutterudite phases may also be prepared similarly
using powder metallurgy techniques. Examples of newly
discovered phases that may be prepared in this manner
include RuSb,Te, FeSb,Te, RuSb,Se. FeSb,Se,
Ru, 5Pty sSbs, Rug sNi; 5Sb,. Feg 5Pty 5Sb,. Feg sPdg s8bs.
IrSn, ;Te, 5 and CoSn, ;Te, .

Semiconductor compounds of CoSb;, RhSb, and IrSb,
with skutterudite-type crystal lattice structure prepared in
accordance with the present invention have demonstrated
the characteristics shown in the following Table I.

TABLE I
Material CoSb, RhSb, IrShy
Melting Point (°C.) 850 900 1140
Type of formation peritectic peritectic peritectic
from the melt
Structure type cubic IM3  cubic IM3 cubic IM3
Prototype CoAs, CoAs;, CoAs,
Numnber of atoms/unit 32 32 32
cell
Lattice parameter (A) 9.0347 9.2322 9.2533
Density (g - e ™) 7.69 7.96 932
Thermal expansion 6.36 107 7.28 107 6.87 10°°
coefficient (C1)
Energy bandgap (¢V) 0.5 0.8 117
Conductivity type P p p
Electrical 055 034 0.70
resistivity (m£2 - cm)
at 25° C.
Hall mobility 1732 7725 1241
(em2 - V1. g1y at 25° C.
Hall carrier con- w 65X%10'  24x10®  72x10®
centration (con ™) at
25° C.
Seebeck coefficient 150 90 110

WV - <ty at 25° C.

Semiconductor compounds of Ru, sPd, sSb, and
Fe, sNij, sSb; with skutterudite-type crystal lattice structures
prepared in accordance with the present invention have
demonstrated the characteristics shown in the following
Table 1I.

TABLE I

Material FeosNigsShby  Rug gPdosSby
Meliing Point (°C.) 729 647
Preparation method powder powder

metallurgy metallurgy
Structure type cubic (Im3) cubic (Im3)
Prototype CoAs, CoAs,
Number of atoms/unit cell 32 32
Lattice paramster (A) 9.0904 9.2960
Mass density (g - cm™) 7462 7.746
Energy bandgap (¢V) ~0.2 ~0.6
Conductivity type p p
Electrical resistivity at 1.69 1.58
25° C. (mf2m)
Hall mobility at 25° C. 27.1 374
(cm'z . v—ls—l)
Carrier concentration at 1.36 x 10%° 1.06 x 10?°
25° C. (cm™®)
Secbeck coefficient at 25° C. 137 20.1
WV -xh)
Thermal conductivity at 29.6 7.2

25° C. (mW - em™xY)

Semiconductor compounds of RuSb,Te and FeSb,Te with
skutterudite type crystal lattice structures prepared in accor-
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dance with the present invention have demonstrated the
characteristics shown in the following Table II.

TABLE III

Material RuSb, Te FeSb,Te
Melting Point (°C.) 810 556
Preparation method powder powder

metallurgy metallurgy
Structure type cubic cubic

(Im3) (Im3)

Prototype CoAs, CoAs,
Numbers of atoms/unit cell 32 32
Lattice parameter (1) 9.2681 9.1120
Mass density (g - cm™) 7.869 7.746
Energy bandgap (eV) >0.7 "0.6
Conductivity type P P
Electrical resistivity at 1.61 1.59
25° C. (mfdcm)
Hall mobility at 25° C. (cm,V~'s™!) 43.1 7.7
Carrier concentration at 9.02 x 10'? 495 x 102
25° C. (em™)
Secbeck coefficient at 16.7 54.7
25°C. (V- kY
Thermal conductivity at 33.1 232

25° C. (mW - em™x 1)

FIG. 7 is a graphical representation of typical electrical
resistivity values as a function of inverse temperature for
semiconductor compounds CoSb,. RhSb, and IrSb, having
skutterudite-type crystal lattice structure 490. FIG. 8 is a
graphical representation of typical Hall mobility values as a
function of inverse temperatures for semiconductor com-
pounds CoSb,;, RhSb, and IrSb, having skutterudite-type
crystal lattice structure 40. FIG. 9 is a graphic representation
of typical Seebeck coefficient values as a function of tem-
perature for semiconductor compounds CoSb, and IrSb,
having skutterudite-type crystal lattice structure 40.

