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S THERMOELECTRICS

cea tech

1 - Thermoelectrics : some definitions and effects
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@ SOME YEARS AGO...

-1821 : T. J. Seebeck : a potential difference is created when a
temperature difference is applied at the extremities of a material.

T,>T,

N

V = (Sa-Sg) X (T4-Ty) = Spg XAT

where S, = Seebeck coefficient or thermoelectric power (uV.K1)

By convention : S < 0 for n type materials
S > 0 for p type materials
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AU SOME YEARS AGO...

Cceatech

-1834 : J.-C. Peltier : when a current is applied through a solid, there is a
heat transfer from one side to the other

- 1838 : H. Lenz : when a current goes through a material in contact with
an other, there is a production, and vice versa, an absorption of heat at
its extremities.

matériau B matériau A matériau B

NN
~.!
e TN

refroidissement de réchauffement de la
la jonction jonction

- 1851 : W. Thomson : good definition of the three thermoelectric (TE)
effects: Seebeck, Peltier and Thomson.

- 1950s : A. loffe : discovery of TE properties of doped semiconductor

materials.
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AU THERMOELECTRIC CONVERTERS

Ceatech

- Two working modes:

l

heat

D ——

l

Tc
Energy harvesting in

Thermoelectric generator mode Thermoelectric cooling mode
Thermal gradient is imposed Electric tension is imposed
— Seebeck effect: TE Generator — Peltier effect: TE Cooler
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@ EFFICIENCY AND POWER FACTOR

- three important properties for TE materials :

- S : TE power (uV.K1)
- 0 : electrical conductivity (S.m")
- A : thermal conductivity (W.m-1.K")

- definition of the dimensionless power factor ZT  :

O xS X Tm With T_ = (T, + T,)/ 2
ZT, = | = (T, +
" A more T,=cold T
T.=hotT
- definition of the maximum of conversion efficiency :
4
cl)m - r]c X r]th X
Carnot
efficiency TE system

efficiency
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LACUU EFFICIENCY AND POWER FACTOR

cea tech

- Evolution of ZT as a function of temperature :

- cold junction at 300K
cold junction a 7T=3
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— Goal : to obtain the highest value of ZT !
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THERMOELECTRICS, A 3-LEVEL APPROACH

adaptation of device
geometries as a
function of materials

Materials properties
compared with
environment optimum

temperatures performances

applications

Type of thermal exchange between
module and its environment
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LAl THERMOELECTRICS, A 3 LEVELS APPROACH

Ceatech

» Distribution of research areas:

Applications Applications
Devices

Devices

Theory -
eory,

2007 2018

(source : Int. Conf. Thermoelec., Jeju Island, South Korea, 2007)
(source : Int. Conf. Thermoelec., Caen, France, 2018) EnABLES Summer School 2019 | Jean-Yves Escabasse | 10



@ THERMOELECTRIC MATERIALS

2 - Thermoelectric materials
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UL THERMOELECTRIC MATERIALS

cea tech

» VVarious families of TE materials :

- semiconductors
- oxides

- skutterudites

- silicides

- etc.

» They differentiate themselves from each other by :

- temperature range (ZT .., and thermal stability)

max

- TE properties (o, S and A)

- realization and integration technologies — economical and
environmental

- criteria of abundance, toxicity considerations

- structural properties — nanostructuration
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Ceatech

THERMOELECTRIC MATERIALS

» Performances of TE materials (non exhaustive list):

— as a function of temperature

ZT A
- In0'2CeO’2Co4Sb12,’-
' Bi.(5e,Te), .’, Ty glZry gHf 5o sNISH, E""‘C\.t)'y“‘"
1,44 . .'- BasGawGe30 ;’ bk
1.2 Bispb Bag,3C03,95Nig 055012
1- ySe\’;-:—""— Sij gGeg 5
0,8- y ’
0,6- i ./ @oseAlogglO - UFP
0,4 ,.Ge, 0,
0,2 ;
0 | 1 I T I ="
0 200 400 600 800 1000 1200 1400
Température (K)
Type N
B H-H:TiNiSn & derivatives (430°c max)
B skutterudites: CoSb; & derivatives (530 °c max)
B clathrates: BagGa, Ge; (630 °c max)
m P.bl_XS n,Te; Se, (530 °cmax)
B Si;gGey, (1000 °c max)
B Mg,Si & derivatives (530 °c max)

ZT A
1,6
an = xCdebB Zn,Sb
1,44 37 ENTRy CeFe, ¢Coq Sb,,
14 /\
Yb,,MnSb
0,8- A
0,6 = SiggGey
0.4 - - CUT,OI?SQB
porures
0,2 Ca; _,Na Co,Oq4
p-FeSi,
0 T -1 T T T T T
0 200 400 600 800 1000 1200 1400
Température (K)
Type P
B Zn,Sb,; & derivatives (400 °c max)
. SkutterUditeS: CeFe35COO5Sb12 (710 °C max)
B clathrates: BagGa,;;Ge; (630 °c max)
P P.bl_XSnXTel_ySey (530 °C max)
. SlosGeoz (1000 °C max)
mE M nSi1_75_X (Tmax NOt clear)
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AU THERMOELECTRIC MATERIALS

Ceatech

* Performances of TE materials:

— as a function of nature of materials ZT=—T

Seebeck
coefficient

ZT electrical

conductivity
/ thermal
A

conductivity

/

1017 1018 1019

Insulators Semiconductors
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THERMOELECTRIC MATERIALS

- Bi,Te,

- since decades, THE thermoelectric material, the most performing at
room temperature

* Advantages :

- semiconductor with the two different kinds of doping:
. doped with Sb for p type
. doped with Se for n type

-ZT=1at 300 K
(p = 1100 uQ.cm, S =210 uV.K'and A = 1.4 W.m1.K-1)

 Drawbacks :

- scarcity, toxicity...

