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Plan du séminaire

1) Introduction
a) Definitions
b) Figure of merit
c) Thermoelectric phenomenon and materials

2) Old thermoelectric materials
a) Bi,Te,
b) PbTe
c) SiGe

3) New processes, new techniques in the quest for materials of the

future...
...or how to disrupt the phonons without affecting the charge carriers...

4) Strategy for new TE materials research
a) Discovery of new TE materials?
b) Few « good » examples: Zintl, Hollandite, TiS,_Se,
c) One bad example: AgCrSe,




Thermo-Electric Conversion

Refrigeration mode Generation mode
“Peltier effect” “Seebeck effect”

_Object to be cooled Heat Source (T + AT)
N+

. Heat Release iT' .

When a current passes through
the circuit, electrons and holes
carry heat.

An applied temperature
difference make the materials
generate a voltage.




Thermoelectric figure of merit

S - High Seebeck coefficient (V/K)
High voltage/power needed !

p > Low electrcial resistivity (€2.m)
Limit the thermal loss by Joule effect

K - Low thermal conductivity (W/(m.K))
Maintain a temperature gradient AT high enough




Thermoelectric figure of merit

a > coefficient de Seebeck (V/K)
p - conductivité électrique (2.m)
K - conductivité thermique (W/(m.K))

K=K +K,

K, = contribution des porteurs de charge Wleﬂman
K. —> contribution du réseau ﬂh—lz

ke - constante de Boltzmann Lorenz law
e -2 charge de I'électron

m* - masse effective

h - constante de Planck

n -> Charge carrier concentration

M -2 mobilité des porteurs
L - facteur de Lorenz




Variation with chare carrier concentration
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A bit of histoiw...

1823: Seebeck

1835: Peltier

1851: Thomson

1930s: semiconductors with Seebeck > 100uV/K
1947: Telkes Thermogenerator with 5% efficiency
1977: NASA _ Voyager 2 (RTG / SiGe)

Today:

ONLY commercially available modules made of n and p Bi,Te,




Historique des matériaux thermoeélectriques
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TE materials used in commercial applications were discovered in the 1960’s




Bi, e, - structure
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lamellar structure: # Clivage plans (mechanically fragile)
# Anisotropy of transport properties




Bi,_,Tea - dogage

p-type : solid solution (Bi,Te;),(Sb,Te;), , ou Bi, ,Sb, Te,

n-type : Solid solution (Bi,Te;),(Bi,Se;), ou Bi,Se, Te,

Maximum operating
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TE materials used in commercial applications were discovered in the 1960’s




Bi, Te; - Anisotropy of transport properties In single crystals !

EXAMPLE: Composiltion : p- Bi;;Sb;,Teg,

properties TE measured in the ab plan (11) and along the c direction (33)

Teg;
Bi
Te,
Tey,
Bi
Te,
Bi

Quintuple

van der Waals gap
Seebeck coefficient (1V.K™)

Quintuple

T T
35 4
Carrier concentration {.10"%cm™)

Seebeck is isotropic




of transport properti In single crystals !

a/On o

Electrical resistivity ( pQQ.m)

In the ab plan ;

1 300K

Thermal conductivity (W.m ".K")

T T
3.5 4

—_— . ” 3
Carrier concentration (.10 “¢cm ™) Carrier concentration (. 10%em)

Fornorp: ZT (ab) > ZT(along c)!

In the ab plan Must orient the TE legs when making a

module

(commercial module : ZTp~1-1 .1 and
ZT . ~0.9)

Figure of merit (103K

along C :

3 4 5

The most studied TE material
...still today...
Carrier concentration (.10 “em *) (Cf 2i¢me partie)




PbTe

# a simple cubic structure Rock salt type
# n and p type depending on the dopants
# single cristals and polycrystalline samples




p or n type depending on dopant(s)
ZT about 1 at 800K

Very easy to synthesize

Pb: Forbidden in Europe (REACH...)