FIG. 10 comparisons of thermal conductivity as a func-
tion of temperature for semiconductor materials IrSb, and
Ir, ,5Co, ,5Sb, prepared in accordance with the present
invention as compared with previously available thermo-
electric materjals SiGe alloys and PbTe alloys. Curves 110
and 112 show thermal conductivity measured for semicon-
ductor materials SiGe and PbTe respectively. Curves 114
and 116 are based on thermal conductivity measurements for
semiconductor materials IrSb, and Ir, ;5Co, ,5Sb; respec-
tively.

A multiple stage thermoelectric cooler (not shown) is
typically fabricated by vertically stacking two or more single
stage thermoelectric devices 20. Each ascending thermo-
electric device will have fewer thermoelectric elements or
thermocouples 22. A multiple stage thermoelectric cooler is
therefore typically pyramid shaped because the lower stage
requires more thermoelectric elements to transfer the heat
dissipated from the upper stage in addition to the heat
pumped from the object being cooled by the multiple stage
thermoelectric cooler. Field effect transistors are often
cooled from 300° C. to 125° C. by using such multiple stage
thermoelectric coolers.

P-type semiconductor material IrSb, prepared in accor-
dance with the present invention may be used to provide a
portion of thermoelectric elements 22. Currently available
N-type semiconductor materials Bi,Te; may be used to
provide another portion of thermoelectric elements 22. The
resulting combination substantially enhances the perfor-
mance of thermoclectric device 20. This combination of
P-type and N-type semiconductor materials is particularly
useful in the 100° C. to 400° C. temperature range. FIG. 11
is a graphical representation showing the increase in mul-
tiple stage thermoelectric cooler performance resulting from



5,741,728

13

the use of P-type semiconductor materials rSb,. FIG. 11
shows the coefficient of performance (COP,,,,) as a func-
tion of the number of stages in each thermoelectric cooler.

FIG. 12 is a graphical representation of typical electrical
resistivity values as a function of inverse temperature for
two samples of skutterudite phase Ru,, sPd,, sSb, prepared in
accordance with the invention and one sample of
Fe, sNi, sSb,. These phases have the skutterudite-type crys-
tal lattice structure 40.

FIG. 13 is a graphical representation of typical Hall
mobility functions as a measure of inverse temperature for
phases Ru,, JPd, sSb; and Fe,, sNi, sSb, having skutterudite-
type crystal lattice structure 40.

FIG. 14 is a graphical representation of typical Hall
carrier concentration values as a function of inverse tem-
perature for phases Ru, sPd, sSb, and Fe, sNi,, sSb, having
skutterudite-type crystal lattice structure 40. The electrical
properties show that these phases are heavily doped semi-
conductors. For example. for sample 3RPS4 of phase
Ru, ;Pd, sSb; as illustrated in FIG. 12, the electrical resis-
tivity increases with temperature up to about 560° C. and
then decreases with an activation energy of 0.25 Ev. Rela-
tively high Hall mobilities were achieved in phases pro-
duced in accordance with the teachings of the present
invention in spite of the high Hall carrier concentration
measured for the samples. The skutterudite structure favors
large Hall camrier mobility. These two phases have a more
complex structure and significantly lower decomposition
temperature than many other skutterudites such as CoSb,,
RhSb, and IrSb, and their thermal conductivity is substan-
tially lower.

FIG. 15 is a graphical representation of typical Seebeck
coefficient values as a function of temperature for skutteru-
dite phases Rug sPd, sSb; and Fey sNij, sSb,. FIG. 16 com-
pares thermal conductivity as a function of temperature for
skutterudite phase Ruy sPd, sSb; and semiconductor mate-
rial IrSb, with a previously available thermoelectric material
Bi,Te,;. A room temperature value of 8x107* W.cm™.K™*
was measured at room temperature for Ru, sPd,, sSbs, ten
times lower than typical P-type IrSb, which has the same
crystal structure but higher melting point and bandgap.

For comparison, typical thermal conductivity values of
P-type Bi,Te,-based alloys were also plotted in FIG. 16.
Lower thermal conductivity values are observed for the
phase Ru, ;Pd,, .Sb, over the entire range of temperature. As
temperature falls, the thermal conductivity of P-type Bi,Te;-
based alloys varies as 1/T. For Ru, JPd, sSb,, the thermal
conductivity decreases as for a glassy material. Most of the
crystalline materials where low thermal conductivity is
observed do not have good electrical conductivity.
Ru,, sPd,, sSb, is a unique material where low thermal con-
ductivity and good electrical resistivity are combined, mak-
ing this material an excellent candidate for low temperature
thermoelectric applications. This phase may, therefore, be
useful in the low temperature range (—200°, 225° C.).