— all commercial devices use Bi,Te; as TE material!
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UL THERMOELECTRIC MATERIALS

cea tech

- Si/ SiGe

- the most known of semiconductors...

» Advantages :
- belongs to the world of microelectronics

- both types of doping are obtained generally with:
. B for p type
. P or As for n type

- performances at high temperatures (SiGe) :
ZT =09 @ 1000 K (n type)
ZT=0.6 @ 1000 K (p type)

- abundant, not toxic

 Drawbacks :

- performances at room temperature (SiGe) :
ZT=0.1at300K
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UL THERMOELECTRIC MATERIALS

Cceatech

* Oxides
- ignored during a long time because of their very low electrical
conductivity

- advantages : non-toxicity, thermal stability, high resistance to
oxidation

- discovery in 1997 of Na,CoO, : p-type material with a very high
electrical conductivity (for an oxide) : 0.2 mQ.cm

-S=100 yWK'TandA=4 a5 W.m'K':soaZT=0.3 at 300 K

- problem : to find competitive n-type materials

* More information :
— |. Terasaki et al. “Large thermoelectric power in NaCo,0,
single crystals”, Phys. Rev. B 56, (1997)
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UL THERMOELECTRIC MATERIALS

Cceatech

» Skutterudites

- identified in 1928 by Oftedal

- the name comes from Skotterud, a mining Norwegian town where cobalt
is extracted

- binary compounds of MX, type where :
- M = transition metal of column 9 (cobalt, rhodium,

iridium)
- X = element of column 15 (phosphorous, arsenic, antimony,
bismuth...)

- and also MXg, M,X,, types

- undoped, these binary compounds are p-type. But n-type compounds
can be obtained by replacing a transition metal by an element from the
column 10 (Ni, Pt, Pd), for example

- present high mobility and good Seebeck coefficient
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UL THERMOELECTRIC MATERIALS

Cceatech

» Skutterudites

- Complex compounds can be realized to obtain a low thermal

conductivity
Materials Type ZT (300K) ZT (900K)
CeFeCoSb, p 0.2 1.4
Ba, ;Ni, (sC0; 4sSb,, n 0.08 1.25

* More information :
— B. C. Sales et Al. Filled “Skutterudite antimonides: A new class
of thermoelectric materials”, Science 272, (1996).
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@ THERMOELECTRIC MATERIALS

 Half-Heusler

- The term derives from the name of German mining engineer and chemist
Friedrich Heusler, who studied such compounds in 1903.

-Examples:

- n-type : TiZrHfNiSn : ZT = 1.5at 825 K

- p-type . (ZTO’SHfO’5)0,33C00,33(Sn0,25b0,8)0’33: ZT=04at873 K

'H] Z He
Li F [Ne
Na Cl|Ar
K Br{Kr
Rb | |Xe

Cs
Fr

At [Rn

e o - I—
* More information : .
—» G. Rogl, Acta Materialia 131 (2017) XYZ composition

[ J
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UL THERMOELECTRIC MATERIALS

Cceatech

 Silicides

- Compounds based on silicon and one (or more) metallic elements
- Adapted for middle/high-range temperatures
- Typical silicides: Mg2(Si,Sn), MnSi, etc.

- n-type : Mg2(Si,Sn) : ZT = 1.55 at 773K
(Bi-doped Mg,Si, ,Sny )

- p-type : MnSi : ZT = 1.04 at 920K
(doped with rhenium: Mn,, 4,RegSig; 6)

* More information :
— P. Gao et al., Appl. Phys. Lett. 105, 202104 (2014)
— A. Yamamoto et al., Jap. J. Appl. Phys. 55, 020301 (2016)
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UL THERMOELECTRIC MATERIALS

Cceatech

« Zintl phase

- Polar intermetallic compounds of elements with large electronegativity
differences

- Obtained by reaction between a group 1 (alkali metal) or group 2
(alkaline earth) and any post-transition metal or metalloid (i.e. from
group 13, 14, 15 or 16)

- Named after the German chemist Eduard Zintl who investigated them
in the 1930s

- Examples: NaTl, NaSi, Cs,NaAs,, K,,Si;;

» Clathrates

- A clathrate is a chemical substance consisting of a lattice that traps or
contains molecules

- More information:
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AU THERMOELECTRIC MATERIALS

Ceatech

 Distribution of materials research

Other material
Organic/Hybri
S Skutterudite\

(H)Heusler 7_ o

Other materials

Clathrat‘

Skutteru

Co18%
" Nanomaterials

2007 2018

(source : Int. Conf. Thermoelec., Jeju Island, South Korea, 2007)
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UL THERMOELECTRIC MATERIALS

Cceatech

 Toxicity

— modernization of the European legislation for chemical
substances

— setting up of system REACH (since 2006), an integrated system of
recording, estimates, permission and restriction of chemical
substances.

