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THERMOELECTRIC MATERIALS: TERNARY 
PENTA TELLURIDE AND SELENIDE 

COMPOUNDS 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of previously 
?led Provisional Application Serial No. 60/084,349 ?led 
May 5, 1998 entitled “NeW Thermoelectric Materials: 
TlZSnTe5 and related compounds.” 

LICENSE 

[0002] The US. Government may have a paid-up license 
in this invention and the right in limited circumstances to 
require the patent oWner to license others on reasonable 
terms as provided for by the terms of Capital Research and 
Development Agreement (CRADA) No. ORNL 94-0324 
aWarded by the United States Department of Energy. 

TECHNICAL FIELD OF THE INVENTION 

[0003] This invention relates to semiconductor materials 
having enhanced thermoelectric properties for use in fabri 
cating thermoelectric devices. 

BACKGROUND OF THE INVENTION 

[0004] The basic theory and operation of thermoelectric 
devices has been developed for many years. Presently avail 
able thermoelectric devices used for cooling typically 
include an array of thermocouples Which operate in accor 
dance With the Peltier effect. Thermoelectric devices may 
also be used for heating, poWer generation and temperature 
sensing. 
[0005] Thermoelectric devices may be described as essen 
tially small heat pumps Which folloW the laWs of thermo 
dynamics in the same manner as mechanical heat pumps, 
refrigerators, or any other apparatus used to transfer heat 
energy. A principal difference is that thermoelectric devices 
function With solid state electrical components (thermoelec 
tric elements or thermocouples) as compared to more tradi 
tional mechanical/?uid heating and cooling components. 
The ef?ciency of a thermoelectric device is generally limited 
to its associated Carnot cycle efficiency reduced by a factor 
Which is dependent upon the thermoelectric ?gure of merit 
(ZT) of materials used in fabrication of the associated 
thermoelectric elements. Materials used to fabricate other 
components such as electrical connections, hot plates and 
cold plates may also affect the overall ef?ciency of the 
resulting thermoelectric device. 

[0006] The thermoelectric ?gure of merit (ZT) is a dimen 
sionless measure of the effectiveness of a thermoelectric 
device and is related to material properties by the folloWing 
equation: 

ZT=S90/K (1) 

[0007] Where S, o, K, and T are the Seebeck coef?cient, 
electrical conductivity, thermal conductivity and absolute 
temperature, respectively. The Seebeck coef?cient (S) is a 
measure of hoW readily the respective carriers (electrons or 
holes) can transfer energy as they move through a thermo 
electric element Which is subjected to a temperature and 
electric potential gradient. The type of carrier (electron or 
hole) is a function of the materials selected to form each 
thermoelectric element. 
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[0008] The electrical properties (sometimes referred to 
electrical characteristics, electronic properties, or electronic 
characteristics) associated With materials used to form ther 
moelectric elements may be represented by S20. Many of 
the materials Which are used to form thermoelectric ele 
ments may be generally described as semiconductor com 
pounds or semiconductor materials. Examples of such mate 
rials Will be discussed later in more detail. 

[0009] The thermoelectric ?gure of merit is also related to 
the strength of interactions betWeen the carriers and vibra 
tions of the crystal lattice structure (phonons) and available 
carrier energy states. Both the crystal lattice structure and 
the carrier energy states are a function of the materials 
selected to form each thermoelectric device. As a result, 
thermal conductivity (K) is a function of both an electronic 
component (Ks) primarily associated With the respective 
carriers and a lattice component (Kg) primarily associated 
With the respective crystal lattice structure and propagation 
of phonons through the respective crystal lattice structure. In 
the most general sense, thermal conductivity may be stated 
by the equation: 

[0010] The thermoelectric ?gure of merit (ZT) may also 
be stated by the equation: 

ZT SQT (3) 
_ F 

p : electrical resistivity 

0' : electrical conductivity 

1 1 
electrical conductivity: Or 0' = — 

electr1cal resisitivity p 

[0011] Thermoelectric materials such as alloys of Bi2Te3, 
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. Commer 
cially available thermoelectric materials are generally lim 
ited to use in a temperature range betWeen 200 K and 1300 
K With a maximum ZT value of approximately one. The 
coef?cient of performance of such thermoelectric devices 
remains relatively loW at approximately one, compared to 
approximately three for a mechanical device. For the tem 
perature range of —100° C. to 1000° C., maximum ZT for 
many state of the art thermoelectric materials also 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 relatively narroW temperature range. Materials such as 
SisoGe2O alloys used in thermoelectric generators to poWer 
spacecrafts for deep space missions have an average ther 
moelectric ?gure of merit of approximately equal to 0.5 
from 300° C. to 1,000° C. 

[0012] Many crystalline materials With loW thermal con 
ductivity do not have good electrical conductivity and many 
crystalline materials With good electrical conductivity often 
have relatively high values of thermal conductivity. For 
example many binary semiconductor compounds Which 
have skutterudite type crystal lattice structures have rela 
tively good electrical properties. HoWever, the value of 
thermal conductivity associated With the crystal lattice struc 
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tures of such semiconductor compounds is generally rela 
tively large Which often results in a thermoelectric ?gure of 
merit Which is less than desired. 

[0013] The terms “Zintl phase” and “Zintl compound” are 
often used to describe intermetallic compounds having metal 
polyanions Which have no exopolyhedral ligands at the 
respective vertices. As a result, it is relatively easy for such 
polyanions to form metal to metal bonds With atoms of the 
main metal group and transition metal group. US. Pat. No. 
5,368,701 entitled Process for Forming Zintl Phases And 
The Products Thereof provides additional information con 
cerning such materials and their electrical characteristics. 

[0014] Alternatively, the terms “Zintl phase” and “Zintl 
compound” may be used to describe a binary compound 
formed betWeen the alkali or alkaline-earth elements and the 
main-group elements from group 14 to the right of the “Zintl 
boundary.” F. Laves, Naturwissenschaften 29 (1941), p. 244. 
Some of the features that typify Zintl phases began to be 
introduced in E. Zintl, W. Z. Dullenkopf, Z. Phys. Chem., 
Abt. B 16 (1932), p. 183. The de?nition and both references 
are taken from John D. Corbett, Chem. Rev. 85 (1985), p. 
383-397. 

[0015] KZSnTe5 compounds are described in Eisenmann et 
al., Materials Research Bulletin, vol. 18 (1983), pp. 383 
387. Tl2GeTe5 compounds are described in Abba Toure et 
al., Journal of Solid State Chemistry, vol. 84 (1990), pp. 
245-252; Marsh, Journal of Solid State Chemistry, vol. 87 
(1990), pp. 467-468. Tl2SnTe5 compounds are described in 
Agafonov et al., Acta Crystallographica C, vol. 47 (1991), 
pp. 850-852. Zintl phases have been proposed as a place to 
look for advanced thermoelectric materials. See Sharp, 
Materials Research Society Symposium Proceedings, vol. 
478, pp. 15-24. 

