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[571 ABSTRACT 

Transition metals (T) of Group VIII (Co, Rh and Ir) have 
been prepared as semiconductor alloys with Sb having the 
general formula TSb,. The skutterudite-type crystal lattice 
structure of these semiconductor alloys and their enhanced 
thermoelectric properties results in semiconductor materials 
which may be used in the fabrication of thermoelectric 
elements to substantially improve the efficiency of the 
resulting thermoelectric device. Semiconductor alloys hav- 
ing the desired skutterudite-type crystal lattice structure may 
be prepared in accordance with the present invention by 
using vertical gradient freeze techniques, liquid-solid phase 
sintering techniques, low temperature powder sintering a n d  
or hot-pressing. Measurements of electrical and thermal 
transport properties of selected semiconductor materials 
prepared in accordance with the present invention, demon- 
strated high Hall mobilities (up to 8000 cm2.V-’.s-’), good 
Seebeck coefficients (up to 400 pVK-’ between 300” C. and 
700” C.), and low thermal conductivities (as low as 15 
mW/cmK). Optimizing the transport properties of semicon- 
ductor materials prepared from elemental mixtures Co, Rh, 
Ir and Sb resulted in a two fold increase in the thermoelectric 
figure of merit (ZT) at temperatures as high as 400” C. for 
thermoelectric elements fabricated from such semiconductor 
materials. 

42 Claims, 6 Drawing Sheets 
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HIGH PERFORMANCE THERMOELECTRIC 
2 

-continued 
MATERIALS AND METHODS OF 

PREPARATION 

NOTICE 

The invention described herein was made in the pcrfor- 
mancc 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 elccted to retain title. 

RELATED PATENT APPLICATION 

This patent application is a continuation-in-part of patent 
application U.S. Ser. No. 08/101,901 filed Aug. 3, 1993 
(Attorney's Docket 17083-0118). 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to semiconductor materials having 
enhanced thermoelectric properties and preparation of such 
materials. 

BACKGROUND OF THE INVENTION 

The basic theory and operation of thermoelectric devices 
has been developed for many years. Such devices may be 
used for heating, cooling, temperature stabilization, power 
generation and temperature sensing. Modern thermoelectric 
coolers typically include an array of thermocouples which 
operate by using the Peltier effect. 

Thcrmoelectric devices are essentially heat pumps and 
power generators 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 thermoelectric devices function 
with solid state electrical components (thermocouples) as 
compared to more traditional mechanical/fluid heating and 
cooling components. The efficiency 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 dimensionless figure of merit ZT represents the 
coupling between electrical and thermal effects in a material 
and is defined as: 

ZT=S2CiTlK (1) 

where S, 0, K, and T are the Seebeck coefficient, electrical 
conductivity, thermal conductivity and absolute tempera- 
ture, respectively. The basic thermoelectric effects are the 
Seebeck and Peltier effects. The Seebeck effect is the phe- 
nomenon underlying the conversion of heat energy into 
electrical power and is used in thermoelectric power gen- 
eration. The complementary effect, the Peltier effect, is the 
phenomenon used in thermoelectric refrigeration and is 
related to heat absorption accompanying the passage of 
current through the junction of two dissimilar materials. 

The ZT may also be stated by the equation: 

s1T 
P" 

Z T = -  

p = electrical resistivity 
cs = electrical conductivity 

1 
electrical resistivity electrical conductivity = 

or 

1 
5 P 

(T=-  

Thermoelectric materials such as alloys of Bi,Te,, PbTe 
and BiSb were developed thirty to forty years ago. Semi- 
conductor alloys such as SiGe have also been used in the 

io fabrication of thermoelectric devices. Commercially avail- 
able thermoelectric materials are generally limited to use in 
a temperature range between 200" K. and 1300" K. with a 
maximum ZT value of approximately one. The efficiency of 
such thermoelectric devices remains relatively low at 

15 approximately five to eight percent (5-8%) energy conver- 
sion efficiency. For the temperature range of -100" C. to 
+1000" C., maximum ZT of current state of the art thermo- 
electric materials remains limited to values of approximately 
1, except for Te-Ag-Ge-Sb alloys (TAGS) which may 

20 achieve a ZT of 1.2 in a very narrow temperature range. 
Thermoelectric materials such as Si,,Ge,, alloys used in 
thermoelectric generators to power spacecrafts for deep 
space missions have a ZT approximately equal to 0.7 from 
300" C. to 1,000' C. 

25 

SUMMARY OF THE INVENTION 

In accordance with the present invention disadvantages 
and problems associated with the previous design and prepa- 

30 ration of materials used in the manufacture of thermoelectric 
devices have been substantially reduced or eliminated. The 
present invention provides the ability to obtain increased 
efficiency from a thermoelectric device by using materials 
with a skutterudite-type crystal lattice structure and desired 

35 thermoelectric properties in fabrication of the thermoelectric 
device. Examples of semiconductor materials and alloys 
which are satisfactory for use with the present invention 
include, but are not limited to, IrSb,, RhSb,, CoSb,, Cole 
x-yRhJrySb, wherein 0 5 x S l  and 0 5 ~ 5 1  and related 

In accordance with one aspect of the present invention, 
P-type semiconductor materials are formed from alloys of 
CoSb,, RhSb,, IrSb, or Col,.,,RhJrySb, for use in manu- 
facturing thermoelectric devices with substantially enhanced 

45 operating characteristics and improved efficiency as com- 
pared to previous thermoelectric devices. 

In accordance with another aspect of the present inven- 
tion, N-type semiconductor materials are formed from alloys 
of CoSb,, RhSb,, IrSb, or Co,,.,,RhJrySb, for use in 
manufacturing thermoelectric devices with substantially 
enhanced operating characteristics and improved efficiency 
as compared to previous thermoelectric devices. 

An important technical advantage of the present invention 
55 includes the use of gradient freeze techniques in the prepa- 

ration of semiconductor materials such as IrSb,, RhSb, and 
CoSb,. The use of gradient freeze techniques in accordance 
with the present invention produces a large, single crystal of 
semiconductor alloys having a skutterudite lattice structure. 