 Objectives: improvement of the protection of human health and environment
by maintaining a competitiveness and by reinforcing the innovation of the
European chemical industry.

» A European agency for chemical products has been also created to manage
the REACH program.

 Ex. of problematic TE material: lead telluride (PbTe)

* More information :
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m THERMOELECTRIC MATERIALS

» Scarcity

— relative abundance of main elements on Earth

‘ C
” Y10
Ta £ '--.‘_
Ru ph o

s Pd Ag Cd In Sn

Fi ,II l)l) .

— Ex. : tellurium (Bi,Te,) =
the 9t rarest element on
Earth...

* More information :

— P. Vaqueiro et al., J. Mat. Chem. 20, (2010)

— https://ec.europa.eu/growth/sectors/raw-materials/specific-
interest/critical en
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THERMOELECTRIC MATERIALS

s Cost :

— cost of TE materials based on untreated materials cost

e Clathrates
* i 1 a0  Skutterudites
600 —
35 _
500  Standard Chalcogenides %0 Oxides
& SiGe
400 - > 25
$/kg
300 - $/kg 20
15 - Half-Heuslers
+—
200
M ~ Silicides
——
100 . ‘ ‘
o B o i [

* More information:
— 3. LeBlanc et al, Sust. Mat. Tech. 1-2, (2014)
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UL THERMOELECTRIC MATERIALS

Cceatech

» TE materials can be obtained by different means

— function of application, cost...

device
thickness

»
»

e > 500 um

!

e <10 um 10 <e <500 um
Thin film Printing

technologies

Deposition CVD, PVD
MoCVD,
EJM, ...

technologies

Ink jet,
ink printing,
spray, ...

Bulk materials
technologies

Chemical and mechanical
synthesis,
HIP, SPS, ...




THERMOELECTRIC MATERIALS

 Realization of TE materials in thin films technologies
— ex : Si by CVD

L ] b = -.-'
: Q,r;::o - .:-r:-@.
T TTe 0%
2)] Y
v 4
o2
Substrate

1 - reactant transport by forced convection

2 - diffusion of reagent species to the surface
and adsorption ;

3 - chemical decompositions of reagent
species ;

4 - desorption of products coming from the
chemical reactions ;

5 - evacuation of gaseous flow
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AU THERMOELECTRIC MATERIALS

cea tech

» Realization of TE materials in printing technologies

|—
printing

TE ink / paste
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AU THERMOELECTRIC MATERIALS

Ceatech

 Realization of TE materials in bulk technologies

Functional
discs

TE ingots

- - — Cutting of
TE powders sintering discgs
n HIP, SPS, ywave
Functional
thermoelements
Cutting of Deposition of
legs Ni-2 pm

Thermolegs
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3 - Nanostructuration : why and how ?
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THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

» Best ZT for materials : ZT = 1 at room temperature since tens of years
 To have a viable and competitive TE system, a ZT = 3 is needed !
* How to increase ZT ?

40

. Cold side 300K 773
35 | —
30 7 T=2

P

Low dimensions TE materials : 18% efficiency !!!

N
(&)
T T T

Conversion yield %
o 3

—_
(@)

Conventional TE materials : 8% efficiency

0 200 400 600 800 1000
AT (K)
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AU THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Cceatech

o x S2

A

* To increase ZT = T, two possibilities :

- increase of power factor gS?2

- decrease of thermal conductivity A

 About fifteen years ago, Hicks and Dresselhaus have introduced the
concept of electron and holes quantum confinement in low dimensional
materials which could increase the ZT significantly.

* Originally to increase the power factor 0S2...

* In fact, to decrease the thermal conductivity A !

— Introduction of nanostructuration for TE !
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@ THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

) o x S?
* Increase of power factor oS 77T = T
A
. . o
. _ m° k )l j E
* Mott’s equation : S = —T—ﬁkBT Lﬂ()
-3 = L)E [ll
eexpressionofo: o(E)=plE)n(E)e
2 kp 1
*s0: S§S=—"ZkpT o
3 e = |uBR)\ e (E
derivative in energy Derivative in energy
of state density of mobility

* increase of the electron state density near Fermi level

— increase of electron quantum confinement

by imposing judicious defaults at the electronic structure : by
increasing the carriers number
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@ THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

- Decrease of the thermal conductivity A o= o x S°
A

-
* Thermal conductivity : sum of two terms :
A=At A,

with A, : electronic thermal conductivity
A, : lattice thermal conductivity (phonons)

 According to the Wiedemann-Franz law :
)\e = LO xOx T

with L, : Lorenz constant (2,44.108 W.Q.K?)