[0016] TWo other researchers have suggested possibly 
using Zintl phase compounds as thermoelectric materials. 

[0017] SrSi2—Bruce Cook—Ames National Labora 
tory 

[0018] BaSbTe3 and CsSbXTe4—Mercouri KanatZi 
dis—Michigan State 

[0019] Some Zintl compounds may be described as clath 
rate compounds and some clathrate compounds may be 
described as Zintl compounds. HoWever, many clathrate 
compounds are not Zintl compounds and many Zintl com 
pounds are not clathrate compounds. 

SUMMARY OF THE INVENTION 

[0020] In accordance With teachings of the present inven 
tion, the design and preparation of semiconductor materials 
for fabrication of thermoelectric devices has been substan 
tially improved to provide enhanced operating ef?ciencies. 
Examples of such semiconductor materials include, but are 
not limited to, Tl2SnTe5, Tl2GeTe5, K2SnTe5, Rb2SnTe5 and 
alloys or mixtures of these compounds. 

[0021] The present invention provides the ability to obtain 
increased ef?ciency from a thermoelectric device having one 
or more thermoelectric elements fabricated from semicon 
ductor materials having the general formula of XZYZ5 Where 
X represents atoms selected from a group Which includes Tl, 
Cs, K, Na and Rb. Y represents atoms selected from a group 
Which includes Si, Ge and Sn. Z represents atoms selected 
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from a group Which includes Te and Se. For some applica 
tions X may represent indium (In), copper (Cu) or silver 
(Ag) 

[0022] One aspect of the present invention includes fab 
ricating thermoelectric elements from semiconductor mate 
rials having a crystal lattice structure composed of a chain of 
YZ4 tetrahedra linked by a Z atom in a square planar 
environment. For some applications, Y represents atoms 
selected from a group Which includes silicon (Si), germa 
nium (Ge) and tin (Sn) and, Z represents atoms selected 
from a group Which includes tellurium (Te) and selenium 
(Se). For still other applications a thermoelectric element 
may be fabricated in accordance of teachings of the present 
invention from intermetallic ternary telluride compounds 
and intermetallic ternary selenide compounds. 

[0023] Semiconductor materials having crystal lattice 
structures formed in accordance With the teachings of the 
present invention optimiZe selected thermoelectric charac 
teristics of a resulting thermoelectric device. A signi?cant 
reduction in thermal conductivity (K) may be achieved by 
establishing relatively long metallic bonds betWeen Te 
atoms and Tl atoms in the resulting crystal lattice structure. 
By selecting atoms to form a Zintl compound in accordance 
With teachings of the present invention, thermal conductivity 
(K) through the resulting crystal lattice structure may be 
signi?cantly reduced While at the same time minimiZing any 
reduction in electrical properties (S20) of the associated 
semiconductor materials. 

[0024] Another aspect of the present invention includes 
forming a crystal lattice structure having tWo substructures 
Which cooperate With each other to optimiZe the reduction in 
thermal conductivity (K) of the associated crystal lattice 
structure While at the same time minimiZing any reduction in 
electrical properties Which results in maximiZing the ther 
moelectric ?gure of merit for the resulting thermoelectric 
device. Semiconductor materials having a crystal lattice 
structure typically associated With Zintl compounds or Zintl 
phases formed from atoms selected in accordance With 
teachings of the present invention may demonstrate an order 
of magnitude decrease in the lattice component of thermal 
conductivity (Kg) in comparison With materials previously 
used to fabricate thermoelectric elements. Thermoelectric 
devices With thermoelectric elements fabricated from semi 
conductor materials With such crystal lattice structures may 
have substantially enhanced thermoelectric operating char 
acteristics and improved ef?ciencies as compared to previ 
ous thermoelectric devices. 

[0025] In accordance With another aspect of the present 
invention, both N-type and P-type semiconductor materials 
With crystal lattice structures similar to those typically 
associated With Zintl compounds or Zintl phases may be 
used to fabricate thermoelectric elements for a thermoelec 
tric device. Fabricating a thermoelectric device With such 
semiconductor materials may substantially enhance the 
associated operating ef?ciency as compared to previous 
thermoelectric devices. Preliminary testing of transport 
properties indicates that a thermoelectric ?gure of merit 
(ZT) of 1.5 or greater is a reasonable expectation for 
semiconductor materials designed and prepared in accor 
dance With teachings of the present invention. Thermoelec 
tric devices fabricated from such semiconductor materials 
may be used for cooling, heating, electrical poWer genera 
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tion and temperature sensing. Some estimates indicate that 
providing both N-type and P-type semiconductor materials 
With a ZT equal to or greater than 1.5 may double the value 
of the World market for thermoelectric devices. 

[0026] AZT of 1.25 for both N-type and P-type materials 
Would make portable freezers based on thermoelectric tech 
nology an economically feasible product. Current ineXpen 
sive thermoelectric cooling systems are generally limited to 
operating in refrigeration temperature ranges. Thermoelec 
tric cooling of microprocessors Will bene?t from enhanced 
ZT, Which is potentially a very large market for thermoelec 
tric devices. Larger increases in ZT could result in Wide 
spread use of thermoelectric refrigeration and all-solid state 
cryocooling. Various ternary intermetallic compounds and 
ternary semiconductor compounds may be formed in accor 
dance With teachings of the present invention for use in 
fabricating N-type and P-type thermoelectric elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] For a more complete understanding of the present 
invention and its advantages, reference is noW made to the 
folloWing descriptions taken in conjunction With the accom 
panying draWings in Which: 

[0028] FIG. 1 is a schematic draWing shoWing an isomet 
ric vieW of a thermoelectric device having multiple thermo 
electric elements Which may be fabricated from semicon 
ductor materials With crystal lattice structures incorporating 
teachings of the present invention; 

[0029] FIG. 2 is an electrical schematic draWing of one 
thermocouple of the thermoelectric device of FIG. 1; 

[0030] FIG. 3A shoWs the aXes of a unit cell associated 
With the crystal lattice structure of FIG. 3B; 

[0031] FIG. 3B is an enlarged isometric draWing shoWing 
a schematic representation of a typical crystal lattice struc 
ture formed in accordance With teachings of the present 
invention by semiconductor materials having a general 
formula such as Tl2SnTe5; 

[0032] FIG. 4 is a schematic representation of the crystal 
lattice structure of FIG. 3B taken along lines 4-4; 

[0033] FIG. 5 is an isometric draWing shoWing a sche 
matic representation of a subcell associated With thallium 
atoms at the ?rst of tWo crystallographic sites in the crystal 
lattice structure of FIG. 3B having a generally cubic con 
?guration de?ned by eight atomic crystallographic sites 
?lled With tellurium (Te) atoms and the associated atomic 
crystallographic site ?lled With a thallium (Tl) atom located 
near the center of the subcell; 