60 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. 

Another important technical advantage of the present 
invention includes the use of liquid-solid phase sintering 

65 techniques in the preparation of semiconductor materials 
such as IrSb,, RhSb,, CoSb, and Co,,$hJrySb,. The use 
of liquid-solid phase sintering techniques in accordance with 

40 alloys. 

50 
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thc prcscnt invcntion produces large, polycrystalline ingots 
of scmiconductor alloys having a skutterudite lattice struc- 
ture. An isothermal fumacc and a sealcd containcr have hcen 
modified for use in preparation of scmiconductor alloys in 
accordance with the prescnt invcntion. 

A further important technical advantage of thc present 
invention includes the usc of low temperaturc powder sin- 
tering and/or hot pressing in thc preparation of scmiconduc- 
tor alloys such as IrSb,, and Co,.,.,RhJr,,Sb,. The use of 
powder sintering and/or hot pressing in accordance with the 
present invention produces large polycrystalline pellets oi 
semiconductor alloys having a skutterudite lattice structure. 

Another aspect of the present invention includes manu- 
facturing a thermoelectric device with P-typc thermoelectric 
elements formed from materials such as CoSb,, RhSb,, 
IrSb, or Co,.,.,RhJr,,Sb, and N-type thermoelectric ele- 
mcnts formed from Bi-Sb alloys, Bi,Te, based alloys, PbTe 
based alloys, P-FeSi, based alloys, Ga,.Jn,Sb based alloys, 
or SiGc alloys. 

The present invention allows the manufacture of thermo- 
electric energy conversion devices such as electrical power 
generators, heaters, coolers, thermocouples and temperature 
sensors with high ZT and associated increased efficiency. By 
using semiconductor alloys such as IrSb,, RhSb,, CoSb,, 
Co,.,,Rh,Ir,,Sb, and related alloys which have been pre- 
pared in accordance with the present invention, the overall 
cfficiency of a thermoelectric device may be substantially 
enhanced. Thermoelectric elements fabricated from semi- 
conductor materials such as IrSb,, RhSb,, CoSb,, and 
Co, ,,Rh,Ir,,Sb, with skutterudite-type crystal lattice struc- 
tures have demonstrated a ZT of 2. 

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

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; 

FIG. 2 is a schematic drawing of the electrical circuit 
associated with the thermoelectric device of FIG. 1; 

FIG. 2a is a schematic drawing of an electrical circuit 
associated with the thermoelectric device of FIG. 1 func- 
tioning as a cooler; 

FIG. 2b is a schematic drawing of an electrical circuit 
associated with the thermoelectric device of FIG. 1 func- 
tioning as a heat pump; 

FIG. 2c is a schematic drawing of an electrical circuit 
associatcd with the thermoelectric device of FIG. 1 func- 
tioning as a power generator; 

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 scction 

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 
prcscnt 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 

FIG. 6 is a schematic drawing in elevation and in section 
with portions broken away showing an isothermal furnace 
which may be used during liquid solid phase sintering to 

15 prepare large polycrystalline ingots of semiconductor mate- 
rials having a skutterudite lattice structure in accordance 
with the present invention; 

FIG. 7 is a graph showing typical electrical resistivity 
values as an inverse function of temperature associated with 

20 semiconductor 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 

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 
30 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 ZT as a function of 
35 temperature for P-type semiconductor materials prepared in 

accordance with the present invention as compared with the 
ZT of previously available P-type semiconductor materials; 
and 

FIG. 12 is a graph showing the calculated performance of 
40 a multiple stage thermoelectric cooler fabricated in part from 

semiconductor materials incorporating the present invention 
as compared to a multiple stage thermoelectric cooler fab- 
ricated from previously available semiconductor materials; 

FIG. 13 is a schematic representation of a hybrid thermi- 
45 onic-thermoelectric power generator which may be manu- 

factured with thermoelectric materials incorporating the 
present invention; and 

FIG. 14 is a schematic representation of an actual radio- 
isotope thermoelectric power generator which may be manu- 

50 factured with thermoelectric materials incorporating the 
present invention. 

5 

lo accordance with the present invention; 

25 invention; 

DETAILED DESCRIPTION OF THE 
55 INVENTION 

The preferred embodiments of the present invention and 
its advantages are best understood by reference to FIGS. 1 
through 14 of the drawings, like numerals being used for like 

60 and corresponding parts of the various drawings. 
Thermoelectric device 20, as shown in FIGS. 1 and 2, 

may be manufactured from semiconductor materials and 
alloys which have been prepared in accordance with the 
present invention. The use of such semiconductor materials 

65 will substantially increase the energy conversion efficiency 
of thermoelectric device 20. Thermoelectric device 20 may 
be used as a heater andor a cooler. 
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Thermoelectric device 20 is prererably manufactured with a similar manner a heat sink (somctirnes referred to as a 
a plurality of thermoelectric elements (sometimcs referred to “cold sink”, not shown) may be attachcd to cold side 24 of 
as “thcrmocouplcs”) 22 disposed bctween cold platc 24 and thermoelectric device 20 to aid in removing heat from the 
hot platc 26. Ceramic rnatcrials are frcqucntly used in the adjacent environment. 
manufacture of plates 24 and 26 which define in part the cold Thermoelectric device 20 may sometimes be referred to 
sidc and hot sidc, rcspectively, of thermoelectric device 20. as a thermoelectric cooler. However, since thermoelectric 

