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Abstract

Today, more than ever before, means must be found to apply the full power of
modern materials science to the important problem of efficient and environmental—
ly friendly energy conversion devices. Applications ranging from high
value-added aerospace power generation to consumer-oriented conveniences
such as picnic baskets must be made smaller, more efficient, more economical,
and perhaps most importantly, more compatible with the environment.
Thermoelectric technology offers unique capabilities and challenges which, for the
first time in decades, are being seriously re—examined as part of the solution to
some of the these problems. This presentation will outline the basic principles of
thermoelectric devices, applications of thermoelectric technology, and will survey
several exciting possibilities for improving the performance of thermoelectric
technology, possibly to levels comparable to today's best mechanical power gener—
ation and refrigeration devices, Special emphasis will be given to the status of
emerging thermoelectric research in the United States of America.
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® Environmental concerns can only increase

B We need efficient, clean energy conversion for

m Emerging R&D hopes to significantly improve efficiencies

— high

value-added applications such as space, sensors

— consumer products such as picnic baskets
® Existing thermoelectrics fill special needs

— Can work as coolers or electrical power generators

to approach mechanical engines

Thermoelectric Technology:
Today = Reliable, Reliable, Reliable

T

Ic;t I;esba:]

IRXANVF—-DaR P EEEIZ >TT 3
REREGEL > T3

EMED Y ) — BRI R NVE—LTBRBUETH 2
- FHACE VY -REOTMIE D

— EJ=u I N2y bDESREAR

R D BVE T B R

— REHIRHEBHE LT

BB & © BVEESERAWE L <. B8
EIES T B

B :
4 H =St . (S (S




LT

[ Applications Drive R&D

B Materials R&D efforts are Justified based on current or
future applications

W For 10-15 years, most US R&D has been directed to
support Space Nuclear Power

- Systems & hardware oriented

— Materials work focused on ‘modest’ improvements in SiGe

- Evoluﬁona.xy,notrevolutionaxy

B Space Power R&D has essentially ended

® New ideas being supported mostly by new sponsors
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Space Defence Commercial
RTGs| W h
Reactors| x
Waste Heat v
Small Refrigeration| AN A
Large Refrigeration A A
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1cation Trends in the US

Near Cryogenic

v'= Stable
*=Cancelled
~lf=Decrcasing
A=Growing
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_ Radioisotope Thermoelectric
Generators: RTGs

DTy

B RTG advantages
= >10 years life, reliable, durable, self contained
® RTG disadvantages

— Nuclear heat source, safety, cost, efficiency

Jasrogewnsas

W Typical missions

- unmanned probes beyond Mars, Lunar/Martian Surface, Sun (1)
B Status

- Will be used in upcoming Cassini mission to Saturn

- Pluto mission cancelled, Mars exploration doubtful

- R&D discontinued because only 1 mission/decade is expected
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Space Power 100 kW,
SP-100

W Planned to build a 100 kW, Space Power Supply ,
B Suitable for:

— Lunar/Martian Bases, Nuclear Electric Propulsion
— Power intensive satellites: Radar, communications

Funded by NASA-DOE-SDIO

|
W A clear “user” never emerged

m Continuous & serious technical problems

W Cancelled after >10 years work and > $500M (> ¥50,000M)

T

Vini L T e w s e e T TT—

1 O O kK WHE=85 FH &= 7
S P— 1 0 0O

B 100k WROFEHHBEO R
W AR
- RAEKEORH. BB ELE
- k%ﬁ%ﬁ_ﬁ WE. v—5—. #BEH
B NASA-DOE-SDIODESE
M FEFEZRCHETI W
W AT 2 BRSBTS
B 1 0FLECRMMEE. 5 FL (50 0@M) -

"1

11



12

L

Show SP-100 NEP

s P —1 0 o A% BE SR PHE S 2 iy |

~‘:.'-:- poers
~



A0 ORI

Vini R P e D D Y D e VR Yyt T YT Y YTV ST P T os -

|S P — 1 O O i== 855 16 5k 5 |

Sy 3

13



14

L

|
MI | Exhaust Waste Heat

n waste heat recovery in the US today
W Generally, energy costs are too low

B One project at Hi-Z Technology in San Diego
- DOE, Small Business Innovative Research (SBIR) funded
- Replace the altemnator on trucks
— Generate 1-2 kW, from exhaust waste heat
» Engine power goes directly to propulsion
» More Power available to push the vehicle

W Scaling appears to favor larger vehicles
~ Amount of waste heat grows faster than electrical requirements
- Trucks, busses, ships(?) etc.
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Small Scale Refrlgeratlon

