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slide 6

New Materials: Exploratory Search

The search for thermoelectric materials with high ZT values is
quided by a certain number of criteria, including:

~ Large Seebeck coefficient
e High carrier mobility, high eiectricai conductivity

~ Low lattice thermal conductivity

= Chemical stability and iow vapor pressure B
= Band gap > 4kgT at operating temperature
m

Selection of hiah perfarmance thermoelectric materials .

necessitates striking-a-balance between conflicting requirements
for the optimization of the various transportproperties.

Novel Thermoelectric Materials
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Existence of Skutterudites

= JPL Exploratory search identified skutterudite family

Binary Compounds
e Nine semiconducting and two metallic compounds

~
Al ArmAa
DC IG Ciunicns

= Found soiid soiytiong exigt hohwaon magt Rimams v,
SR LT Ty Seuwtlerudites g wedd
as in many other systems

New pnases are derived from binary compounds

e By repiacing the transition metal or the pnicogen or both elements
e By conserving the number of valence electrons Y
e Numerous related skutterudite phases exi st

Filled skutterudites w
e Literature data show that filled skutterudites can be formed N
i |

|

e By filling the two empty octants present in the 32 atoms unit cell

@ The number of valence electrons needs to remain constant to
conserve a semiconducting behavior

Novel Thermoelectric Materials
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JPL Programs on Skutterudites
A Systematic Study in Progress

Investigating basic properties of skutterudites materials

H Siale
~ First study binary compounas

______ | I
warv/ougternary isostructura pnas

@ Then teri!a,! Yy’ \1..:6:.:-,“
' imenta: anc wned!
Conducting expermena: &

» Decomposition temperature, aiomic on e constant
\ Band 'p Debye temperature therma! expansion, Griineisen const
= Band gap.

“ ] .

~ Thermoelectric properties
Seebeck coefficient
Carrier mobility
~ Lattice thermai conductivity

~ Doping level

To obtain best compositions for maximum ZT

Novel Thermoelectric Materials




. T: transition metal

O P.: pnicogen
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Binary Skutterudite Compounds

|_Compound a (A) T, (°C)

__ CoP: 7.7073 >1000

___CoAs: R.2042 260

oSk 00282 R&0

___RhD, 7.9951 >1200

. RhAs: 8.4427 >1000

' RBSh: 9.2322 900

. (e N 8.0151 >1200

_IrAs: 8.4673 >1200

 IrSh: 9.2533 1141*

\iP: 7.819 >850 metailic |
7.703 >650 metal_li:

* JPL findings

Novel Thermoelectric Materials
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slide 13

Binary Skutterudites: CoSbs
300K Electrical Resistivity

< ] i S ’ n-tyne CoSh,
;—: P ¥ a) i : A -s : '
; iiz _IE ) A ) 'C'D i i
E ! A i i ; o] :
.Z t 1 é | " [o]
I - AH :
- [ i \ \ R i
' - M
g i o A ! |
= E Ba o
— 4 — —
S C | X '
Q : ‘ m
|- N i A&
o -
@ - p-type CoSh; '
: o '3 e -] 13 3 1 1} 14 ] ¢ é 1 1 1 J I 12 ¢
o m———— ———— : s
0.1 ; ; e
1E+16 1E+17 1E+18 1E+19 1E+20 1 E+21

L |
|
-
J
_I
|
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Binary Skutterudites: CoSbs

300K Seebeck Coefficient

" LVIK)

Seebeck coefficiert

slide 15
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Electrical Resistivity vs. T
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Binary Skutterudites: P-Type CoSb;
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slide 18

Binary Skutterudites: P-Type CoSbh;
Hall Mobility vs. T

10000 -+
—A—1210B22
—0— 100822
—a7INBI2
——22NB12
—A—2NB132
1000 -

Ha | mobi ity (cm?*Vs)
7T 1T U8

p-type CoSb,_

100 e ——

100 1000
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Binary Skutterudites: N-Type CoSb;
Electrical Resistivity vs. T
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Binary Skutterudites: N-Type CoSbs