[0034] FIG. 6 is an isometric draWing shoWing a sche 
matic representation of another subcell associated With 
thallium atoms at the second of the tWo crystallographic 
sites in the crystal lattice structure of FIG. 3B having a 
generally cubic antiprism con?guration de?ned by eight 
atomic crystallographic sites ?lled With tellurium (Te) atoms 
and the associated atomic crystallographic site ?lled With a 
thallium (Tl) atom located near the center of the subcell; 

[0035] FIG. 7 is an enlarged isometric draWing shoWing a 
schematic representation of a typical crystal lattice structure 
formed in accordance With teachings of the present inven 
tion by semiconductor materials having a general formula 
such as Tl2GeTe5; 
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[0036] FIG. 8 is a schematic representation of the crystal 
lattice structure of FIG. 7 taken along lines 8-8; 

[0037] FIG. 9 is an isometric draWing shoWing a sche 
matic representation of a subcell associated With thallium 
atoms at the ?rst of tWo crystallographic sites in the crystal 
lattice structure of FIGS. 7 and 8 having a generally cubic 
con?guration de?ned by eight atomic crystallographic sites 
?lled With tellurium (Te) atoms and the associated atomic 
crystallographic site With a thallium (T1) atom located near 
the center of the subcell; and 

[0038] FIG. 10 is an isometric draWing shoWing a sche 
matic representation of another subcell associated With 
thallium atoms at the second of the tWo crystallographic 
sites in the crystal lattice structure of FIGS. 7 and 8 having 
a generally cubic antiprism con?guration de?ned by eight 
atomic crystallographic sites ?lled With tellurium (Te) atoms 
and the associated atomic crystallographic site With a thal 
lium (T1) atom located near the center of the subcell. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0039] Preferred embodiments of the present invention 
and its advantages are best understood by noW referring in 
more detail to FIGS. 1-10 of the draWings, in Which like 
numerals refer to like parts. 

[0040] Thermoelectric device 20, as shoWn in FIGS. 1 
and 2, may be fabricated from semiconductor materials 
having crystal lattice structures formed in accordance With 
teachings of the present invention. Selecting atoms to form 
the desired crystal lattice structure in accordance With teach 
ings of the present invention alloWs optimiZation of various 
thermoelectric characteristics depending upon the intended 
use of the resulting thermoelectric device 20. 

[0041] Thermoelectric device 20 may be used as a heater, 
cooler, electrical poWer generator and/or temperature sensor. 
The thermoelectric ?gure of merit (ZT) of thermoelectric 
device 20 Will vary depending upon the type of use. For 
eXample thermoelectric device 20 may have a ?rst value of 
ZT When used as a cooler and a second, different value of ZT 
When used as an electrical poWer generator. One of the 
technical bene?ts of the present invention includes selecting 
atoms to form the desired crystal lattice structure to optimiZe 
performance of thermoelectric device 20 depending upon its 
intended use. 

[0042] Thermoelectric device 20 is preferably manufac 
tured With a plurality of thermoelectric elements (sometimes 
referred to as “thermocouples”) 22 disposed betWeen cold 
plate 24 and hot plate 26. Electrical connections 28 and 30 
are provided to alloW attaching thermoelectric device 20 to 
an appropriate source of DC electrical poWer. If thermoelec 
tric device 20 Were designed to function as an electrical 
poWer generator, electrical connections 28 and 30 Would 
represent the output terminals from such a poWer generator 
operating betWeen hot and cold temperature sources (not 
expressly shoWn). 
[0043] FIG. 2 is a schematic representation of electrical 
circuit 32 Which is typical for a single stage thermoelectric 
device such as thermoelectric device 20. Electrical circuit 32 
is also typical of electrical circuits associated With using 
thermoelectric elements or thermocouples to convert heat 
energy into electrical energy. Electric circuit 32 generally 
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includes tWo or more thermoelectric elements 22 fabricated 
from dissimilar semiconductor materials such as N-type 
thermoelectric element 22a and P-type thermoelectric ele 
ments 22b. Thermoelectric elements 22 are typically 
arranged in an alternating N-type element to P-type element 
con?guration. In many thermoelectric devices, semiconduc 
tor materials With dissimilar characteristics are connected 
electrically in series and thermally in parallel. 

[0044] Examples of thermoelectric devices and methods 
of fabrication are shoWn in US. Pat. No. 5,064,476 entitled 
Thermoelectric Cooler and Fabrication Method; US. Pat. 
No. 5,171,372 entitled Thermoelectric Cooler and Fabrica 
tion Method; US. Pat. No. 5,441,576 entitled Thermoelec 
tric Cooler; and US. Pat. No. 5,576,512 entitled Thermo 
electric Apparatus for Use With Multiple PoWer Sources and 
Method of Operation. 

[0045] N-type semiconductor materials generally have 
more electrons than necessary to complete the associated 
crystal lattice structure. P-type semiconductor materials 
generally have feWer electrons than necessary to complete 
the associated crystal lattice structure. The “missing elec 
trons” are sometimes referred to as “holes.” The extra 
electrons and extra holes are sometimes referred to as 
“carriers.” The extra electrons in N-type semiconductor 
materials and the extra holes in P-type semiconductor mate 
rials are the agents or carriers Which transport or move heat 
energy betWeen cold side or cold plate 24 and hot side or hot 
plate 26 through thermoelectric elements 22 When subject to 
a DC voltage potential. These same agents or carriers may 
generate electrical poWer When an appropriate temperature 
difference is present betWeen cold side 24 and hot side 26. 

[0046] In thermoelectric device 20, alternating thermo 
electric elements 22a and 22b of N-type and P-type semi 
conductor materials may have their ends connected in a 
serpentine fashion by electrical conductors such as 34, 36 
and 38. Conductors 34, 36 and 38 are typically metalliZa 
tions formed on the interior surfaces of plates 24 and 26. 
Ceramic materials are frequently used to manufacture plates 
24 and 26 Which de?ne in part the cold side and hot side, 
respectively, of thermoelectric device 20. Commercially 
available thermoelectric devices Which function as a cooler 
generally include tWo ceramic plates With P-type and N-type 
thermoelectric elements formed from bismuth telluride 
(Bi2Te3) alloys disposed betWeen the ceramic plates and 
electrically connected With each other. 

[0047] When DC electrical poWer from poWer supply 40 
is properly applied to thermoelectric device 20 heat energy 
Will be absorbed on cold side 24 of thermoelectric device 20. 
The heat energy Will pass through thermoelectric elements 
22 and Will be dissipated on hot side 26 of thermoelectric 
device 20. Aheat sink or heat exchanger (sometimes referred 
to as a “hot sink”, not shoWn) may be attached to hot plate 
26 of thermoelectric device 20 to aid in dissipating heat 
transferred by the associated carriers and phonons through 
thermoelectric elements 22 to the adjacent environment. In 
a similar manner a heat sink or heat exchanger (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. Thus, thermoelectric 
device 20 may sometimes function as a thermoelectric 
cooler When properly connected With poWer supply 40. 
HoWever, since thermoelectric devices are a type of heat 
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pump, thermoelectric device 20 may also function as a 
heater, poWer generator, or temperature sensor. 