Elcctrical power connections 28 and 29 are provided to devices are a type of heat pump, thermoelectric device 20 
allow attaching thermoelectric device 20 to an appropriate may be designed to function as either a cooler, heater, or 
sourcc of DC electrical power. If thermoelectric device 20 power generator. FIGS. 2a 2b and 2c are schematic repre- 
was rcdcsigned to function as an electrical power generator, 10 sentations showing these alternative uses for thermoelectric 
clcctrical connections 28 and 29 would represent the output device 20. In FIG. 2a thermoelectric elements 22 and the 
terminals from such a power generator operating between electrical circuit 30a have been configured to allow thermo- 
hot and cold temperature sources (not shown). Such elec- electric device 20 to function as a cooler similar to circuit 30 
trical power gcnerators may be used for various applications shown in FIG. 2. FIG. 2b demonstrates that changing the 
such as waste hcat recovery systems (not shown), space 15 position of switch 39 allows essentially the same electrical 
power systcm 200 and radioisotope thermoelectric power circuit 30a to convert thermoelectric device 20 from a cooler 
gcncrator 300. to a heater. In FIG. 2c thermoelectric device 20 and electric 

FIG. 2 is a schematic representation of electrical circuit 30 circuit 20a are configured to Produce electricity by Placing 
associated with thermoelectric device 20. Electrical circuit thermoelectric device 20 between a source O f  high tempera- 
30 is typical of electrical circuits associated with using 2o ture (not shown) and a source of low temperature (not 
thermoelectric elements or thermocouples 22 for heating shown). 
and/or cooling. Electrical circuit 30, which is typical for a Semiconductor materials (sometimes referred to as “semi- 
singlc stage thermoelectric device such as thermoelectric conductor alloys”) CoSb,, RhSb,, IrSb, and C0~-~-,,€2h~- 
device 20, generally includes two dissimilar materials such IrySb, have been prepared in accordance with the present 
as N-type thermoelectric elements 22a and P-type thermo- 25 invention in the form of large, single crystals and polycrys- 
electric elements 22b. Thermoelectric elements 22 are typi- talline ingots with skutterudite crystal lattice structure 40 as 
cally arranged in an alternating N-type element to P-type shown in FIG. 3. A typical skutterudite crystal lattice struc- 
element configuration. In many thermoelectric devices, ture is defined in part by a unit cell with eight members 
semiconductor materials with dissimilar characteristics are having the formula AB,. A may be selected from the group 
connected clectrically in series and thermally in parallel. 30 consisting of Co, Rh and Ir. B may be Sb. Alloys of these 

A common property of semiconductor materials is that elements having the formula CO1,-,,€2h>~Sb3, where 
electricity can be conducted by two type of carriers: elec- 0 5 x 5 1  and o s Y s 1 ,  have also been Prepared using the 
trons in N-type materials and holes in P-type materials. In a Present ir~ventiOn. 
crystal, when onc atom is replaced by another atom with 35 Skutterudite-type crystal lattice structure 40 includes a 
more valence electrons, the extra electrons are not needed cubic lattice of metal atoms 42. Metal atoms 42 are prefer- 
for bonding and are free to move throughout the crystal. This ably selected from the group consisting of cobalt, iridium, 
type of electrical conduction is called n-type. However, and/or rhodium. A four-member plenary ring 44 of non- 
when an atom is replaced by another atom with fewer metal atoms 46 is disposed within the cubic lattice structure. 
electrons, a bond is left vacant and this shortage is referred 4o Each plenary ring 44 preferably includes four atoms of 
to as a hole. This type of electrical conduction is called antimony. Each metal atom 42 has six neighbor atoms 42. 
P-type. Thc extra electrons in the N-type semiconductor Non-metal atoms 46 have two adjacent nonmetal atoms 46 
materials and the extra holes in the P-type semiconductor and two metal atoms 42. The covalent bonding associated 
materials arc frequently referred to as “charge carriers.” with skutterudite-type crystal lattice structure 40 provides 
Heat may be conducted between cold side (or cold plate 24) 45 high hole mobility. The complex structure and heavy atoms 
and hot side (or hot plate 26) of thermoelectric elements 22 associated with skutterudite-type crystals also result in low 
by charge carriers (electron or holes) and vibrations of the thermal conductivity. 
crystal lattice structure. Such lattice vibrations are referred Semiconductor materials having skutterudite-type crystal 
to as “phonons”. lattice structure 40 may be doped with selected impurities to 

In thermoelectric device 20, alternating thermoelectric 50 produce N-type thermoelectric elements 22a and P-type 
elcments 22 of N-type and P-type semiconductor materials thermoelectric elements 22b. By optimizing the doping 
have their ends connected in a serpentine fashion by elec- level, IrSb, semiconductor alloys may be used to produce 
trical conductors such as 32, 34 and 36. Conductors 32, 34 P-type thermoelectric elements having a ZT of approxi- 
and 36 are typically metallizations formed on the interior mately two at a temperature of 400” C. If desired, thermo- 
surfaces of plates 24 and 26. Commercially available ther- 55 electric device 20 may be manufactured with P-type ther- 
moelectric coolers frequently include two metallized moelectric elements 22b fabricated from IrSb, and N-type 
ceramic plates with P-type and N-type elements of bismuth thermoelectric elements 22a fabricated from previously 
teliuridc alloys soldered between the ceramic plates. available semiconductor materials such as Bi-Sb alloys, 

When DC electrical power from power supply 38 is BizTe, based alloys, PbTe based alloys, P-FeSiz based 
applied to thermoelectric device 20 having an array of 60 alloys, Gai-&LSb based alloys, and SiGe alloys 
thermoelectric elements 22, heat energy is absorbed on cold Large, single crystals of semiconductor alloys have been 
sidc 24 of thermoelectric elements 22. The heat energy prepared in accordance with the present invention using 
passes through thermoelectric elements 22 and is dissipated gradient freeze techniques. Liquid-solid phase sintering 
on hot side 26. A heat sink (sometimes referred to as the “hot techniques have been used to prepare large, polycrystalline 
sink”, not shown) may be attached to hot plate 26 of 65 ingots of semiconductor alloys in accordance with the 
thermoelectric device 20 to aid in dissipating heat from present invention. The phase diagram for iridium-antimony, 
thermoelectric elements 22 to the adjacent environment. In as shown in FIG. 4, demonstrates that IrSb, with the desired 