Seebeck Coefficient vs. T
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-d
—6—1CS10 (Te) OOy
R 6200 iog ¥ 0N
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X —C—1CS44 (Te} £y O
> o+ ' o o
ulf —A—A40B23 [P} _,:r —~
— 3 : S
e = a0 fDMY P -
- —A— 0OB26 (P NF
- 4 o g A
S 100+ s ol ANAAE
— s /ol Av o
Q i ;';" : Aﬂ“’e:*
— O A AT X
prand _200 . AAA A 7 iy AN
< d A
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Binary Skutterudites: N-Type CoSb;

10007 '
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Power factor values for n- and p-type
CoSb; at 300K

|

)

50 4+
- e & oun
r » n-tyoe CoSb
5 45 < Dower fa ctor= (‘(26 o 7y S
x L ST v o o-tvoe CoSb2
- 4c+
= - ~
C 25 <+ o ~
2 F °
2 307 ° ® o 5 @
- &
5 25 ° L& . 8 o |
& 20 ° o o e °
bl o o o % ~ L
s 154+ ° Q o -
3 l ‘ ""
5 10 ..F % ° 0
= T m
T |
0 | B | | ] L] 1
1E+17 1E+18 1E+19 1E+20
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Binary Skutterudites
Hall Mobility vs. T

10000
b
z ‘
€ 100
-'E ’__4’{@9’" ; ; : : _
#”_ p-ype conductivity, at various carrier concentrations]
T IR T ISR SR S
0.5 1 1.5 2 2.5 3 3.5
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Summary on Binary Skutterudites

High temperature band gap values: 0.4 - 1.2 eV
e Possibility of CoSbs, IrSb, being zero-band gap semiconductors
e Possibility of unusual non-parabolicity for valence band

P-type electrical properties
e Very high mobilities, low electrica! resistivities

] H -
Due to small effective masses [~ 0.7 m)

PN Yoo Tate

~ Moderate n-tyne Seeheck coefficients (100-200 ¢ V.K7)
N-type eiectricai properties

@ N-type mobilities are lower but still reascnable

- Due to large effective masses (~ 1.5 m,)

e Large n-type vaiues (200-600 uV. ‘K-’ )
Thermal conductivities are moderate

e But too high for thermoelectric applications

Large family of isostructural semiconductors

@ N-type skutterudites might result in higher T/E performance

> Need for reductions in lattice thermal conductivity
Novel Thermoelectric Materials




S|eLIB1By\ D11}08jo0WIBY | [BAON

palapIsSuod osje ale suolinjos pljos ‘Buisiwoud §| &
pazuajoeleyd Ajejeledss aq pinoys aseyd mau yoez &

(M- wo/muw g€ 01 2) AliAionpuod
BWIBY]} MO| dALY Td[" 1€ poziisjorieyo punodwios Aiguis} mau jjy ©

swisiueyosaw Buiayeos

pue ‘Buidop ‘einjondis pueq u: sebueys “i9pLosSip diwiole peseaiou] ¢
Areonewe.p abueyo ued seiuadoid Lodsue. |
{7d" 1e puno; sauo mau p} soseyd Aieuid) £Z JO MOWY B\ @

r
r
r
|
=

SO DA e il ol o SER e b e
SO AT U(Umo\(— (\+.(. .L(.I.. .V...!
T, i H
e b bs el o ke Ta REIRREa TR A S TIEL I T W Sl P I Aimsmiass NG QUASSE N
MO Ts D aaT s i gy .NQ‘-_(\AI\W( (l\m( 0\:»4“\»0*..‘“ Ml\...}nU\ S A s
BV o B EYa] P Y ”~ .\.l YT o TN o~ - i
SU.4}TS|o STuUBjBA 40 BGuinu sy Bu; IADSUOCT AY o

SJUBWA|d Yjoq 10 0ab0o U 8y} 40 jeldw uolysued) ay) Buoejdal Ag ©
spunodwod Aleulq WOl 5841 8p 8Je Saseyl/spunoduwiod MmN

salipniannys A-euls wolj paALIdc
saseyd pue spunodwo) Aleulaj

Zc 8pIIs




slide 28

Ternary Compounds and Phases
Derived from Binary Skutterudites

ST .
| Related Phases Based on;

¢
i
1
¢

Skutterudite i
Binary Compound g
E {CoSha} !