Much research underway in the USA
(Cf 2¢me partie)




GPHS-RTG

Used in GPHS RTG since the 70"

00°C
00°C

n-type : highest ZT~0,9 a
p-type : highest ZT~0,6 a

10
10

Silicon-Germanium
(Si-G

ng
Multi-Foil ¢) Unicouple

Insulation

Average ZT = 0.53

(couple over the range 473-1273K)

Efficiency ~8.5%

Apollo 11 (1989)
Apoll/ALSEP (5) (1969-1972)

Pioneer 10

(1972)

s Viking 1&2 (1975)
(1976)  ptars Pathfinder (1996)

Distances & Planets Are Not To Scale




JE materials research strategy

# To improve the performances of known TE materials

# To find new thermoelectric materials




Improve the TE performances of known TE materials

Example: Bi,Te;, PbTe, SiGe...

Chemically optimized! (in termes of charge carrier concentration),

-BUT K, can (maybe) be lowered (?)
-BUT can'’t we decouple the Seebeck coefficent and the resistivity?




_ WY

= How to disrupt the phonons path ?
= How to decrase their mean free path ?




Disrugting the ghonons disglacement

# Structural disorder
Mixed occupations
Positional disorder
"Impurities”
Vacancies

# Increase the number of grain boundaries
(Decrease the grain size (towards nano...?))

# Increase the disorder at the grain boundary

# Make (nano) composites




PbTe new generation...

2 Pb2* = Ag* + Sb3*

Substitution that leads to the family of LAST (M. Kanatzidis)

(LAST : Lead Antimony Silver Telluride)

AgPb__SbTe,

Ag-Sb pockets formed by
electrostatic attraction

Synthesis: fusion followed by
slow cooling




Lattice thermal conductivity

PbTe

LAST-18

attice Thermal Conductivity (W/mK)

L, 0.35 WimK (Harman PbTe/PbSe supeqlattice) | | | ]
300 400 500 600 700 800
Temperature (K)

LAST-18 = AgPb.;SbTe,,

In situ formation of nano-domains Ag-Sb rich.

Decrease of the lattice thermal conductivit

\b Evident consequences on the ZT !




PbTe new eneration. .

ETN-16 (LAST-18
e ®

LAST-22

Wang et al 2006
LAST-18
Kosuga et al 2005

320 400 480 560 640 720 800 380

Temperature (K)

References: Kanatzidis website @ : http://chemgroups.northwestern.edu/kanatzidis/greatthermo.html 5




~Benefit from the anisotropy
# Must utilize the (ab) direction !

~Avoid single crystals
# Difficult synthesis
# Poor mechanical properties

Synthesis of polycrystalline samples

Hot pressing (conventionnal or SPS)

Partial alignement of the grains perpendicularly to the axis
of pressing

Measure the properties in both directions




BiaTea nouvelle génération. -

Synthesis: mechanical alloying (broyage réactif)

# Fast

# Reproducible

# Small grain size

# Low temperature (no evaporation)
# Fine control of the stoichiometry
# generate defects formation

# easy to scale up

Typical parameters:

30 minutes _
700 rpm 15 grams of Bi,Te,




BiaTeii nouvelle géng’ rgtion...

Controling the degree of texturation is necessary in order to optimize the TE
properties

Step 1: Step 2: Step 3:
Graphit die : Same pellet Heat and

®igmm | Graphit die pressure applied
No preferred ®20mm Strains are
orientation released

Flowing and ﬁ
texturation of

the grains




Bi, Te,. nouvelle genération... densification et decoupes

1. Puck after SPS 2.slicing

Echantillon coupé
horizontalement:
cross plane

Quintuple

van der Waals gap

Echantillon coupé
verticalement: in
plane (ab)