5 
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skuttcruditc-typc crystal latticc structurc is very diflicult to 66 and disposed vertically within chamber 60. Tapered end 
obtain. Crystal growth is prcfcrably initiatcd from a narrow 70 and its attachment to rod 66 cooperate to maintain the 
rangc of compositions. In addition, thc liquidus curvc in desired temperature gradients in container 68. Furnace 50 is 
antimony rich rcgion forming IrSb, is relatively sharp which then heated to establish thc dcsired temperature gradicnt 69 
further increases thc difficulty of separating liquid and solid 5 and controllcd cooling 67 as shown in FIG. 5b. Various 
phases during crystallization. temperature gradients may be used depending upon the 

Depending upon the desired composition of the semicon- elements placed within container 68 to produce the desired 
ductor materials either gradient freeze tcchniques, liquid- semiconductor alloy. 
solid phasc sintcring techniques, and low temperature pow- For one embodiment of the present invention samples of 
der sintering with Or without hot Pressing may be used to io CoSb, and RhSb, were directionally crystallized from non- 
produce semiconductor alloys with the desired skutteruditc- stoichiometric melt 72 rich in antimony. Crystals of CoSb, 
type Crystal lattice structurc. For some semiconductor maLC- and RhSb, Were grown with an axial temperature gradient of 
r i a l s  such as CoSb3, RhSb,, and Co1.~.,~Rhx1r~Sb3 gradient about SO" C./cm and a growth rate about 1 mm/day. The 
freeze techniques have produced the desired large, single crystals of CoSb, and RhSb, were approximately 10 m 
crystal. Crystal growth by gradient freeze techniques is 15 long and 6 mm in diameter. The average density of the 
preferably initiated from non-stoichiometric (antimony rich) CoSb, crystals was measured and found to be 99.7% of the 
melts based on the liquid-solid Phase diagram associated theoretical density (7.69 g/cm3). The average density of the 
with the elements which will comprise the resulting S C r n -  RhSb, crystals was measured and found to be 99.5% of the 
conductor materials. theoretical density (7.96 g/cm3). Crystals of the Ir,Co,.,Sb, 

For other semiconductor materials such as singlc phase 20 solid solutions were also successfully grown by gradient 
IrSb, and Co,.,.~Rh,Ir,,Sb,, liquid-solid phase sintering freeze techniques from antimony-rich melts in furnace 50. 
techniques have produced the desired large, polycrystalline The samples produced had good semiconducting properties 
ingots. Semiconductor alloys such as IrSb, and Co1.,.,,RhX- including exceptional P-type Hall mobilities as high as 8000 
Ir,Sb, have been produced using low temperature powder cm2.V-'.s-' at room temperature. 
sintcnng and/or hot pressing. Liquid-solid phase sintering, 25 Large polycrystalline ingots or semiconductor materials 
low temperature Powder Sintering, and hot Pressing are with a skutterudite lattice structure may also be prepared by 
preferably conducted in an isothermal furnace starting from using liquid-solid phase sintering techniques and furnace 80 
an elemental mixture (TSb,) of the desired elements close to as shown in FIG, 6. Furnace 80 may be referred to as an 
stoichiometry (+2 atomic %). isothermal furnace as compared to furnace 50 which has two 

Liquid-solid phase sintering may be satisfactorily per- 30 different temperature zones. Furnace 80 includes housing 82 
formed with powders of Co, Rh, Ir, and shots of Sb. Low with heater assembly 84 disposed therein. Housing 82 
temperature powder sintering process is preferably initiated defines in part chamber 90. Various components which 
with powders of Co, Ir, and Sb. For some application comprise furnace 80 are preferably vertically disposed 
powders of IrSb, and Co,.,,Rh&-,Sb, may also be synthe- within chamber 90 of housing 82. 
Sized into h e  PolYWStalline Pellets. Hot Pressing may be 35 As shown in FIG. 6, housing 82 includes end closure 92 
included as Part of the low temperature Provider entering which seals the upper portion of chamber 90 and end closure 
process. 94 which seals the lower portion of chamber 90. Quartz rod 

Large, single crystals of semiconductor alloys with the 66 is preferably disposed vertically within chamber 90. 
dcsired skutterudite lattice structure 40 may be grown by Container 68 is preferably secured within chamber 90 inter- 
using gradient freeze techniques and furnace 50 as shown in 40 mediate end closures 94 and 92 at approximately the mid 
FIG. 5u. Furnace 50, frequently referred to as a Bridgman point of chamber 90. For one embodiment of the present 
Two-Zone furnace, includes housing 52 with a first or upper invention vibrating rod 66 improved the yield of the sinter- 
heater assembly 54 and a second or lower heater assembly ing technique. 
56. Housing 52 defines in part chamber 60. Thermal baffle The elements such as Ir, Rh, Co and Sb which will be used 
58 is preferably disposed between first heater assembly 54 45 to form the desired semiconductor material may be sealed 
and second heater assembly 56 intermediate chamber 60. within container 68. n e  lower portion 70 of container 68 
various components which comprise furnace 50 are Prefer- may be pointed or tapered with respect to quartz rod 66. For 
ably disposed vertically within chamber 60 of housing 52. some applications container 68 may have a relatively flat 

As shown in FIG. 5u, housing 52 includes end closure 62 5o lower portion 70. The relationship of lower portion 70 with 
which seals the upper portion of chamber 60 and end closure quartz rod 66 cooperate to maintain the desired temperature 
64 which seals the lower portion of chamber 60. Quartz rod in container 68 during preparation of the skutterudite-type 
66 may be vertically disposed within chamber 60. Container crystal structure 40. Various types of containers 68 may be 
68 is preferably secured to one end of rod 66 adjacent to satisfactorily used with the present invention. A sealed 
thermal bafne 58. 55 quartz crystal or crystal ampoule has been found satisfactory 