O : electrical conductivity
T :temperature

* Decrease of the lattice thermal conductivity A,

— phonons scattering !
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w2l THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Ceatech

* Different mechanisms of phonon scattering:
— “classical” scattering :

- grains boundaries diffusion (ex: polycrystalline materials)
- impurities diffusion

\N\» low wave length phonon
NP> mid/high wave length phonon

C. J. Vineis et al., Adv. Mat. 22, (2010)
I
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THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

* How nanostructuration has an influence on phonon scattering ?

— “addition” of phonon scattering mechanisms :

- scattering with interfaces

- Scattering with nan0particles } — nanostructuration

N \» low wave length phonon
NP mid/high wave length phonon
C. J. Vineis et al., Adv. Mat. 22, (2010) EnABLES Summer School 2019 | Jean-Yves Escabasse | 37




AU THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Cceatech

* The different kinds of nanostructuration :

Device
thickness
e <10 um 10 < e < 500 um e > 500 um ]
Thin films
technologies
Superlattices Nanowires Quantum Dots
(SL) (NW) Superlattices (QDSL)

LLLLL 200 nm Mag=10000KX  EHT = 5,00 kV ‘
— WD=42mm
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THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

* Influence of nanostructuration on materials performances in thin films

technologies : superlattices

— these nanostructures are very studied for a lot of materials families

such as Bi,Te;, PbTe, SiGe, GaAs...

decrease lattice thermal conductivity A,

- Example 1: p-type Bi,Te,;/Sb,Te; SL *

— grown by low-temperature
organometallic epitaxy

&7

12 nm

* R. Venkatasubramanian et al., Nature 413, (2001)

1.5

0.5

originally to increase 0S?, finally to

{

p-TeAgGeSb (ref.10)
= CeFe3.5COO_SSb12 (ref10)
® Bi,_,Sb,Te; (ref.11)
+ CsBi, Teg (ref.11)
A Bi-Sb (ref.5)
e Bi,Tes/Sb,Te; SL (this work)

200 600 800 1,000

Temperature (K)

Evolution of ZT as a function of temperature

for Bi2Te3 / Sb2Te3 SL (1 nm /5 nm)

— ZT record at room temperature 2.5
EnABLES Summer School 2019
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THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

* Influence of nanostructuration on materials performances in thin films
technologies : nanowires

« Example 2: p-type rough Si NW *

— grown by electroless etching (EE) method

- 1.5
4.0-
1
T a0 i 1.0
T 7 .
E 1
= 20 - ' FC.
£ .|
%L . i 405
1.0 a = i .
] =W TR
N m ® | ] 'll" |
B e e e ——0.0
140 180 220 260 200
Temperaturs (K)

SEM image of a Pt-bonded Si nanowire
Single nanowire power factor (red squares) of the nanowire and

calculated ZT (blue squares) using the measured k of the 52nm NW. By
—ZT at300K:0.6 propagation of uncertainty from the p and S measurements, the error
bars are 21% for the power factor and 31% for ZT.

*A. |. Hochbaum et al., Nature 451, (2008) EnABLES Summer School 2019 | Jean-Yves Escabasse |40



uhi2tl THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Ceatech

* Influence of nanostructuration on materials performances in th|n films
technologies : nanowires

 Example 3: p-type Si NW *

20 nrm wide; Tr10 -2

1.0+ * .

0.5 - //%
a 8
2]
* 10 nirn wicks 21090 en-¥
UD 1 ' I ' I '
100 200 00 400

Tamperaturs (K)

Temperature dependence of ZT for two

different groups of nanowires Scanning electron micrographs of the
. 7T at200 K - 1 device used to qugntlfy S, o and A of Si
nanowire arrays
*A. |. Boukai et al., Nature 451, (2008) EnABLES Summer School 2019 | Jean-Yves Escabasse |41




AU THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Cceatech

* Influence of nanostructuration on materials performances in thin films
technologies : quantum dots superlattices

— many studied systems, notably SRBQ with PbTe, SiGe, ErAs...
All these nanostructures allow an important decrease of A, rather
than an increase of 0S2. The nanodots scatter high wave length
phonons, and decrease slightly 0S? (because of the scattering of
charge carriers)

- Example 4: n-type PbSeTe/PbTe QDSL * |~~~ ]

— grown by MBE epitaxy PuTe Butter  PbSeTe

BaF2 Substrate

— ZT at room temperature 1.6 Schematic cross section of the  SEM image of quantum-dot

QDSL structure investigated (top view)
Carrier conc. Carrier mobility
Sample S(V/K) ZT (cm—3) (cm?/V-s)
n-QDSL A -219 1.6* 1.2x10"° 370
*T. C. Harman et al., Science 297, (2002) EnABLES Summer School 2019 | Jean-Yves Escabasse |42



AU THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

Cceatech

» The different kinds of nanostructuration : Device
thickness
e <10 um 10 < e < 500 pm e > 500 um ]
Printing Bulk materials
technologies technologies
Nanopowders