- e N e :
N i

I

' ! !

| Replace Co ' l Replace Sb | Replace Co and Sb

! to get ! to get | to get RuSbzTe =
i Feo0.5Nio.5Sb3 | CoGe1.5Se15 | or PtSnSb2 -
i ye——— E i T S

| | E

S I— | | :
| Co rs b I i Co I | Sbs! | Co I Sbs
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Lattice thermal conductivity reduction
dueto electron charge transfer in
ternary compounds: RugsPdosSbs

p— r
x : __O_JQDSQ ,
= r i
z sDpLD :
< r —— :
= + — O INKT
.’: - -
-~ r ------ lattice thermal conductivity
_-i? CoSh2
>
Z 100 %
e
I
e
o) L
< ; N .
-E i- 'M u Zx A 2 A N 3
- S -

£ o AR
e ! ________________
o
£ I

| ] 1 T
= 0 | : . i . .

100 200 300 400 500 600 700
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Skutterudite Solid Solutions

slide 32

Solid Partial Range of Full Range of
Solutions Compositions Compositions
CoP: CoAsy*
CoAs: CoSh.* [ IrAs,
CoSh, CoAss™. FeasNinsShs, L 1rSh.
o FeSh:Te. FeShsSe o

| RhSh, l TrSha
IrAs: | CoAss , IrSb;
IrSh: CoSbh; , IrAsa, FeosNiesSh: | RhSh:, RuSh;Te _
FensNinsSh:  CoShs, IrSha RuosPdesSh: |
RuosPdosSh: , CoSbhs , IrSha FeosNipsShs
FeSb:Te CoSb: . RuSh,Te
RuSb;Te FeSh:Te | 1rSbs

*literature results
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slide 35

Results on Ternary Skutterudites,
Alloys and Filled Skutterudites

Ternary skutterudites compounds

e Most are p-type semiconductors
With high carrier concentrations

~ Reasonably good Hall mobiiities

- ?n’-nmn—nin e Temiar »y

N WILDUTI QAT LW 1YY o
A nﬂ'\l !_I\IAI 'lkt;\rme! nﬂndl!hfi‘.r;f‘.!

SU ?‘t 5 ‘r RO TR AL SRR A T R SR (PR S

~ Cannotbe explained from point defect scattering (compared to binaries)
Other phonon scattering mechanisms at work

Such as valence fluctuations, chgrge exchanges
Skutterudite alioys
o Both p-type and n-type can be obtained
& Goal is to maximize mass and volume fluctuations

Filled skutterudites

@ Preliminary results indicate interesting thermoelectric properties
e Metallic behavior, but low thermal conductivity and good Seebeck

Novel Thermoelectric Materials
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Electrical Resistivity of Skutterudites
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Thermal Conductivity of Skutterudites
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Current Focus of JPL Programs

Understand variations of general properties of skutterudites

2 With composition
= With doping level and temperature

= ' +H int
=ocus s onter nary skutteriditeg and reigted phases
™ R OrMmMaIfNInee ‘3 bsnpr\‘[ ﬁr\mn U“GS mogtiy DhOSDn‘GES* crf‘f,cugr to prepare
d Lt kK a b i

Study of n-type materials of particular interest
e Because of their large Seebeck
o But requires high doping levels

Study of filled skutterudites aiso promising
e Because of their low thermal conductivity
@ Approach can be combined with alloys

Novel Thermoelectric Materials | PSR
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