The lower portion 70 of container 68 is preferably pointed for use with the present invention. AS previously noted for 
or tapered with respect to rod 66. Various types of containers f m ~ a c e  503 housing 82 and end closure 94 may be modified 
68 may be satisfactorily used with the present invention. A to allow a conveyor (not Shown) to Pass a Plurality of rods 
sealed quartz ampoule has been found satisfactory for use 66 and containers 68 sequentially through furnace 80. 
with furnace 50. If desired, housing 52 and end closure 64 60 Liquid-solid phase sintering techniques have been used to 
may be modified to allow a conveyor (not shown) with a prepare large, polycrystalline ingots of semiconductor mate- 
plurality of rods 66 and containers 68 to pass sequentially rial IrSb, and also some alloys of (Ir,.,.,,Rh,CO,,)Sb, solid 
through furnace 50. solutions using furnace 80 and container 68. The ingots were 

Elements such as Co, Rh and Sb powders which will form approximately 10 mm 10% and 6 mm in diameter. 
the desired semiconductor alloy using furnace 50 are pref- 65 The liquid-solid phase sintering technique used to pro- 
erably sealed within container 68 under a vacuum. Pointed duce IrSb, and (Ir,.,,,RhxCO,,)Sb, solid solutions included 
or tapered end 70 of container 68 is attached to quartz rod placing a first layer 98 of elemental iridium, cobalt and/or 
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rhodium powders together with a second layer 100 of 
antimony shots in container 68 sealed under vacuum. In the 
casc of the preparation of a solid solution (Irl.x.,,Rhx- 
CO,)Sb,, the powdcrs of iridium, cobalt and rhodium in the 
desired ratio wcrc loaded in plastic vials, mixed and shaken 
in a mixer mill (not shown) for about thirty minutes. 
Container 68 with material layers 98 and 100 was then 
positioned vertically and heated in furnace 80 as illustrated 
in FIG. 6. Several diEerent reaction times and temperatures 
wcrc tried. For somc mixtures, the best results were obtained 
with a reaction time of 24 hours at a temperature of 1000" 
C. Undcr thesc conditions, the resulting ingots 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- 
stratcd excellent semiconducting and thermoelectric prop- 
erties. For example, the alloys with skutterudite-type crystal 
lattice structurc 40 had exceptional high P-type Hall mobili- 
ties. Room temperature values as high as 7725 cm2.V-'.s-' 
were mcasurcd on a RhSb, sample at a doping level of 2.4 
IO" cm-,. Although linked to the particular crystal structure 
of this alloy, this high value is also a result of the good 
quality of the sample. For example, lower mobilities were 
measured on hot-pressed RhSb, samples such as a maxi- 
mum valuc of 1500 cm2.V-'.s-'. Mobility as high as 1732 
cm2.V-'.s-' were measured on P-type CoSb, single crystals 
compared to a maximum value of 290 cm*.V-'.s-' for 
samples prepared by other procedures. IrSb, samples also 
possessed high P-type Hall mobilities as high as 1241 
cm2.V-'.s-' at a doping level of 7.2 10'' cm-,. 

Semiconductor alloys and related solid solutions have 
also been prepared by low temperature powder sintering of 
iridium, cobalt, rhodium and antimony in ratios close to 
stoichiometry (32 atomic %). Completion of the reaction 
was achieved in times as short as six hours at a temperature 
of 600" C. The resulting powders of IrSb, alloy and several 
compositions of the (Ir,.,.,.Rh,CO,)Sb, solid solutions were 
placed in a graphite die container and subjected to hot 
pressing of the alloy powders to form the desired polycrys- 
talline pellets. The hot pressing was typically conducted for 
at least 30 minutes at a temperature of at least 650" C. 

These same elemental powders of iridium, cobalt, anti- 
mony and rhodium have also been successfully hot-pressed 
under specific conditions into large pellets (not shown). 
Several different mixtures of elemental powders were suc- 
cessfully hot-pressed in a graphite die (not shown) into 
dense polycrystalline pellets about 15 mm long and 6 mm in 
diameter. The resulting alloys demonstrated exceptional 
thermoelectric properties. Hot pressing was typically per- 
formed for six hours at 800" C. 

Doping of elemental and alloyed 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 manufae- 
turing of large quantities of (Irl-x$hxCO,,) Sb, samples of 
different compositions and doping level. 

Semiconductor alloys of CoSb,, RhSb, and IrSb, with 
skutterudite-type crystal lattice structure 40 prepared in 
accordance with the present invention have demonstrated 
the characteristics shown in the following Table I. 