Nanoinclusions




THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

* Influence of nanostructuration on materials performances in bulk technologies

= 1.4 : : : 240

E — ;
- Ri * @ A e 1 -~ |B B g
- Example: Bi,Te; (p) giof " SOA ingot | | Bl i
= I - |
% 1.1}? Lu] y n . ..EEDD-— . [ ] nn -
8 08k 7 g ot
gﬂﬁ" ; LA gmuh A .
F;M: Y giau-
w L | (=]
02 140 -
o 1.6 :
:; 22 _D a 1.4 _E - [ - .
E- 240+ 2 e 12t . [ ]
% 18} . % op g T . . .
2 16k o = os a L]
e 1 s 1 o
§ I L " g 08 s
Low-magnification TEM images E a2 _om ] 24 I _
of an as-ball-milled nanopowder. g1 " = 4 oa o= " 02| o ]
0.8 i ] 1 1 L L 1 L 1 0.0 : : | 1 . 1 . 1 . f
o 50 100 150 500 250 0 50 100 150 200 250
Temperaturs (*C)
. Temperatura ("C)
— ZT at 300K : 1.2 (095) Temperature dependence of o (A), S (B), A (D), and ZT (E) of a hot-pressed
—/ZT at4d00K: 14 (1 ) nanocrystalline bulk sample (black squares) as compared with that of an SOA ingot

(white squares)

— Bi2Te3 (n) : 22% increase of ZT (0.9/1.04 at 25°C/125°C) compared
to SoA (0.7/0.85 at 25°C/125°C)

B. Poudel et al., Sience 320, (2010) X.Yan et al., NanoLetters 10, (2010) o M SiDresselnausebalAdw Mat:-19,£2007)44
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THERMOELECTRIC MATERIALS: NANOSTRUCTURATION

* Nanostructuration: summary state of the art

Bi,Te,/Sb,Te, SL — Venkatasubramanian et al. [3]
PbSeTe NDSL — Harman et al. [4]
Si NW — Boukai et al. [10]

Si NW — Hochbaum et al. [11]
BiSbTe — Poudel et al. [12]
AgPb,SbTe,., — Hsu et al. [5]
Na, .Pb,Sb Te,., — Poudeu et al. [13]
PbSnTe-PbS - Androulakis et al. [14]

[.s-, Rhyee et al. [15]

2.5

B n-type
2.0 M p-type

TI-PbTe — Heremans et al. [16]
B%Ga1°&w - Slm et al. [17]
SiGe - Wang et al. [18]

CsBi,Teg Chung et al. [9)]
1.5 1 Bi,Te, Goldsmid et al. [6]

- Bi,Te, Goldsmid et al. [7] v
N 1 0 | PbTe QW — Harman et al. [8]
0.5
0
1950
1200
© .
2010 300 @
or®

C. Vineis et al., Adv. Mat. 22, (2010) EnABLES Summer School 2019 | Jean-Yves Escabasse |45




@ THERMOELECTRIC DEVICES

4 - Thermoelectric devices
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THERMOELECTRIC DEVICES

* Three main architectures

» 2D Architecture

(planar)
5
—
— ]
H — lc
I —
—

Top view of 2D
architecture

— modules made of lines

— norplines

— thermal and electrical flow in
planar direction

« 3D Architecture
(cross-plane)

EEILELEEED
<

Top view of 3D
architecture

— modules made of legs

— norplegs

— thermal and electrical flow in
cross plane

 2.5D Architecture
(combined)

Cross view

oxide TE legs
[ nap [ nap —

- Silicon

+ pchannels

Top view

uchannelsin
background

metallinein
foreground

Cross view and top view of

2.5D architecture

— modules made of lines

— lines made of n and p

segments

— thermal flow in cross plane

and electrical flow in planar

direction
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» 2D Bi/ Sb devices

Glass substrate 100mm
Patterns: lines

N =100 to 160 junctions
A.=1cm?

* 3D Bi/ Sb devices

Si substrate 100mm
Patterns: legs

N = 9000 to 60000 junctions
A.=1cm?

» 2D Si/SiGe SR devices

SOl substrate 100mm
Patterns : lines

N = 80 to 120 junctions
A.,=1cm?

g

A Wng LG X

,
N0 'BLL =0 W0 147 =




AU THERMOELECTRIC DEVICES: CEA EXAMPLES

Cceatech

DC/DC converter LED
Barrier film Ni - 2 ym System )
integration
[y [y
Assembly Heat
Connections spreader,
converter
Thermo-element Heat spreader =~ Thermoelectric generator
Functionalized Thermoelectric generator Final system

thermo-elements

B e

Semi-automatic manufacturing Automatic manufacturing
of bulk devices enn@fBUIK AeVie8S )19 | Jean-vves Escabasse |49



@ THERMOELECTRIC DEVICES

* Thin film technology devices

* The main devices manufacturer for energy harvesting and cooling in thin film
technology are:

- Micropelt (Germany)

- Laird (USA)

* For these two manufacturers, devices are realized with Bi,Te;.

EnABLES Summer School 2019 | Jean-Yves Escabasse | 50
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micr°pelt "}

THERMOELECTRIC DEVICES Thin Fils |
Thermoelectrics

* Micropelt Technology

— polycristalline Bi,Te; deposited by sputtering on Si standard wafers with
SiO, layer, with thickness around some tens of microns

— n and p type materials deposited separately on two different wafers
— wafers are then cut and n and p parts are pasted together

— more than 100 junctions are integrable on 1 mm?