Although the present invention has been described in
detail, it should be understood that various changes, substi-
tutions and alterations can be made herein without departing
from the spirit and the scope of the invention as defined in
the following claims.

What is claimed is:

1. A thermoelectric devices comprising:

a first material comprising a skutterudite-type crystal
lattice structure having thirty-two atomic crystallo-
graphic sites including eight metal atom sites and
twenty-four non-metal atom sites, the first material
further comprising a first amount of a first type of
dopant; and
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a second material electrically connected to the first mate-
rial and comprising a second amount of a second type
of dopant.

2. The thermoelectric device of claim 1 wherein four of

said metal atom sites are occupied by Ruthenium.

3. The thermoelectric device as defined in claim 1 wherein

four of said metal atom sites are occupied by palladium.

4. The thermoelectric device as defined in claim 1 wherein

said twenty-four non-metal atom sites are occupied by
antimony.

5. The thermoelectric device as defined in claim 1 wherein

the first material further comprises a semiconductor com-
pound having the formula:

Rug sPdy 5Sbs.

6. The thermoelectric device as defined in claim 1 wherein
the first material further comprises a semiconductor com-
pound having the formula:

Feg 5Nig 5 Sb,.

7. The thermoelectric device as defined in claim 1 wherein
the first material further comprises a semiconductor com-
pound having the formula:

CoGe, 5S¢, 5.

8. The thermoelectric device as defined in claim 1 wherein
the first material further comprises a semiconductor com-
pound having the formula:

RuSb,Te.

9. The thermoelectric device as defined in claim 1 wherein
the first material further comprises a semiconductor com-
pound having the formula:

PtSnSb,.

10. The thermoelectric device as defined in claim 1
wherein the first material further comprises a semiconductor
compound having the formula:

FeSb,Se.

11. The thermoelectric device as defined in claim 1
wherein the first material further comprises a semiconductor
compound having the formula:

FeSb,Te.

12. The thermoelectric device as defined in claim 1
wherein the first material further comprises a semiconductor
compound having the formula:

RuSb,Se.

13. The thermoelectric device as defined in claim 1
wherein the first material further comprises a semiconductor
compound having the formula:

RuSb,Te.

14. The thermoelectric device as defined in claim 1
wherein the second material comprises a material selected
from the group consisting of alloys of Bi, As, Sb, Te, salts
of lead with chalcogen elements. sulphur, tellurium and
selenium.

15. The thermoelectric device of claim 1, wherein the first

type of dopant comprises a p-type dopant.
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16. The thermoelectric device of claim 1. wherein the first
type of dopant comprises an n-type dopant.

17. The thermoelectric device of claim 1. wherein the
second type of dopant comprises a p-type dopant.

18. The thermoelectric device of claim 1. wherein the
second type of dopant comprises an n-type dopant.

19. The thermoelectric device of claim 1. wherein the
second material comprises a skutterudite-type crystal lattice
structure having thirty-two atomic crystallographic sites
including eight metal atom sites and twenty-four non-metal
atom sites.

20. The thermoelectric device of claim 1, wherein the first
material further comprises a semiconductor compound
selected from the group consisting of Ru, (Pd, sSb,,
Fe, sNi, sSb;, RuSb,Te, CoSn, ,Te; 5. PtSnSb,. FeSb,Se,
FeSb,Te, RuSb,Se. RuSb,Te, Co, , ,Rh, Ir Sb;,
IrSn, sTe, 5. FeosPdos, SbaFeg 5Pl sSba. Rug sNip 5Sbs.
and Rug sPty 5 Sba.
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21. The thermoelectric device of claim 1. wherein the first
material further comprises a semiconductor compound
selected from the group consisting of CoSb;. RhSb,, and
IrSb,.

22. A thermoelectric device comprising a first material
having the formula:

Ru0.5Pd, 55b,.

23. The thermoelectric device as defined in claim 22
wherein the first material further comprises a skutterudite-
type crystal lattice structure.

24. The thermoelectric device as defined in claim 22
further comprising a second material selected from the
group consisting of alloys of Bi. As, Sb, Te, salts of lead with
chalcogen elements, sulphur, tellurium and selenium.

* * %* * *