10 

TABLE I 

Material CoSb, RhSb, IrSb, 
~~~~~ 

5 Melting Point (C.) 
Type of formation 
from the melt 
Structure type 
Prototype 
Number of 

10 atomstunit cell 
Lattice parameter 

Density (g . cm-,) 
Thermal expansion 
coefficient (C.-') 

(A) 

15 Energy bandgap 
(eV) , ,  

Conductivity type 
Electrical 
resistivity 
(1162' cm) at 25 C. 
Hall mobility 

20 (cm2 . V-' s-l) at 
2s c. 
Hall canier 
concentration 
(ern-,) at 25 C. 
Seebeck 

(pV . K.-' at 25 C. 
25 coe5cient 

850 
peritectic 

cubic 
CoAs, 
32 

9.0347 

7.69 
13.46 x 

0.5 

P 
O S 5  

1732 

6.5 x 10" 

150 

900 
peritectic 

cubic 
CoAs, 
32 

9.2322 

7.96 
12.7 x 

-0.9 

P 
0.34 

7725 

2.4 x 10" 

-80 

1140 
peritectic 

cubic 
CoAs, 
32 

9.2533 

9.32 
7.96 x 

1.17 

P 
0.70 

1241 

7.2 x 10" 

250 

FIG. 7 is a graphical representation of typical electrical 
resistivity values as a function of inverse temperature for 

30 semiconductor alloys CoSb,, RhSb, and IrSb, having skut- 
terudite-type crystal lattice structure 40. FIG. 8 is a graphical 
representation of typical Hall mobility values as a function 
of inverse temperatures for semiconductor alloys CoSb,, 
RhSb, and IrSb, having skutterudite-type crystal lattice 

35 structure 40. FIG. 9 is a graphic representation of typical 
Seebeck coefficient values as a function of temperature for 
semiconductor alloys CoSb, and IrSb, having skutterudite- 
type crystal lattice structure 40. 

FIG. 10 shows comparisons of thermal conductivity as a 
40 function of temperature for semiconductor materials IrSb, 

and Iro~75Coo~25Sb3 prepared in accordance with the present 
invention as compared with previously available thermo- 
electric materials SiGe alloys and PbTe alloys. Curves 110 
and 112 show thermal conductivity measured for SiGe 

45 alloys and PbTe based alloys respectively. Curves 114 and 
116 are based on thermal conductivity measurements for 
semiconductor materials IrSb, and Iro,75Coo.25Sb3 respec- 
tively prepared in accordance with the present invention. 

FIG. 11 is a graph showing various values of ZT as a 
50 function of temperature for three samples (132a, 132b and 

132c) of semiconductor material IrSb, with different P-type 
doping levels. FIG. 11 also contains a graphical represen- 
tation of ZT for previously available P-type thermoelectric 
materials. Ni, Pd, Pt, Te, Se. Cu, Ag and Au have been found 

55 to be satisfactory doping impurities for use with semicon- 
ductor alloys prepared in accordance with the present inven- 
tion. Excess amounts of Sb andor Ir have also been found 
to result in substantial changes in canier concentration for 
use with the present invention. 

Multiple stage thermoelectric coolers (not shown) are 
typically fabricated by vertically stacking two or more single 
stage thermoelectric devices. Each ascending thermoelectric 
device will have fewer thermoelectric elements or thermo- 
couples. A multiple stage thermoelectric cooler is therefore 

65 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 

60 
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object being cooled by thc multiple stage thermoclcctric 
coolcr. Field effcct transistors operating at high tempcrature 
are desirablc and may be coolcd from 300" C. to 125" C. by 
using such multiple stage thcrmoelectric coolers having 
thcrmoclcctric clements fabricated in accordance with the 
prcscnt invention. 

P-type scmiconductor material IrSb, prepared in accor- 
dance with the prcscnt invention may be used to provide a 
portion of thc thermoclcctric clements in a multiplc stage 
thermoelectric cooler. Currently available N-type semicon- 
ductor materials such as Bi,Tc, or any other suitable N-type 
semiconductor material may be used to provide another 
portion of thc thcrmoelectric elements. The resulting com- 
bination substantially enhances the performance of the ther- 
moelectric device. This combination of P-type and N-type 
semiconductor materials is particularly useful in the 100" C. 
to 400" C. temperature range. FIG. 12 is a graphical reprc- 
sentation showing the increase in multiple stage thermoelec- 
tric cooler performance resulting from the use of P-type 
semiconductor materials IrSb,. FIG. 12 shows the cocffi- 
cicnt of performance (COP,,,,,,,) as a function of the number 
of stages in each thermoelectric cooler. 

A two stage hybrid thermionic-thermoelectric generator 
200 is shown in FIG. 13. Generator 200 preferably includes 
protective housing 202 with a general purpose heat source 
204 disposed therein. Thermionic device 206 is disposed 
adjacent to heat source 204. Thermoelectric device 220 may 
be placed adjacent to thermionic device 206. Thermoelectric 
device 220 will preferably include one or more thermoelec- 
tric elements (not shown) which have been fabricated from 
thermoelectric alloys in accordance with the present inven- 
tion. One or more fin type radiators 208 arc disposed on the 
exterior of housing 202. Radiator 208 cooperates with heat 
sourcc 204 to establish a temperature gradient across ther- 
mionic devicc 206 and thermoelectric device 220. By using 
thermoelectric elements fabricated in accordance with the 
present invention, the energy conversion efficiency of ther- 
moelectric device 220 is substantially enhanced. Also, single 
stage thermoelectric devices can be manufactured from 
thermoelectric elements fabricated in accordance with the 
present invention to improve the overall design feasibility of 
hybrid thermionidthermoelectric generators. 

Radioisotope thermoelectric generator 300 is shown in 
FIG. 14. Radioisotope thermoelectric generator 300 is used 
to convert nuclear energy to electrical energy. The principle 
components of radioisotope thermoelectric generator 300 
include supporting structure 302, a plurality of general 
purpose heat sources (radioactive material) 304, a plurality 
of thermoelectric devices 320 and cooling assembly 308. 
Thermoelectric devices 320 are preferably manufactured 
from thermoelectric alloys which have been fabricated in 
accordance with the present invention. Cooling assembly 
308 cooperates with heat sources 304 to establish the desired 
temperature gradient across thermoelectric device 320 and 
to produce electrical power as a result of the temperature 
difference between heat source 304 and cooling assembly 
308. A plurality of fins 310 are used to dissipate heat energy 
to the surrounding environment. Generators 200 and 300 are 
particularly beneficial for use in space exploration activities. 

Although the present invention has been described in 
detail, it should be understood that various changes, substi- 

5 

10 

15 

20 

25 

30 

35 

10 

45 

50 

55 

60 

65 

12 
tutions and alterations can be made herein without departing 
from thc spirit and thc scopc of thc invention as defined in 
thc following claims. 