[0048] Various Zintl compounds or Zintl phases have 
electrical characteristics typically associated With a good 
semiconductor material. For purposes of this patent appli 
cation, the terms “Zintl compound” and “Zintl phase” shall 
mean an intermetallic compound With one element of the 
Periodic Table (cation atoms) selected from alkali metal 
atoms and/or alkaline earth metal atoms and one or more 

elements of the Periodic Table (anion atoms) selected from 
the main group of metal atoms. The cation atoms are 
preferably selected from group 1 and/or group 2 atoms of the 
Periodic Table. The anion atoms are preferably selected 
from group 13 through group 18 of the Periodic Table. The 
main group of metal atoms includes gallium, germanium, 
arsenic, selenium, indium, tin, antinomy, tellurium, thallium, 
lead and bismuth. Titanium, vanadium, chromium, manga 
nese, iron, cobalt, nickel, copper, Zirconium, niobium, 
molybdenum, ruthenium, Zinc, cadmium, rhodium, palla 
dium, silver, hafnium, tantalum, tungsten, mercury, rhe 
nium, osmium, iridium and platinum are also considered 
members of the metal group for purposes of de?ning Zintl 
compounds satisfactory for use in accordance With teachings 
of the present invention. 

[0049] Vibrational modes of a crystal lattice structure 
(sometimes referred to as “phonons”) may also cooperate 
With the carriers to transport or move heat energy through 
thermoelectric elements 22. The phonons may adversely 
effect some of the electrical properties associated With the 
respective carriers. 

[0050] Semiconductor materials having the general for 
mula XZYZ5 may be prepared in accordance With teachings 
of the present invention for use in fabricating various types 
of thermoelectric elements and thermoelectric devices. One 
example of such thermoelectric elements and devices is 
shoWn in FIGS. 1 and 2. 

[0051] X preferably represents atoms selected from a 
group Which includes thallium (Tl), cesium (Cs), potassium 
(K), sodium (Na) and rubidium (Rb). For some applications 
X may represent atoms of indium (In), copper (Cu) and 
silver (Ag). Y preferably represents atoms selected from a 
group Which includes silicon (Si), germanium (Ge) and tin 
(Sn). For some applications, Y may also represent atoms of 
titanium, vanadium, chromium, manganese, iron, cobalt, 
nickel, copper, Zirconium, niobium, molybdenum, ruthe 
nium, rhodium, palladium, silver, hafnium, tantalum, tung 
sten, rhenium, osmium, iridium and platinum. 

[0052] Z preferably represents atoms selected from a 
group Which includes tellurium (Te) and selenium (Se). 
Examples of such semiconductor materials include, but are 
not limited to, Tl2SnTe5, Tl2GeTe5 and KZSnTe5 and 
RbZSnTe5 and alloys of these compounds. The semiconduc 
tor materials may be described as intermetallic ternary penta 
telluride compounds When Z represents tellurium atoms. 
The semiconductor materials may be described as interme 
tallic ternary penta selenide compounds When Z represents 
selenium atoms. 

[0053] When X represents atoms of cesium (Cs), potas 
sium (K), sodium (Na) or rubidium (Rb), the resulting 
semiconductor materials may also be described as Zintl 
compounds or Zintl phases. KZSnTe5 and RbZSnTe5 are 
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examples of Zintl compounds Which may be used in accor 
dance With teachings of the present invention to fabricate 
thermoelectric elements 22. Tl2SnTe5 has a crystal lattice 
structure Which is substantially the same as K2SnTe5 even 
though Tl2SnTe5 is not normally considered a Zintl com 
pound. 

[0054] Semiconductor materials formed in accordance 
With teachings of the present invention may also be 
described as “ternary intermetallic compounds” and “ternary 
semiconductor compounds.” Both single crystal and poly 
crystalline versions of such semiconductor materials having 
crystal lattice structures such as represented by unit cell 50 
shoWn in FIGS. 3B and 4 or unit cell 250 shoWn in FIGS. 
7 and 8 may be fabricated in accordance With teachings of 
the present invention. The phrase “semiconductor materials” 
is used in this application to include semiconductor com 
pounds, semiconductor alloys and mixtures of semiconduc 
tor compounds and alloys formed in accordance With teach 
ings of the present invention for use in fabricating 
thermoelectric elements and thermoelectric devices. 

[0055] Zintl compounds satisfactory for use in fabricating 
thermoelectric elements in accordance With teachings of the 
present invention preferably have a relatively large atomic 
mass (100 atomic mass units or greater) and a relatively loW 
proportion of cation atoms (33% or less) as compared to the 
total number of atoms. 

[0056] FIGS. 3B and 4 are schematic draWings of a 
typical crystal lattice structure associated With semiconduc 
tor materials such as Tl2SnTe5. The crystal lattice structure 
is de?ned in part by unit cell 50 Which includes ?rst 
substructure 52 and second substructure 54. Unit cell 50 has 
a generally tetragonal con?guration With tWo axii (a, b) 
Which are equivalent and one axis (c) Which is non-equiva 
lent. See FIG. 3A. Chains or ?rst substructures 52 are 
formed by SnTe5 tetrahedron aligned generally parallel With 
each other in the direction of the (c) axis. The tin (Sn) atoms 
are represented by the number 56. The tellurium (Te) atoms 
are preferably disposed at respective crystallographic sites 
designated 57 and 58. Chains or second substructures 54 are 
roWs of thallium (Tl) atoms 60 and 61 aligned generally 
parallel With each other in the direction of the (c) axis. 

[0057] One aspect of the present invention includes select 
ing the atoms used to form ?rst substructure 52 and second 
substructure 54 to provide semiconductor materials having 
both good electrical characteristics and loW values of ther 
mal conductivity. Tl2SnTe5 is only one example of semi 
conductor materials Which may be used to form a crystal 
lattice structure incorporating teachings of the present inven 
tion. 

[0058] For the speci?c embodiment shoWn in FIG. 3, each 
?rst substructure 52 may be described as a respective chain 
of tin atoms 56 and tellurium atoms 57 and 58 linked With 
each other. Each second substructure 54 includes a respec 
tive chain of thallium atoms 60 and 61 linked With each 
other. 

[0059] First substructure 52 may be formed from various 
atoms such as tin and tellurium to provide electrical char 
acteristics typically associated With good semiconductor 
materials. Interaction betWeen tellurium atoms of ?rst sub 
structure 52 and thallium atoms of second substructure 54 
results in the associated crystal lattice structure represented 
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by unit cell 50 having loW values of thermal conductivity. 
Preliminary test results indicate that the lattice component of 
thermal conductivity (Kg) may be approximately tWenty-?ve 
percent (25%) of the lattice component of thermal conduc 
tivity (Kg) associated With BiZTe3 and approximately ?fty 
percent (50%) of the lattice component of thermal conduc 
tivity (Kg) associated With other semiconductor materials 
presently used to fabricate thermoelectric elements. 