Quintuple

C- Axis




BiaTea nouvelle génération... microstructure

Quintuple

10.00 kV Signal A = i EHT = 10.00 kV
WD = 5.0 mm WD = 5.7 mm

v N il 7 AP “",: A 5 ! g 7 4 ( 2

After first SPS densification After second densification




BiaTe3 nouvelle génération... microstructure

" . : CeX = . L = s \¥§\ 1
" sookx  2Hm EHT = 10.00 kv | EHT = 10.00 KV Signal A = InLens
ag= < H WD = 4.8 mm WD = 3.7 mm Aperture Size = 60.00 um |

After first SPS densification After second densification

Grains plus gros et mieux orientés




Bi, Te, nouvelle géenération... proprietés de transport

1. Puck aprés SPS 2.Découpe

Echantillon coupé
horizontalement:
cross plane

Quintuple

van der Waals gap

Echantillon coupé
verticalement: in
plane (ab)

Quintuple

C- Axis




BiaTea nouvelle génération... grogriétés de transgort
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BiaTe3 nouvelle génération... grogriétés de transgort

Seebeck is isotropic
(like in single crystals

Resistivity decreases...

\ 4

So we expect:
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§iaTgii nggvgllg gg’ng’ rgtign..i

Kiotale — Kélectronique + Kréseau — LT/p + Kréseau »

AR R R IR R P

K Ia_tt_i ce‘l’

(Loi de Weidemann Franz)
avec Lg; 10,y ~ 2 10° WQ/K?)
oTe3

Conductivité Thermique (mMW/cmK)
o
o

o

300 350 400
Température (°C)

Kréseau T

Bigger grains should lead to an increase in K ic.




BiiiTea nouvelle génération... TEM after first SPS

Microscopie : Dr. Oleg Lebedev




BiiiTe3 nouvelle génération... TEM after second SPS

' “

Microscopie : Dr. Oleg Lebedev

Amorphous, disordered grain boundaries...
Hypothesis:

# Results from the friction engendered by
the second SPS, grains force to glide on

each other.

This result has been reproduced numerous
times!

Mechanical process results in an increased
thermoelectric figure of merit.




SiGe nanostructured
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A le recherche de nouveaux matériaux TE ...7?

Thierry Caillat

To date, thermoelectrics has been mostly applied for
niche markets

— Using TE materials developed in the 60’s

New development in TE materials may open up new
markets

— Automobile, industrial processes waste heat recovery

Both low cost and smart system engineering are
needed to make these applications viable

ZT ~ 3 cooling materials would open larger markets

College de France, March 2013




T —
A le recherche de nouveaux matéeriaux TE ...7?

We need:

# Low thermal conductivity

- Complex structure

- Heavy elements

- Possible (structural) disorder
»Mixed occupancy
=Positional disorder
*"Impurities
=\/acancies

# High Seebeck and electrical resistivity = Tunability of the carrier concentration
- flexible structure towards substitution, doping...
= solid solution
= flexible framework
= Intercalation sites
= |nterstitial positions




I — T

We need:

# To make the material pure in fairly large amount

# To be able to densifiy it

# The material to be mechanically sound

# The material to be stable towards air and moisture

# The constituting elements to be cheap enough, available and not toxic

# Cost / effectiveness




Programme STMC

14 partners, 2 years... to find a solution N g
replacement to the heritage SiGe las, | -

R P,

C Yb,,MnSb,,

[MnSb,]1°-
[Sb,) —— |

4Sb?*-

14Yp2* — || * 4

T '-'_.

(10+7+4x3) + (14x2)*
29(-) + 28(+)+ 1h*




Yb“MnSbii a naturallx doged g-txge HT TE material

Carrier concentration:

Calculated [h+] = 8/6000 1024 = 1.33 102 cm-3 | 4o OK !
Measured [h+] = 1.1 + 0.3 x102' cm-3 panaa !