What is claimed is: 
1. A thcrmoelectric device having a plurality of thermo- 

electric elements with at least one of thc thermoelectric 
elements comprising a first material having a skuttcrudite- 
typc crystal lattice structure with a unit cell of eight groups 
of AB, wherein A comprises a metal atom and B comprises 
a non-mctal atom. 

2. The thermoclectric device as defined in claim 1 wherein 
the first material further comprises IrSb,. 

3. The thermoelectric device as defined in claim 1 wherein 
the first material further comprises CoSb,. 

4. The thermoelectric device as defined in claim 1 wherein 
the first material further comprises RhSb,. 

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

Co , .,.,Rh,Ir,Sb, 

wherein 0 5 x 5 1  and 0 5 ~ 5 1 .  
6. A thcrmoelectric device comprising: 
a first material having a skutterudite-type crystal lattice 

structure with a unit cell of eight groups of AB, 
wherein A comprises a metal atom and B comprises a 
non-metal atom; and 

a second material selected from the group consisting of 
Bi-Sb alloys, Bi,Te, based alloys, PbTe based alloys, 
P-FeSi, based alloys, Ga,.,In,Sb based alloys, and 
SiGe alloys. 

7. A thermoelectric device having a plurality of thermo- 
electric elements with at least one of the thermoelectric 
elements comprising a first material having the formula: 

Coi.,.@AYSb, 

wherein 0 5 x 5 1  and 0 5 ~ 5 1 .  
8. The thermoelectric device as defined in claim 7 wherein 

the first material further comprises a skutterudite-type crys- 
tal lattice structure. 

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

wherein 0 5 x 5 1  and 0 5 ~ 5 1 ;  and 
a second material selected from the group consisting of 

Bi-Sb alloys, Bi,Te, based alloys, PbTe based alloys, 
P-FeSi, based alloys, Ga,.Jn,Sb based alloys, and 
SiGe alloys. 

10. A thermoelectric device having a plurality of thermo- 
electric elements formed from at least two different types of 
semiconductor materials comprising: 

a portion of the thermoelectric elements formed from 
P-type semiconductor material having a skutterudite- 
type crystal lattice structure; and 

the P-type semiconductor material having the formula: 

wherein 0 5 x 5 1  and 0 5 y S l .  
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11. Thc thcrmoclcctric device as defined in claim 10 
furthcr comprising anothcr portion of thc thcrmoelectric 
clcmcnts rormed from N-type semiconductor material 
sclcctcd from the group consisting of Bi-Sb alloys, Bi,Te, 
based alloys, PbTe based aIlOYS, P-FeSi, based alloys, 5 
Ga,.,In,Sb based alloys, and SiGe alloys. 

12. Apparatus using gradient freeze techniques to Prepare 
a scmiconductor alloy for use in fabricating thermoelectric 
clcmcnts comprising: 

a Furnace defined in part by a housing having a chamber 

thc first heater disposed within the chamber above the 

a thermal baffle disposed within the chamber between the 

a container disposed within the chamber with the con- 

a plurality of elemental materials disposed within the 

elemental material layer disposed above the first mate- 
rial laycr; and 

the first elemental material layer selected from the group 
consisting of iridium, rhodium and cobalt, and the 
second elemental material layer comprising antimony. 

19. The apparatus as defined in claim 15 wherein the 
stoichiometric mixture further comprises one layer of mate- 
rial having the formula: 

with a first hcatcr and a second heater disposed therein; co, xp&, 

wherein osx.=l and osydl. 
20. A method of preparing a semiconductor alloy having 

a skutterudite-type crystal lattice structure for use in fabri- 
15 cating thermoelectric elements comprising the steps of: 

placing a first material selected from the group consisting 
of Ir, Rh and Co, and a second material comprising 
antimony in a container; 

material vertically disposed above the first material; 
heating the furnace to a preselected temperature to allow 

liquid-solid phase sintering of the first material and the 
second material; and 

retaining the container within the furnace for a preselected 
length of time to allow formation of polycrystalline 
ingots of the semiconductor alloy having the desired 
skutterudite-type crystal lattice structure. 

21. The method of preparing a semiconductor alloy as 
defined in claim 20, further comprising the steps of forming 

14. The apparatus as defined in claim 12 further ComPriS- 30 an elemental mixture having the general formula (TSb,) 
wherein T is provided by the first material and the elemental 
mixture is within +2 atomic % of stoichiometry. 

22. The method of preparing a semiconductor alloy as 
defined in claim 20, further comprising the steps of: 

forming a vacuum in the container after the first and 
second layers of material have been placed therein; and 

sealing the container to trap the vacuum with the first and 
second material disposed therein. 

23. The method of preparing a semiconductor alloy as 
40 defined in claim 22 further comprising the step of forming 

sccond hcatcr; 

first heater and the second heater; 

tainer adjacent to the thermal bafne; 

Container for melting Within the fUmaCe to form the placing the container within a furnace with the second 
desired semiconductor alloys; 

a scaled vessel with a first elemental material and a second 
elemental material; and 

the first elemental material selected from the group con- 
sisting of iridium, rhodium and cobalt, and the second 
elemental material comprising antimony. 

13. The apparatus as defined in claim 12, further com- 
prising an antimony rich melt with a composition between 
90% and 99.5% antimony as compared to the first elemental 
matcrial. 

ing the first heater, the second heater, and the thermal b d e  
cooperating to form a sharp temperature gradient within the 
container for forming a single crystal of semiconductor alloy 
selected from the group consisting of CoSb,, RhSb, and 
Co,,.,Rh>r,,Sb, wherein 05x51 and 0 5 y 5  1. 

15. Apparatus using liquid-solid phase sintering tech- 
niqucs to prepare a semiconductor alloy for use in fabricat- 
ing thermoelectric elements comprising: 

an isothermal furnace defined in part by a housing having 

2o 

25 

35 

a chamber with a heater disposed therein; 

tainer spaced intermediate from the interior surfaces of 
the chamber; and 

from the group consisting of Co, Rh, Ir and Sb disposed 
within the container for forming polycrystalline ingots. 

16. The apparatus as defined in claim 15 further compris- 

the container sealed with a vacuum formed therein; 
a rod vertically disposed within the chamber and the 

the lower portion of the container tapered towards the one 

a container disposed within the chamber, with the con- the first material from a mixture Of Ir, c0 and Rh with the 

a stoichiometric mixture of elemental materials selected 45 co, I pay 