[0060] As discussed later in more detail, forming unit cell 
50 from atoms selected in accordance With teachings of the 
present invention results in a relatively long bond distance 
betWeen tellurium atoms 57 and thallium atoms 60 and 61. 
See FIGS. 5 and 6. First substructure 52 and second 
substructure 54 cooperate With each other to provide the 
desired metallic coordination betWeen thallium atoms 60 
and 61 and tellurium atoms 57 to reduce the lattice compo 
nent of thermal conductivity (Kg) and support good electrical 
characteristics of the associated semiconductor material. 

[0061] Electrical characteristics of a crystal lattice struc 
ture represented by unit cell 50 are dependent upon the 
relationship of tin atoms 56 and associated tellurium atoms 
57 and 58 of ?rst substructure 52. The bonds betWeen the 
atoms of ?rst substructure 52 remain substantially 
unchanged by the presence of thallium atoms 60 and 61 in 
second substructure 54. The respective chains of atoms 
associated With ?rst substructure 52 and second substructure 
54 indicate that electrical characteristics and thermoelectric 
characteristics of a crystal lattice structure represented by 
unit cell 50 Will be relatively anisotropic. Computational 
results have con?rmed such electrical anisotropic character 
istics. 

[0062] For semiconductor materials such as Tl2SnTe5 ?rst 
substructure 52 may also be described as single tetrahedra 
de?ned in part by a single Sn atom 56 and four Te atoms 57 
linked by a respective Te atom 58 in a square planar 
environment. The relationship betWeen SnTe4 tetrahedra and 
Te atoms 58 for semiconductor materials such as Tl2SnTe5 
may be further described by referring to SnTe4 tetrahedra 
(Sn-56 and Te-57) as unit A and Te atoms 58 as unit B. The 
sequence Within the atomic chains of ?rst substructure 52 
may then be described as “ABABABAB . . . ” for semi 

conductor materials such as Tl2SnTe5. 

[0063] Semiconductor materials having the general for 
mula XZYZ5 and a crystal lattice structure such as repre 
sented by unit cell 50 preferably have Z atoms such as 
tellurium or selenium at tWo different crystallographic sites 
and X atoms at tWo different crystallographic sites. For the 
speci?c example shoWn in FIGS. 3B and 4, the ?rst 
crystallographic sites for tellurium (Te) atoms 57 in sub 
structure 52 are located at the corners of a square de?ned by 
such tellurium atoms 57. The second crystallographic sites 
for tellurium atoms 58 in unit cell 50 are located at the center 
of each respective square de?ned by four tellurium atoms 
57. Tellurium atoms 57 occupying the ?rst crystallographic 
sites interact With thallium atom 60 and also have a single 
bond With the associated tin atoms 56. 

[0064] The tWo different crystallographic sites associated 
With thallium atoms 60 and 61 are shoWn in more detail in 
FIGS. 5 and 6. At each crystallographic site the respective 
thallium atoms 60 and 61 have eight neighboring tellurium 
atoms 57 With different symmetries, different bond lengths 
and different geometric con?gurations. The relatively long 
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bond length between tellurium atoms 57 and thallium atoms 
60 and 61 as shown in FIGS. 5 and 6 results in relatively 
loW values of thermal conductivity for the associated crystal 
lattice structure. 

[0065] FIG. 5 is a schematic representation of subcell 70 
associated With ?rst substructure 52 of unit cell 50. Subcell 
70 has a generally cubic con?guration With eight atomic 
crystallographic sites ?lled by respective tellurium atoms 57 
and a single thallium atom 60 located at an atomic crystal 
lographic site near the center of the resulting cubic structure. 
For semiconductor materials such as Tl2SnTe5 the length of 
the bond coordination betWeen thallium atoms 60 at the 
center of respective subcell 70 and tellurium atoms 57 at 
their respective crystallographic sites is approximately 3.66 

[0066] FIG. 6 is a schematic representation of subcell 170 
Which is associated With thallium atoms 61 located at a 
plurality of second crystallographic sites in ?rst substructure 
52 of the crystal lattice structure represented by unit cell 50. 
Subcell 170 may be described as a generally cubic antiprism 
having eight neighboring atomic crystallographic sites ?lled 
by respective tellurium atoms 57 and a single thallium atom 
60 located at an atomic crystallographic site near the center 
of the resulting cubic antiprism. The bond length betWeen 
thallium atoms 61 located at the crystallographic site near 
the center of respective subcells 170 and tellurium atoms 57 
at their respective atomic crystallographic sites is approxi 
mately 3.49 A. Subcells 70 and 170 both have an eightfold 
bond coordination betWeen respective thallium atoms 60 and 
61 and associated tellurium atoms 57. 

[0067] Unit cell 50 is a schematic representation of the 
crystal lattice structure associated With semiconductor com 
pounds such as KZSnTe5 and Tl2SnTe5 and alloys of these 
materials Which have been formed in accordance With 
teachings of the present invention. Unit cell 50 has a 
generally tetragonal con?guration and contains four foromula 
units (32 atoms). Typical cell dimensions are a=8.306 A and 
c=15.161 A for Tl2SnTe5, and are similar for the other 
compounds. The ideal density of Tl2SnTe5 is 7.40 grams per 
cubic centimeter. The space groups given in the literature are 
I4/mcm, P4/mbm and I4 cm for Tl2SnTe5, TlZGeTe5 and 
KZSnTe5 respectively. 
[0068] In all of these compounds there are chains formed 
from linkage of SnTe4 (or GeTe4) tetrahedra and Te atoms in 
a square plane environment. In Tl2SnTe5 and K2SnTe5, the 
linkage is —Te—SnTe4—Te—SnTe4—Te—SnTe4—. In all 
three compounds, 80% of the Te atoms have tWo covalent 
bonds (excluding the interaction With Tl atoms), and the 
remainder has four bonds in the square planar con?guration. 
All Te—Te bonds in these compounds can be considered 
fractional, With a bond order of one half Tl has tWo 
different eight-fold coordination sites represented by subcell 
70 shoWn in FIG. 5 as generally cubic and subcell 170 
shoWn in FIG. 6 as a square antiprism. Subcells 70 and 170 
may also be described as slightly distorted as compared to an 
ideal subcell. The atomic con?gurations and the existence of 
KZSnTe5 imply that Tl is monovalent and Sn and Ge are 
tetravalent. 