— very small devices

www.micropelt.com EnABLES Summer School 2019 | Jean-Yves Escabasse | 51
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UM THERMOELECTRIC DEVICES micrpelt

cea tech

* Thin film technology devices

* Micropelt : Peltier cooler

net cooling 61.2 K (1.4 A, 85 °C, 107 mbar)
70

60 -

50 +

40

30

net cooling AT [K]

20 <

10 +

0

T T — T  — I T T T I ™ T  —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

current I [A]

WWW.mlcropeIt.00m EnABLES Summer School 2019 | Jean-Yves Escabasse | 52




iASl THERMOELECTRIC DEVICES

Ceatech

generated voltage versus AT

« MTEG Micropelt

Voltage performances

(sensors application) /
/
/

nN
[N ] o (8]
1

|

=
w

open circuit output voltage [V]
™

(=]

0 5 10 15 20 25 30
AT [K]

calculated max. power versus AT

35
s @ Power performances 5
E 554 (Wenergy harvesting application) __~
2 3
§. 15 //
& =
= 95 -

g |

0 5 10 15 20 25 0

_ AT IKI
www.micropelt.com Ex : Performances of MPG-D602 device with 450 leg pairs




THERMOELECTRIC DEVICES

micr°pe__lt

Therl ctrics

« MTEG Micropelt

MPo-DEES
Thlp Flien TRsrmogessaio

Micropelt thermoelectric generators
Electrical
Foot print
. resistance
X
a
F e = at 23 °C
Thermal
Total E
thickness {opttr s
at 85 °C
» MPG-D651 iigg m 185 0Q
(PDF 1122 KB) o 22 KjW
4248 pm
» MPG-D751 3364 um 3000
(PDF 1122 KB) ! 12.5 KW
1090 pm

Net
Seebeck

Voltage
at 23 °C

75 mv/K

140 mv/K

Features

High output voltage
per degree AT
Very fast response time
Ideal for energy
harvesting and
heat energy sensing

micripoit

High output voltage
per degree AT
Very fast response time
Ideal for energy
harvesting and
heat energy sensing

« Applications

— Sensors
— Wireless communication

www.micropelt.com
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@ Nextreme
THERMOELECTRIC DEVICES _Laird

« Laird (Nextreme) Technology

— Laird Technologies, components and solutions manufacturer for
thermal protection of electronic devices acquired Nextreme Thermal

Solutions (US manufacturer of TE thin film technologies) in 2013

— polycristalline Bi,Te; deposited by MOCVD on GaAs sacrificial

substrates

enABLES Summer School 2019 | Jean-Yves Escabasse |55
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Nextreme

THERMAL SOLUTIONS

Laird

— n and p type materials deposited separately on two different substrates

— wafers are then cut and n an p parts are pasted on support (as thermal
conductor ceramic)

— metallic contacts are deposited by electrodeposition on n and p parts,
and a second support is pasted with complementary metallic contacts

extracted from patent n° EP2423990 A1 deposited by Nextreme Thermal Solu#idris,Hacz)mmer School 2019 | Jean-Yves Escabasse | 56



Nextreme

THERMAL SOLUTIONS

THERMOELECTRIC DEVICES

Laird -,

« Laird Peltier pcooler

ATmax Vmax

ltem # i e S k= QEr‘rrI::f Dlmi?smn DII‘I‘IEBIIS-IDI'I Dlmelgsmn
85°C) 85°C) = = = =

L] HV14 18 F0O.0102.GG 45 °C 15 08 A 25V 2 ” 1.15 mm 204 mm 0.62 mm
watts Wiem

[ HV3T 48 F2 0202.GG 45 °C o 1A B4V i . 2.36 mm 2.36 mm 0.62 mm
watts Wiem

) Hv&e6 72 F2 0203.GG 50 °C s 1T1A 104V o . 3.54 mm 236 mm 0.6 mm
watts Wiem

« Applications

— Laser diodes
— IR sensors

PowerCool Series Air-to-Air
Thermoelectric Assembly

‘extracted from ﬁatent n°® EP2423990 A1 deﬁosited bK Nextreme Thermal Soluioys,HBAcz)mmer School 2019 | Jean-Yves Escabasse |57



« Laird pTEG

« Applications

— Wireless sensors
— LED lighting
— Battery charger

THERMOELECTRIC DEVICES

Nextreme

THERMAL SOLUTIONS

Laird

ltem # Power Voltage Current M@ 2oL E‘_:hnrt
e Circuit Curcuit
L PG09.14 FO.0M02. GG ni‘ni’ 015 vY 58 mA 03V 115 mA
[ PG24.48F2.0202.G6G 24 my 048 50°C 60 at 50°C 08V 115 mA
W mA
1.5 0.6 at 50°C B0 at 50°C
L PGaT. 72 F20203.G5G Yy Y i 1.2V 118 mA

Thermobility WPG-1

‘extracted from ﬁatent n° EP2423990 A1 deﬁosited bK Nextreme Thermal Solutiors,HAc3)immer School 2019 | Jean-Yves Escabasse | 58




@ THERMOELECTRIC DEVICES

» Bulk technology devices

» The main device manufacturers for energy harvesting and cooling in bulk
technology are offering Bi,Te;-based products
* Alot are based in USA, Russia, Ukraine, Japan, Korea, China...