] Portable recreatlonal cooler market 1s growmg rapldly
- Generally de51gned to run off of automobile/RV power system
— Capacity of a few beverages (1-2) up to picnic size
— Auvailable in common retail outlets (new for TE devices!)
— Probably uses > 500,000 TE cooler modules/year

W Small volume coolers for Space Shuttle Missions
— Have had reliability problems with Shuttle Reftigerators
» Foods, experiments, waste storage for retum to earth
- Testing prototype TE replacements

W Personal comfort conditioning
~ Cooled suits & vests for NASA astronauts/helicopter pilots
— Actively cooled seats, steering wheels for cars
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® US Navy has 1 thermoelectricly air conditioned submarine
~ Silent, reliable, large heat sink (the ocean!)

~ Estimates suggest a 50% increase in efficiency could justify using
TE cooling throughout the US submarine fleet

- Office of Naval Research has initiated a basic matenals R&D

program
W Jetway Systems is developing TE air conditioning for
parked aircraft
~ Significant markets expected
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Cooling to Near

— advantages: rugged, reliable, small
- disadvantages: inefficient

W Multistage technology is relatively easy for thermoelectrics

® Infrared Detectors require or benefit strongly from cooling

B Widely used in NASA and Defense applications requiring
only modest cooling power and/or not so low temperatures

® Improvements in ZT have a major impact on cryogenic
cooling performance

S35 ~ o> v 2 |

%&ﬂ@@ﬁ%ﬁm14o—1soKif@ﬂ?§5
- MR BB ESEEM . N
— KRR RS E N

REDSEICE . 2 BREA RIS BN 5 2
IROMRR IR A H B ERAIR T 2

NAsA&E%T@ménrmagouﬁamwt@%ﬁ
L#%%umt\%ibﬁmﬁﬁé%ETKM

| ZTmaﬁﬁ@ﬁ@m@$muk%<%§¢5

I ozoton
~

17



18

. Technology Summary

N Current TE technology 1s rchab]c
— Markets are growing due to decreasing production costs

W The potential exists for major efficiency improvements
- Butresearch is only now beginning

M Two natural paths available for development:

- Low risk/modest payoff via engineering improvements to existing
technology

- High risk/high payoff via basic research directed at major -
efficiency gains.

The next few years may determine if this
technology is finally ready for major growth
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W Any efficiency calculation will
involve the same factors shown
here

B S, p and A always occur together
in the end

B ZT (not just Z) is the preferred
quantity
— this is the only unitless
combination of S, p and A.
- ZT also occurs in thermodynamics

Physical Origin of ZT
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Thermoelectric Materials of Today
For technology, this will probably not change soon
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n For a smgle stage TE
power generator:

nz[_A_TJ I+ 2T -1

7, 1+ZT+7/

® Current materials, ZT__~1

B But There is no known
theoretical limit

Efficiency
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"3 For a single stage cooler: B For a multistage cooler:
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B ZT .~1 limits maximum efficiency to about 1/8 of ideal
W There is no theoretical basis for a limit near ZT~1
W Estimates indicate thermoelectric performance can >triple

B Advanced thermoelectric materials R&D is very promising
~ Systematic approach required
- Advances in experimental and theoretical methods over 30 years
- Explosion in new materials available today

® Even incremental progress has substantial benefits

ZT, # 1
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| The

The Westinghouse Thermoelectric Generator Program goal for
efficiency was “only 35%” because

“Frankly, | wish the goal to be one that we can attain.

From C. Zener, 1959
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[US Sponsors for New

W Commercial sponsors for materials R&D do not exist
~ Small companies can not afford R&D costs with today’s income

B US Government Sponsors for Materials R&D:
— Office of Naval Research
» New start in 1994
» Target: Air conditioning on submarines
- DOE, Office of Basic Energy Sciences
» New start in 1994
» Target: Major ZT advances to open major new markets
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Selected US Government
Thermoelectrlc Pro grams
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[US DOE - Advanced Energy Projects |

Courtesy of Dr. Joseph Farmer, Lawrence Livermore National Laboratory
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B Today’s materials are based on: B1,Te;, PbTe, SiGe

~ might also include BiSb, TAGS and F eSi,

W These will not be replaced in the near future

~ Mature device technologies available
— Current markets are too small to develop new technologies quickly

W By establishing a deeper understanding of today’s materials
we lay the foundation for new materjals

~ Use well understood materials to test novel ideas
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Ml Are there semiconductors which “work” according to

conventional rules, but have more favorable parameters?
- Largem, & p

— Small A, (approach the minimum possible)

- E > 4kT

M Binary Compounds

— Most (but not all) binary compounds have already been studied
— Novel binary compounds studied at JPL in recent years:

» B,C,La, S, La, Te, :

» Ru,Sly, Ir,Sl, IrSly, Ru, Ge,, Re,Ge,, Mo,,Ge,, Cr,,Ge,o, CoGe,

» RuSb,, IrSb,, IrSb,, and CoSb,

TE e oD M2 38

N RO FICE OB TE T, A oMERE Y L CEE Ly

/<‘3}“§7_78%O¥§f2'3&61?