[0069] With regard to thermal conductivity, Tl2SnTe5 and 
TlZGeTe5 are very similar. Both have lattice thermal con 
ductivity values of about 4.0 to 4.5 mW/cm-K in our hot 
pressed samples. This value is about four times loWer than 
values typically associated With BiZTe3 compounds. 
[0070] FIGS. 7 and 8 are schematic draWings of a typical 
crystal lattice structure associated With semi-conductor 

May 30, 2002 

materials such as Tl2GeTe5. The crystal lattice structure is 
de?ned in part by unit cell 250 Which includes ?rst sub 
structure 252 (See FIG. 8) and second substructure 254 (See 
FIG. 7). The crystal lattice structure represented by unit cell 
250 is similar, but not identical, With the crystal lattice 
structure represented by unit cell 50. For example, ?rst 
substructure 252 may be described as edge sharing pairs of 
GeTe4 tetrahedra linked by square rings of Te atoms 257a, 
b, c and d disposed at four respective crystolographic sites. 
Although thallium atoms 260 and 261 may appear to be 
Within ?rst substructure 252 as shoWn in FIG. 8, all thallium 
atoms 260 and 261 are part of a respective second substruc 
ture 254 as shoWn in FIG. 7. Second substructure 254 
preferably includes chains of thallium atoms 260 and 261 
substantially the same as second substructure 54 of thallium 
atoms 60 and 61 associated With semiconductor materials 
such as Tl2SnTe5. 

[0071] For TlZGeTe5 semiconductor compounds and 
related alloys, the GeTe4 tetrahedra may be described as unit 
A. The square Te4 rings may be described as unit B. The 
linkage Within the atomic chains of the ?rst substructure 
may then be described as “AABAABAAB . . . ” for 

semiconductor materials such as TlZGeTe5 and their alloys. 

[0072] Preliminary testing indicates that the Seebeck coef 
?cient (S) for TlZGeTe5 semiconductor materials may be 
higher than the Seebeck coef?cient (S) associated With 
semiconductor materials such as Tl2SnTe5. Semiconductor 
materials such as TlZGeTe5 melt incongruently at a tempera 
ture of approximately 270° C. Semiconductor materials such 
as Tl2SnTe5 melt incongruently at approximately 290° C. 

[0073] Unit cell 250 as shoWn in FIGS. 7 and 8 preferably 
has tWo different crystallographic sites associated With thal 
lium atoms 260 and 261. 

[0074] FIG. 9 is a schematic representation of subcell 270 
associated With ?rst substructure 252 of unit cell 250. 
Subcell 270 has a general cubic con?guration de?ned in part 
by eight crystallographic sites ?lled With respective tellu 
rium atoms 257 and a single thallium atom 260 located at the 
atomic crystallographic site near the center of the resulting 
cubic structure. For semiconductor material such as 
TlZGeTe5 the length of the bond coordination betWeen thal 
lium atoms 260 at the center of respective subcells 270 and 
tellurium atoms 257 at their respective crystallographic sites 
is approximately 3.39 A for four of the tellurium atoms and 
approximately 3.54 A for the other four tellurium atoms. 

[0075] FIG. 10 is a schematic representation shoWing 
subcell 271 associated With thallium atoms 261 located at a 
plurality of second crystallographic sites in ?rst substructure 
252 of the crystal lattice structure represented by unit cell 
250. Subcell 271 may be described as a generally cubic 
antiprism having eight neighboring atomic crystallographic 
sites ?lled With respective tellurium atoms 257 and thallium 
atom 261 located at an atomic crystallographic site near the 
center of the resulting cubic antiprism. The bond length 
betWeen thallium atoms 261 located near the atomic crys 
tallographic sites near the center of respective subcells 271 
and tellurium atoms 257 at their respectiove atomic crystal 
lographic sites is approximately 3.53 A for four of the 
tellurium atoms and approximately 3.79 A for the other four 
tellurium atoms. Therefore, some of the bond distances 
betWeen thallium/tellurium associated With Tl2SnTe5 are 
shorter than the corresponding thallium/tellurium bond dis 
tances in T'lZGeTe5 and are longer than other bond distances. 

[0076] The differences betWeen crystal structures repre 
sented by unit cells 50 and 250 may impact the electronic 
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properties of these tWo compounds relative to one another. 
Important parameters such as the magnitude of the band gap 
and the morphology of the bands may differ. 

[0077] Compounds incorporating teachings of the present 
inventions have been formed most often by melting sto 
ichiometric or nearly stoichiometric mixtures of elements of 
the Periodic Table selected in accordance With teachings of 
the present invention, quenching and poWdering the charge, 
cold pressing the poWder and heating for a feW days near the 
decomposition temperature. Alternatively, the poWdering 
and cold pressing steps can be omitted. Samples have been 
tested after heat soaking, or after subsequent hot uniaxial or 
isostatic pressing and/or forging. Densities greater than 98% 
of the theoretical value have been reached by hot pressing. 
Thallium compounds Tl2SnTe5 and TlzGeTe5 melt incon 
gruently so melt groWth of crystals must employ a non 
stoichiometric solution. 

[0078] The samples made to date indicate promise for the 
compounds by the folloWing results: 

0079 1 a -t e ZT=0.65 at room tem erature P YP P 
(greater than the value for Bi2Te3 crystals); 

[0080] 2) further improvements may occur by pro 
longed annealing, Which seems to reduce the con 
centration of p-type defects and increase the carrier 
mobility; 

[0081] 3) it is possible to make alloys to further 
reduce the lattice thermal conductivity; 

[0082] 4) Seebeck coef?cients in excess of 200 pV/K 
have been measured, shoWing that suitable electronic 
quality can be obtained; 

[0083] 5) in the case of Tl2GeTe5, intrinsic samples 
have been obtained, Which implies that n-type dop 
ing is possible; 

[0084] 6) hot pressed compacts shoW as much as 20% 
difference in the Z value in tWo perpendicular direc 
tions, suggesting a high degree of anisotropy; 

[0085] 7) the compounds appear to suffer no damag 
ing reactions With air, Water, or common solvents. 

[0086] Various atoms may be selected to form semicon 
ductor materials having the general formula XZYZ5 and a 
crystal lattice structure similar to unit cell 50 such as shoWn 
in FIGS. 3 and 4 or unit cell 250 as shoWn in FIGS. 7 and 
8. Z atoms Which interact With other Z atoms in the generally 
square planar environment and With adjacent X atoms and Y 
atoms have their chemical bonds saturated. Therefore, the Z 
atoms cannot easily engage in any other type of chemical 
bond, particularly With the Z atom in the same type of 
crystallographic site. As a result, a relatively long distance is 
established betWeen the Z atoms in their ?rst crystallo 
graphic site. As a result of the distance established betWeen 
the respective Z atoms, relatively large channels are formed 
Within respective unit cells 50 and 250 for the chains or roWs 
Which may be occupied by X atoms. Coordination betWeen 
the X atoms and Z atoms results in relatively long bond 
lengths and a corresponding reduced value of thermal con 
ductivity. 
[0087] Cation atoms (Tl, K, etc.) that interact mainly With 
Te separate the chains. The sites for these electropositive 
cations are large, leading to loW lattice thermal conductivity. 
For some applications potassium or rubidium (Rb) may 
be preferred for use in preparing semiconductor materials in 
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accordance With teachings of the present invention due to 
their less harmful chemical characteristics as compared to 
thallium 

[0088] The performance of these hot pressed and forged 
samples may represent only a fraction of the performance 
that can be achieved in crystal or oriented poWder forms of 
the compounds. 
[0089] Various forms of these materials may be suitable 
for different applications. With a 50-60% performance 
improvement, poWder compacts Will compete With the cur 
rent materials in the important temperature range around 60° 
C. Extrusion techniques and other metallurgical processes 
that result in grain alignment may combine improved manu 
facturability With high thermoelectric performance. There 
are proven Z enhancements in thin ?lm quantum structures 
that might be applied to these neW materials. 