Complex 0D structure
Lattice parameters:

14,/acd
Highly disordered Sb. trimer
a=16.562(3) A I ]

LAt e -

V = 6000 A3
Z=8 b,7”

® @
‘:!gg




YanSb a naturall doed gxg HT TE material

>

Resistivity (mOhms cm)

1 i i 1 1 1 50 1 1 1 i i
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

Temperature (K) Temperature (K)

=

Figure of Merit

- 'H‘i\_ 1
SiGe ]

Thermal Conductivity (mW/cm-K)

%00 400 600 800 1000 1200 1400 675 8%5 ' '1675 : '12'75'
Temperature (K) Temperature (K)

S. Brown, F. Gascoin, G. J. Snyder, S. M. Kauzlarich, Chemistry of Materials, 2006, 18, 1873.
U.S. Patent. Application Serial No. 11/470, 998




Yb“Mna iiZniiSbii
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Mn and Zn both divalent :> No Seebeck variation up to x = 0.7
No variation of [h*]

> lower spin concentration

:> lower spin disorder scattering

> Lower Electrical resistivity

Mn d°, Zn d'0




Transition metal chalcogenides as TE materials...

# Pseudo Hollandite

# Cdl, type layered : TiX, or ACrX,

Lgrgg fgmiligg gf ggmgggnggi igggl glgxgrggng fgr tgning thg trgngggrt grgggrtig§

Two disctinct subnetworks
Intercalation / Insertion

Solid solutions (TM and S/Se/Te)
Insulator — Metal transition likely...




Transition metal chalcogenides as TE materials...

Pseudo-Hollandite

general formula A B ;X5 With X < 2




Pseudo hollandite: Tl,Cr-Se, with x<1

(a) TICr Se_
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Pseudo hollandite: TGCrESea “Te“

Going down the column, the metallicity increases...

O>S>Se~>Te

—a—TICr Se7 75Te
—0— TICr5$e7_5Teo_5
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Solid solution TiS“Se2 .

Synthesis:

Raw elements in
sealed tubes

Processing:

/é/ ‘ ‘ J . e A o =R v | : SPS densification

M P 1 um EHT = 5.00 kV
ag= o — WD = 5.2 mm Aperture Size = 30.00 um




Solid solution TiSSe .

TiS, Se,_,

Volume
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Solid solution TiSSe .

TiSe2
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Solid solution TiSSe .

TiSe2

TiS1.5Se
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Solid solution TiSSe .

TiSe2
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New ideas, new TE materials... ?

e ———————————————————
AgCrSe,, a priori a good thermoelectric ...

Electronic Conduction in the layer
+

Disorder between the layers
+

Many (!l compounds possible

Good choice for TE material ...

Cdl, type CrSe, layers

Highly dosrdered Ag atom in
the interlayer spacing




ACrSe a riori a ood thermoelectric ...

Huge Seebeck and « large » resistivity
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ACrSe a riori a ood thermoelectric ...

Extremely low thermal conductivity

® calculated with measured Cp
A electronic contribution

h total of Zn4Sb3

B calculated with dulong petit
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AgCrSeai a Qriori a good thermoelectric ...

with measured Cp

-

o
)

o
F

Figure of Merit ZT (dimensionless)
o o
) =)

# As expected, very low thermal conductivity

200 300 400 500 600
Temperature (°C)

(and that’s this only think we could forecast !)
# High Seebeck

# BUT : lonic conductor, hence impossible to use in a device...

However, the concept might be fruitful !?

To be continued...




# There are good TE material out there ... we just need to find them !!!
- Yb,,MnSb,, out of the blue...

# Known structure types hide special and interesting compositions
(and chemists know crystallographic structures...)

- Transition metal chalcogenide and oxychalcogenides

# New materials (structures!) must be looked for...

# Applications/Industrials are waiting for us

~ I




Concluding remarks

# TE Materials research must be accompanied by module
conception and system design

# For each (new) material, the making of a module has to be
thought over!

# A solution replacement for Bi,Te; is far, very far Il (ZT of 3
...77?7)

# ZTs around 0.5 — 0.8 are easy to find, but not enough...
# Cheap, non toxic, light, robust, long-life, efficient

thermoelectric materials and device are the key to further viable
applications