= Mg & p BREW
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»B,C, LayS,, Lay (Te,
»RuySiy, Ir,Sig, IrSiy, Ru,Ges, ReyGeq, Mo 3Geys, CryyGe,yo, CoGe,

»RuSb,, IrSb.. IrSh.. and CnSh.
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17| Conventional Semiconductors l

+ Slack has surveyed al/ the binary compounds!
To be published in CRC handbook

This general approach is being pursued by several groups:
— JPL, Rensselaer (Slack), Ames Lab (Cook)

T
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Emphasis on small electronegativity difference for high mobility values -
28 candidate binary compounds tabulated!
Particularly promising: IrSb,, RegTe,s, and Mo, Te,
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[ Skutterudites - IrSb, |

W Large family of compounds like MX,
- M=Co, Rh,Ir; X=P, As, Sb, many other, more complex
substitutions also possible
B Very high mobility values reported by JPL
~ Caillat, Borshchevsky, and Fleurial, ICT93 in Yokohama + others
- p~1000-1200 cm?V-s for IrSb,, p>8000 cmn?/V-s for RhSb,

W JPL also reports low thermal conductivity values
—_as low as 0.008 W/cm-K for selected alloys

B BUT reports of ZT~1.5-2 for IrSb, have been retracted

— Annealing causes formation of a *skin’ of IrSb,
- High ZT measurements now considered unreliable
~ still promising, but much more work is required
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B Example: reduce Alatice

- Extensive efforts have been
made on SiGe

- Expensive R&D, with only

W Very difficult, so be careful
before starting work!

Theoretical Calculation of
A tice due to inclusions

I

modest possible gain =°

- Results to date have been v :
disappointing 2
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B Vast number of terary compounds known
—Thousands studied for superconductivity, but TE data is rare

Copper Oxides - evaluated by Mason

—only low ZT expected, due to poor mobilities

Mn,Al;Si; - studied by Marchuk et al

—Such anomalous Ry; and S results are always worth carefiil study
HiNiSn - studied by Dashevsky et al

—67% metal and still a promising semiconductor!

—

This approach is being pursued at Mich. St. by Kanatzidis

=AbEY BX O X M (LEY

—HRIZE DTV B Z kA OEITIEE 1T S

— BiRER L LT ENTWDDIIETREED 523, BBkl - L TR
TR I oIz

MY - Mason 12 & W ER4f

— BEIEIME DI ZT NMEN

Mn,Al,Si; — Marchuk &2 & v #fge

— Ry CSOERRBERETT LD, BEESHEATTDELERS S

HfNiSn - Dashevsky & 12 & v BFge
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miconductor

* Not all semiconductors work the same way

~In hopping conductors, carriers interact so strongly with “phonons” that
the lattice distorts around the carrier

—In some materials, charge carriers interact with each other so strongly that
electrons cannot be considered as “independent”

— Conventional selection criteria may fall for such materials

Pursue the anomalies

I

TSk & 133E S Y-k

® FTONEGER, FUFHECHESNTE e bif T
— By EUTREETIE, ¥ ) T OB CRIRELOT
XY UTHE 74727 L OMEERRIERIZH
T WS ODDOMENTIE, #EX v ) T EABOME RIS
BMODT, BYE” MERED” LBAT I LRTE A
— IERDBHREAE, Zh b OMEHIIV TR Y 37 20 T
%5

BIS I 72 b D 2 RFFe )




LTI

1 Strong Carrier-Lattice Interaction

,,,,, T —— patases

¢ n-type FeSi, Is a hopping conductor
- P for n-type FeSL, Is about 50 times smaller than $ for SiGe
—but ZT_,,~0.4 for FeSk, less than 3 times small than for SiGe
—low cost and “anomalous” behavior are good reasons for further studies
* B,Chas ZT~0.4-0.5
~too small mobility (~ 1 cm?/V-s), too high carrier concentration (~10%t emr?)
— Very high melting point and composed of very light elements

— All conventional rules suggest this material has no promise
— Still, it Is within 2-3 of the very best

N U T - KR A

® nHlFeSi,idhy VL S EEATH B
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— HFECEVERE b B, RIS SR DS
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I