[0090] One sample of Tl2SnTe5 Was approximately phase 
pure and p-type, With S=165 pV/K at room temperature. The 
resistivity is about 4 mohm-cm. The total thermal conduc 
tivity Was about 7 mW/cm-K, Which is less than half of the 
value of Bi2Te3. The loW value of lattice conductivity may 
be attributed to the fact that one-half of the T1 is positioned 
in an eight-fold coordinated lattice site With a radius of 
approximately 2.1 A. The sample Was hot-pressed. The 
crystal structure is anisotropic. N-type may be considerably 
better due to a more favorable conduction band structure, 
and a crystal probably Will outperform hot-pressed samples. 

[0091] For another Tl2SnTe5 sample synthesiZed using 
thallium that Was cleaned (separated from hydroxide) by 
melting in an evacuated quartZ tube. The Seebeck coef?cient 
is around +200 yV/K, and the resistivity is ~8 mohm-cm. 

[0092] Still another Tl2SnTe5 sample is a hot pressed 
pellet made With a slight excess of T1, in an attempt to 
eliminate native hole-generating defects. The native holes 
remained. The sample Was tested by the Harman method, 
and is phase pure per x-ray diffraction. The Seebeck coef 
?cient Was in a good range. The results at 337 K Were: 
S=+200 pV/K, >\.=4.9 mW/cm-K, and p=6.8 mohm-cm, 
ZT=0.4. The p of the sample hits a minimum at 250 K, 
indicating a secondary scattering contribution at 300 K. 
Without this contribution, the ZT just above room tempera 
ture Would be approximately 0.5. 

[0093] Still another sample of Tl2SnTe5 Was forged rather 
than hot pressed. It is not as dense as hot pressed samples, 
only about 93% of ideal. HoWever, the hot pressed samples 
often have catastrophic cracks that probably Will not be 
present in forged samples. The relatively loW density might 
cause the apparent reduction in carrier mobility. The resis 
tivities of tWo pieces of the sample cut parallel and orthogo 
nal to the forging direction differ by 30%, possibly due to a 
strong anisotropy in the transport properties. 
[0094] Another Tl2SnTe5 sample Was made by quenching 
a molten stoichiometric mixture and heating for tWo days at 
approximately 250° C. At room temperature, this sample had 
a Seebeck coef?cient of 215 microvolts/kelvin, a resistivity 
of 4.2 milliohm-centimeter and a thermal conductivity of 5.2 
milliWatts/centimeter-kelvin. The dimensionless ?gure of 
merit Was approximately 0.63 at room temperature. 

[0095] A sample of TlZGeTe5 shoWed that this composi 
tion is also P-type as made and has transport properties very 
similar to those of Tl2SnTe5. The TlZGeTe5 sample does 
have a loWer concentration of native holes. It Was reported 
in the literature that TlZGeTe5 melts congruently at ~320° C., 
but that information appears to be incorrect for at least some 
samples. 
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[0096] Another Tl2SnTe5 sample Was a pure compound 
(not alloyed). It differed from previous samples in that after 
cold press and anneal, the compact Was hot pressed Without 
grinding. Grinding may introduce oxygen contamination 
that is not overcome by hot pressing. ATl2SnTe5 sample Was 
alloyed With Se in an attempt to decrease the native hole 
concentration, then add holes by substituting Ga for Sn. 
There Was apparently a net increase in the hole concentra 
tion based on the Seebeck value. HoWever, there Was not a 
corresponding drop in the resistivity. Higher hot press tem 
perature could be used. Antimony (Sb) and indium (In) may 
also be satisfactory used as a P-type doping material. For a 
50/50 mixture of Tl2SnTe5 and Tl2GeTe5, the Seebeck 
coef?cient after hot press Was 236 pV/K, much closer to that 
of Tl2GeTe5 than Tl2SnTe5. This sample is about 97% dense. 
The resistivity decreased by a factor of 3 betWeen the cold 
pressed and the hot pressed stages. Another sample Was 
alloyed With 10% Se and doped With iodine (I) to try to make 
an N-type sample. It Was a high resistivity P-type sample. 

[0097] Another sample of Tl2GeTe5 Was a Pb-doped, hot 
pressed sample. It shoWed a Seebeck peak of 290 pV/K at 
280 K, from Which the band gap is estimated to be 0.16 eV. 
Ensuing Tl2GeTe5 samples Will be doped With Pb and 
perhaps Sr to try for N-type samples. With a loWer native 
hole concentration, Tl2GeTe5 may be preferable to Tl2SnTe5 
for making N-type samples. Alloying With Si may be pos 
sible. 

DESCRIPTION OF SYNTHESIS OF 
SEMICONDUCTOR MATERIALS 

INCORPORATING TEACHINGS OF THE 
PRESENT INVENTION 

[0098] a) Load stoichiometric or nearly stoichiometric 
amounts of raW elements of the Periodic Table into quartZ 
tube. The interior of the tube is coated With a glassy carbon 
?lm. Germanium, tin, selenium and tellurium may be 
handled in air if desired. Potassium, rubidium and thallium 
should be handled in an inert atmosphere. 

[0099] b) Evacuate the tube to <10“4 Torr and seal it. 

[0100] c) Heat tube to approximately 750° C. and hold for 
one hour With at least occasional agitation. 

[0101] d) Remove tube from oven and quench sample in 
Water. 

[0102] e) Grind sample in inert atmosphere, sieving to 
ensure all particles are beloW a speci?ed siZe. Particle siZe 
limits of seventy ?ve microns and tWo hundred ?fty microns 
have been used. 

[0103] f) Press poWder at room temperature. The pressure 
used has been 60,000 pounds per square inch. 

[0104] g) Heat sample for one to three days at a tempera 
ture just less than the melting point. The typical tempera 
tures are 255° C. for Tl2GeTe5 and 270° C. for Tl2SnTe5. 
After heat treat, the samples are typically 85% to 90% dense. 