» European producers of GEN2 TE materials and TEGs are emerging:
* RGS Development |
* [sabellenhutte 1
» Hotblock Onboard

RGS Thermagy® panel Isabellenhutte TE module

EnABLES Summer School 2019 | Jean-Yves Escabasse | 59
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@ THERMOELECTRIC DEVICES

 Bulk technology devices

* Altec 1010 device » HZ-2 (Hi-Z) device

- temperature range: 30 and 250 °C - temperature range: 30 and 230 °C

- supply 6 W (4.4 V) - supply 2.5 W (3.3 V)

- efficiency 6 % - efficiency 4.5 %
http://ite.cv.ukrtel.net www.hi-z.com

EnABLES Summer School 2019 | Jean-Yves Escabasse | 60
I




AU THERMOELECTRIC DEVICES

Cceatech

» Bulk technology devices

» Thermion device (Ukraine)
— for cooling

- max current : from 0.3to 5 A
- max deltaT :

. 73 K (one level)

. 130 K (multi-levels)

Applications :

- IR detectors cooling
- lasers

- photonic tools

- microchips

- scientific tools

www.thermion-company.com

EnABLES Summer School 2019 | Jean-Yves Escabasse | 61




LU THERMOELECTRIC DEVICES: MAIN COMMERCIAL COMPANIES

Cceatech

Companies Countries Main applications
HOTBLOCK ONBOARD FRANCE Power generator
THERMOGEN-AB SWEDEN Power generator and Peltier module
RIF Corporation RUSSIA Peltier module
MicroPelt GERMANY Power generator and Peltier module
ALTEC UKRAINE Power generator and Peltier module
THERMION UKRAINE Peltier module
THERMIX UKRAINE Peltier module
KRYOTHERM RUSSIA Power generator and Peltier module
European Thermodynamics UK Power generator and Peltier module
CIDETE SPAIN Power generator and Peltier module
KOMATSU JAPAN Power generator and Peltier module
TAIHUAXING CHINA Power generator and Peltier module
NEXTREME USA Power generator and Peltier module
MARLOW USA Power generator and Peltier module
MELCOR USA Power generator and Peltier module
FERROTEC USA Power generator and Peltier module
Hi-Z USA Power generator

EnABLES Summer School 2019 | Jean-Yves Escabasse | 62
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Ceatech

5 - Applications

EnABLES Summer School 2019 | Jean-Yves Escabasse |63
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I APPLICATIONS

Cceatech

* Three kinds of TE applications:

— sensors
— cooling

— energy harvesting

EnABLES Summer School 2019 | Jean-Yves Escabasse | 64
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I APPLICATIONS

Cceatech

SENSORS

EnABLES Summer School 2019 | Jean-Yves Escabasse | 65
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I APPLICATIONS

cea tech

* Thermal flow sensors

» Major applications (notably in thin films technologies) thanks to a high
sensitivity in voltage !!

* Autonomous marketable technology

* New perspectives for embedded components:

— Silicon based technology compatible with microelectronic

technologies

— performances given by integration conditions of device and used

materials

» Internet of Things (loT, lloT): wide networks of autonomous sensors

EnABLES Summer School 2019 | Jean-Yves Escabasse | 66
I



APPLICATIONS

* Thermal flow sensors

— applications area: mobile phones, laptop...

— with the increasing number of applications, the integrated components
number increases and the temperature too

— need to control, manage thermal flow

DTS iR
DIFFERENTIAL OUTPUT

BIASING
DEVICES™

DEVICES Q2 - DEVICEs @1

'( ‘ - 3 i ._ | .. 5
~ 400)tm
* ¥ ‘ .

iy

Fi4:' huotograph of built-in té;i;peraun'e Sensors md 3 ofthe 4 eat sources (@, @ and Q).

E. Aldrete-Vidrio et al., Thermionic Conf., (2005) EnABLES Summer School 2019 | Jean-Yves Escabasse |67




I APPLICATIONS

ceatech

* Thermal flow sensors

g e
e
B

 Poly1 - P+ Impl:

— excellent sensibility in voltage

i -)-Vout(+ ) [m]

— free sensors in current

g 5 10 15 0 25 30 35 40 45 50
Powrer Bias [m]

Figure 13: QOutput voltage of thermocouple Polyl-P+as a
function of the power dissipated by the MOS transistor.

E. Aldrete-Vidrio et al., Thermionic Conf., (2005) EnABLES Summer School 2019 | Jean-Yves Escabasse | 68
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kol APPLICATIONS 2@ ® oreerTEG

* Thermal flow sensors

— spin-off from ETH Zurich (Federal Polytechnic High School of Zurich)
created in 2009

— greenTEG develops, manufactures and commercializes thermal and
radiative flow sensors (and TEG)

— measures thermal flow (conductive, radiative, convective) quickly with a
high accuracy

Pictures of different greenTEG sensors

‘data from httﬁ.’//WWW.c.zreentec.].Com“ enABLES Summer School 2019 | Jean-Yves Escabasse | 69



I APPLICATIONS

Ceatech .