U3Pt3Bx4 - suggested by Slack
~many isostructural compounds, such as Ce,;Pt;Bj,

—so-called “heavy fermion semiconductor”
—carriers behave as if they have large effective mass

—Should have high Seebeck values

* Related materials suggested by Louie and Radebaugh
-(Ce, La)Ni,, (Ce, ,La)In,, CePd;, and CeInCu,
* This General Approach is being pursued at:

- Cornell (D1$alvo) Ames Lab (Cook, meg)

BNF Y U T - % U FAHEMEA

U,Pt;Bi, - SlackiZ L D &= X h -

— Ce;PtBi, D X 5722 < ORI A &L

— Vb 5” BT =)L IR T E
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—BNE =Ny S EHAE L ORTTh D

Louie & Radebaugh!Z & W #£58 S - BE o & S8

— (Ce,_ La)Ni,, (Ce,_LayIn,, CePd,, CelnCu,

ZORERE Y MAILUTF O & = 5T Fhh T 5

—Cornell (DiSalvo) . Ames Lab (Cook. Vining)
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Organi

* Many organic polymers with high electrical conductivity are now known
—Doped polyacetylene can have electrical conductivity comparable to good
metals

— At low doping levels, high Seebeck values (>1000 pV/K) have been
observed

— Sometimes, electrical mobility values can be quite good

—Give the low cost and the great ability to modify organic materials, some
closer attention seems justified
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Heterostructures

¢ Apply modern Tabi é"ﬁ"ﬂbﬁ"i'é"éhiﬂ‘ljﬁéf‘fﬂ'éﬁﬁﬁéiéﬂﬂé"iﬁﬁféﬂﬁls'”""‘";

allows materials and properties not previously possible
extensively applied to control electronic properties

- extension to thermal and thermoelectric properties Is only starting

* Quantum point contacts at very low temperatures

~ “Quantized” Seebeck coefMcient values have been observed under
conditions where Hall coefficient and electrical conductivity are also

quantized.

~Theory and experiment agree even under quite extreme conditions

Provides confidence that theory is reliable
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Heterostructures

* Hicks and Dresselhaus: Quantum wells
—ZT Increases with decreasing size of quantum well
- Factor of 14 increase in ZT predlcted for BL,Te,!
— Another factor of 2 increase predicted for 1D quantum wires
—Theoretical work also at Naval Research Lab, Oak Ridge
* Other effects could also enhance ZT

—Mobflity enhancement due to physical separation between carriers and
fonized Impurities

—Phonon scattering and/or Bragg reflection at heterostructure boundaries
— Research Triangle Institute (Ventkatasubramanian)

* Harman at MIT Lincoln Labs Is pursuing this type of approach by Molecular
Beam Epitaxy

* Note recent criticisms by Sofo,

Mahan and Lyon (Oak Ridge) and by Whitlow

~T i

® Hicks & Dresselhaus : BEF 5=
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Heterostructures

¢ Moizhes and Nemchinsky: Barriers enhance the Seebeck
— Carriers below the chemical potential degrade the Seebeck
— Energy barders allow “good carriers” to pass, inhibit bad carriers

Energy
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W Large ZT values have not yet been confirmed
® There is no easy path to large ZT

B But there are many plausible approaches that have yet to be

tried
B Persistent efforts are bound to yield exciting results

----- SrStatus of New Materials Research

The challenge is not the generation of plausible ideas,
but the rapid and accurate evaluation of these ideas
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[ Outline ]

B Introduction

B Application Trends in the US

B ZT=1 Barmier: the basis for Materials R&D
M New Materials: Ideas and Research in the US
B Swummary
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| Summary

W Niche applications wil] continue to grow
~ Extremely reliable, silent, no moving parts
— Reduced manufacturing costs opening new markets

B Major waste-heat recovery Initiative here in Japan

— High energy costs more important than capital costs
— Where there is abundant waste heat, TE makes sense

B CFC-ban should increase markets for all sorts of alternate

refrigeration technologies
B Exciting opportunity for new materjals research
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| Concluding Thoughts

M Science Challenge:

— “The thermoelectric power, more than almost any other property of
condensed matter, is a wonder property; thatis to say, you can
always say, ‘I wonder what thermoelectric power I will get if I mix
A and B, or melt X*”

» Brian R. Coles, 1978
M Science Fiction

~ “Our physicists have discovered a new class of semiconductors - a
spin-off of the superconductor revolution - that ups efficiency
several times. Which means that every icebox in the world is
obsolete, as of last week ”

» From the novel: The Ghost from the Grand Banks, 1990
by Arthur C, Clarke, inventor of communications satelljte
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