wherein 0 5 x 5  1 and 05YS 1. 

defined in claim 20 further comprising the steps of: 
24. The n ~ t h o d  of Preparing a Semiconductor alloy as 

heating the furnace to a temperature of at least 650" C.; 

retaining the container in the furnace for at least fifteen 

25. ne of preparing a semiconductor alloy as 
defined in claim 20 further comprising the step of vibrating 

ing: 
50 and 

minutes. 
container secured to one end of the rod; and 

end of the rod. 
17. The as defined in l5 further compris- 55 a rod attached to the container for stirring the materials 

ing: 
a layer of iridium powder disposed within the lower 

a layer of antimony disposed within the container above 6o 

18. The apparatus as defined in claim 15 wherein the 

a sealed vessel with a first elemental material layer and a 

the first elemental material layer disposed within the 
lower portion of the sealed vessel, and the second 

portion of the container adjacent to the rod; and 

the iridium powder. 

container further comprises: 

second elemental material layer; 65 

disposed within the container during growthof the skutteru- 
dite-type crystal lattice structure. 

26. A method of preparing a semiconductor alloy having 
a skutterudite-type crystal lattice structure for use in fabri- 
cating thermoelectric elements Comprising the steps of: 

placing a first material selected from the group consisting 
of Ir, Rh and Co, and a second material comprising 
antimony in a container; 

placing the container with the first material and second 
material vertically disposed within a furnace having 
two heaters; 



5,610,366 
15 16 

heating thc furnace to establish a preselected temperature 
gradicnt to melt thc first and second materials to form 
a liquid and to grow a semiconductor crystal from the 
liquid by gradicnt frcczc tcchniqucs; and 

length of timc to allow growing thc crystal of thc 
semiconductor alloy having thc desired skutterudite- 
type crystal latticc structure. 

27. Thc method of preparing a semiconductor alloy as 
dcfined in claim 26, €urther comprising the steps of forming lo wherein 0 s x 5  1 and 0 5 ~ 5 1 ,  
thc first material from cobalt powder and the sccond material 
from antimony powder with an atomic ratio rich in anti- 
mony. 

28. The method Of preparing a semiconductor as 
defined in claim 27, Purther comprising the steps of: 

forming a vacuum in the container after the first and 
second materials have been placed therein; and 

sealing the container to trap the vacuum with the first and 
second matcrial disposed therein. 

29. The method of preparing a semiconductor alloy as 
defined in claim 26 further comprising the step of forming 

35. Thc mcthod of preparing a scmiconductor alloy as 
defined in claim 31, further comprising the step of forming 
thc mixturc with the formula IrSb,. 

36. The method of preparing a semiconductor alloy as 
retaining the container within thc furnace for a preselected 5 defined in 31 further comprising step Of forming 

lhc mixture with the 

COI x,Rh&$b, 

37. A method of preparing a semiconductor alloy for use 
in fabricating thermoelectric elements from an approxi- 
mately stoichiometric mixture comprising the steps oi: 

placing elemental powders selected from the group con- 
sisting of Ir, Rh, Co, and Sb in a container to form the 
mixture; 

placing the container with the mixture into an isothermal 
furnace having a press; and 

applying pressure to the mixture with the press for at least 
30 minutes while maintaining the temperature of the 
isothermal furnace at a temuerature of at least 600" C. 

l5 

20 

thc first material from a mixture of Iry Co and Rh with the 
formula: 

COl x 

whcrein 0 5 x 5 1  and 0 5 y S l .  
30. The method of preparing a semiconductor alloy as 

dcfincd in claim 26 further comprising the step of attaching 
one end of the container with a rod vertically disposed in the 
furnace. 

31. A method of preparing a semiconductor alloy for use 
in fabricating thermoelectric elemcnts from an approxi- 
mately stoichiometric mixture comprising the steps of: 

placing elemental powders selected from the group con- 
sisting of Ir, Rh, Co and Sb in a container to form the 
mixture; 

placing the container with the mixture within an isother- 
mal furnace; and 

retaining thc container and the mixture within the isother- 
mal furnace for a preselected length of time to allow 
formation of the semiconductor alloyed powders hav- 
ing a skutterudite-type crystal lattice structure. 

32. The method of preparing a semiconductor alloy as 
defined in claim 31, further comprising the steps of placing 
the alloyed powders in a graphite die container. 

33. The method of preparing a semiconductor alloy as 
defined in claim 31, further comprising the step of retaining 
the container in the isothermal furnace for at least 30 
minutes at a temperature not higher than 630" C. to form the 
alloyed powders. 

34. The method of preparing a semiconductor alloy as 
defined in claim 33 further comprising to steps of 

placing the alloyed powders in an isothermal furnacc 

applying pressure to the powders with the press for at least 

maintaining the isothermal furnace at a temperature of at 

having a press; 

30 minutes to form polycrystalline pellets; and 

least 6.50" C. 

to form polycrystalline pellets having a skutterudite- 
type crystal lattice structure from the mixture. 

38. The method of preparing a semiconductor alloy as 
defined in claim 37 further comprising the steps of placing 
the mixture in a graphite die container. 

39. The method of preparing a semiconductor alloy as 
defined in claim 37, further comprising the step of forming 

30 the mixture with the formula IrSb,. 
40. The method of preparing a semiconductor alloy as 

defined in claim 39 further comprising the step of forming 
the mixture with the formula: 

25 

wherein OSx5 1 and OSy5 1. 
41. A radioisotope thermoelectric generator having a 

general purpose heat source and a cooling assembly with a 
thermoelectric device disposed therebetween comprising: 

a plurality of thermoelectric elements formed from at least 
two different types of semiconductor materials com- 
prising: 
a portion of the thermoelectric elements formed from a 

P-type semiconductor material having a skutterudite- 
type crystal lattice structure; and 

the P-type semiconductor material having the formula: 

40 

45 

wherein 0 5 x 5 1  and 0 5 ~ 5 1 .  
42. The radioisotope thermoelectric generator as defined 

in claim 41 further comprising another portion of the ther- 
55 moelectric elements formed from an N-type semiconductor 

material selected from the group consisting of alloys of 
Bi-Sb alloys, Bi,Te, based alloys, PbTe based alloys, 
P-FeSi, based alloys, Ga,.Jn,Sb based alloys, and SiGe 
alloys. 
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