[0105] h) Densify by simultaneous application of heat and 
pressure (hot press). With typical operating conditions of 
250° C. to 275° C. and 6000 pounds per square inch, the 
density of the samples reaches 95% to 99% of the full 
density after tWo hours of hot pressing. 

[0106] Steps e, f and h are optional. That is, samples of 
relatively good quality can be obtained simply by heating 
the quenched melt. 
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[0107] Although the present invention has been described 
by several embodiments, various changes and modi?cations 
may be suggested to one skilled in the art. It is intended that 
the present invention encompasses such changes and modi 
?cations as fall Within the scope of the present appended 
claims. 

APPENDIX 

DEFINITIONS AND EXPLANATION OF SYMBOLS 

Thermoelectric Figure of Merit ZT 
Absolute Temperature T 
Seebeck coef?cient S 
Electrical Conductivity 0 
Electrical Resistivity p 
Electrical Properties of Materials S20 
Used to Form Thermoelectric Elements 
Thermal Conductivity K 
Electronic Component of Thermal Conductivity Ke 
Lattice Component of Thermal Conductivity 15g 
Angstrom A 

ELEMENTS SYMBOL 

Antimony Sb 
Arsenic As 
Bismuth Bi 
Cadmium Cd 
Cesium Cs 
Cobalt Co 
Copper Cu 
Gallium Ga 
Germanium Ge 
Iodine I 
Indium In 
Iridium Ir 
Iron Fe 
Lanthanum La 
Lead Pb 
Mercury Hg 
Nickel Ni 
Niobium Nb 
Palladium Pd 
Phosphorous P 
Platinum Pt 
Potassium K 
Rhodium Rh 
Rubidium Rb 
Ruthenium Ru 
Samarium Sm 
Selenium Se 
Silicon Si 
Silver Ag 
Sodium Na 
Sulphur S 
Strontium Sr 
Thallium Tl 
Tellurium Te 
Tin Sn 
Xenon Xe 
Zinc Zn 

What is claimed is: 
1. A thermoelectric device having at least one thermo 

electric element comprising: 

a semiconductor material having the general formula 

XZYZS 

Where X is selected from the group consisting of T1, Cu, 
Ag, In, Cs, K, Na and Rb; 

Y is selected from the group consisting of Si, Ge, and Sn; 
and 

Z is selected from the group consisting of Te and Se. 
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2. The thermoelectric device of claim 1 Wherein the 
semiconductor material further comprises a P-type doping 
material. 

3. The thermoelectric device of claim 1 Wherein the 
semiconductor material further comprises an N-type doping 
material. 

4. The thermoelectric device of claim 1 Wherein the 
semiconductor material further comprises a chain composed 
of YZ4 tetrahedra linked by a Z atom in a generally square 
planar environment. 

5. The thermoelectric device of claim 1 Wherein the 
semiconductor material further comprises a chain of atoms 
composed of edge sharing pairs of YZ4 tetrahedra linked by 
Te 4 squares. 

6. The thermoelectric device of claim 1 Wherein the 
semiconducting material further comprises a chain of atoms 
having edge sharing pairs of YZ4 tetrahedra linked by four 
Z atoms in a generally square con?guration. 

7. The thermoelectric device of claim 1 Wherein the 
semiconducting material further comprises a bond length 
greater than 3.3 angstroms betWeen selected X atoms and 
selected Z atoms. 

8. The thermoelectric device of claim 1 Wherein the 
semiconducting material further comprises Tl atoms and Te 
atoms With bond lengths in the range of 3.0 angstroms to 3.8 
angstroms betWeen respective Tl atoms and Te atoms. 

9. The thermoelectric device of claim 1 further compris 
ing the semiconductor material selected from the group 
consisting of K2SnTe5, Rb2SnTe5, and Tl2SnTe5. 

10. The thermoelectric device of claim 1 further compris 
ing the X atoms disposed in a plurality of generally linear 
roWs betWeen the Y and Z atoms. 

11. A thermoelectric device comprising: 

at least one thermoelectric element formed from a semi 
conductor material having the general formula 

XZYZS; 

and 

a crystal lattice structure having a generally tetragonal 
con?guration; 

four Z atoms disposed at respective corners of a generally 
square planar con?guration With one additional Z atom 
located near the center of each square; 

the Y atoms respectively disposed near the center of each 
tetrahedran formed by four of the ?ve Z atoms; and 

the X atoms disposed in at least one generally linear roW 
betWeen the Y and Z atoms. 

12. The thermoelectric device of claim 11 further com 
prising: 

the X atoms selected from the group consisting of T1, Cu, 
Ag, In, Cs, K, Na, and Rb; 

the Y atoms selected from the group consisting of Si, Ge, 
and Sn; and 
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the Z atoms selected from the group consisting of Te and 
Se. 

13. The thermoelectric device of claim 11 Wherein the 
semiconductor material further comprises a P-type doping 
material. 

14. The thermoelectric device of claim 13 further com 
prising the P-type doping material selected from the group 
consisting of gallium, antimony, iodine and indium. 

15. The thermoelectric device of claim 11 Wherein the 
semiconductor material further comprises an N-type doping 
material. 

16. A thermoelectric device having at least one thermo 
electric element formed from a semiconductor compound 
comprising a chain of atoms composed of YZ4 tetrahedra 
link linked by Z atoms in a generally square planar envi 
ronment. 

17. The thermoelectric device of claim 16 further com 
prising the semiconductor materials selected from the group 
consisting of K2SnTe5, Rb2SnTe5, and Tl2SnTe5. 

18. A thermoelectric device having at least one thermo 
electric element formed from a semiconductor material 
comprising a plurality of chains of atoms composed of edge 
sharing pairs of YZ4 tetrahedra linked by four Z atoms in a 
generally square con?guration. 

19. A thermoelectric device having at least one thermo 
electric element formed from a semiconductor material have 
a crystal lattice structure comprising: 

a plurality of metallic bonds betWeen atoms of Sn and Te 
Which establish desired electrical characteristics of the 
semiconductor material; 

a plurality of metallic bonds betWeen atoms of T1 and Te; 
and 

the Tl—Te metallic bond length greater than approxi 
mately 3.0 angstroms to provide a loW value of thermal 
conductivity for the semiconductor material. 

20. The thermoelectric device of claim 19 Wherein the 
Tl—Te metallic bond length is approximately 3.0 angstroms 
to 3.8 angstroms. 

21. The thermoelectric device of claim 19 Wherein the 
Tl—Te metallic bond length is greater than approximately 
3.3 angstroms. 

22. A thermoelectric device having at least one thermo 
electric element formed from a semiconductor material 
comprising at least one intermetallic ternary penta telluride 
compound. 

23. The thermoelectric device of claim 22 further com 
prising the semiconductor material selected from the group 
consisting of K2SnTe5, RbZSnTe5 and Tl2SnTe5. 

24. A thermoelectric device having at least one thermo 
electric element formed from a semiconductor material 
comprising at least one intermetallic ternary penta selenide 
compound. 