* Thermal flow sensors

— flexible devices from Bi, Te; deposited by electrochemical process in
micro-holes on polymer sheet (SU8)

>
________

Microscope picture of pn junctions Picture of flexible greenTEG device

Schematic structure of the greenTEG device

‘data from httﬁ.’//WWW.ﬂreenteﬂ.Com‘: enABLES Summer School 2019 | Jean-Yves Escabasse | 70



I APPLICATIONS

cea tech

COOLING

EnABLES Summer School 2019 | Jean-Yves Escabasse | 71
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APPLICATIONS

 Thermoelectrics market (Komatsu ECT2007)

— world market for Peltier devices (not final products, only TE devices)
~ US$ 200-250 M/year

- 6% Defense and Space

HW e 29% public _ 8% Microprocessor
consumption o
18% Medical laboratories
Medicine
o
CLIMATE CONTROL SEAT" 9% Industry \t"*&\
14% Automotive ~
s 16% Telecom \%:

EnABLES Summer School 2019 | Jean-Yves Escabasse |72




I APPLICATIONS

Cceatech

* Peltier micro-cooling

* IC chips cooling
* Micro-localized cooling
« Embedded cooling in chips

4 T

| 100°C
2 - ]
f /u“’““““*i.‘
: ; 1 B, AT ¢ LT B
(°C) o S 1
Current probe Cooling af 3
3 surface N ]
ey E ‘2 2 o 250(: :
’ 1} / 4
- 2 4 M 0 ad Laaaad s, i o 3

Thin film SiGe/Si SL Thermal image of 4 0 100 200 300 400 00 €00
microrefrigerator microrefrigerator under Current (mA)

microrefrigerator’s cooling

operation _
versus supplied current

(data from K. Fukutani, Solid-State Microrefrigerator on a Chip, http://www.electronics-
cooling.com/2006/08/solid-state-microrefrigerator-on-a-chi EnABLES Summer School 2019 | Jean-Yves Escabasse |73




=TI APPLICATIONS

Ceatech

* Localized TE micro-cooling (for ex, for electronic chips...)

a b c

n-superlattice p-superlattice

Contact metallization

Electroplated Cu Cu traces on [HS Dielectric

d Heat absorption e Thermeelectric cooler

Heat rejection

Integrated Heat Spreader (IHS)

Intel Corporation, Nature Nanotech., (2009) EnABLES Summer School 2019 | Jean-Yves Escabasse | 74




I APPLICATIONS

cea tech

* Localized TE micro-cooling (for ex, for electronic chips...)

Integrated heat spreader

. a & Measurements

Model with thermal and electrical contact resistances
= === Model with only thermal contact resistances

= = = =Model with only electrical contact resistances

m=m = = Model with no contact resistances

130

Baseline - no TEC

Test board

On-demand cooling
swing (7.3 °C) e

Electrical connection
to thermoelectric cooler

Hot-spat temperature (%C)

— —
—
i JI-.I‘*""--___.----
;. ) — -
™ e -
a5 I T T T T
o 1 2 3 4 5 6
TEC current {A)
Localized -
heater — total cooling : 15 °C

Intel Corporation, Nature Nanotech., (2009) EnABLES Summer School 2019 | Jean-Yves Escabasse | 75
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APPLICATIONS

* Domestic consumption: mini-fridge

Wagan EL6224 24 Liter Electric Car Igloo lceless Thermoelectric Cooler Wagan EL6206 - 6 Quart 12V

Cooler and Warmer o<y ~ 1,385 Portable Electric Cooler/Warmer for
fr <br o ol ' ~ Car, Truck, SUV, RV, Trailer DC
WRWW T v 682 $7252 . $42699
Powered
561 a5 ) i !
More Buying Choices i fr gl <’y v 63
Eligible for Shipping to France $63.82 (35 used & new offers)
55650 569.95

Maore Buying Choices
$57.65 (8 used & new offers) Eligible for Shipping to France

More Buying Choices
$48.59 (24 used & new offers)
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m APPLICATIONS

 Automobile

« Cockpit air conditioning
— HVAC : Heating, Ventilation and Air-Conditioning

— TE systems localized near the dashboard, roof...

EnABLES Summer School 2019 | Jean-Yves Escabasse |77




APPLICATIONS

 Automotive

» Air-conditioned seats
— Amerigon : US company producing air-conditioned seats for

automotive market
— TE devices supplier : BSST (USA)

MM ® - Micro Thermal Module™
Tivo par saat.. Each MTM contaies.
Thermoelectnic ~ Salid 2lale device provides
heal &d saol

Fasn— Cluset, aflicmnl blowar Grings
sanditaned & ba Furldce

— Climate Control Seat (CCS)

— heating or cooling seats

— for automotive and trucks companies

| Switch
| kua) Dot of 0l
i Meat far et

Controller
Manages elecireaics of
LCE yzlem

www.amerigon.com EnABLES Summer School 2019 | Jean-Yves Escabasse |78




APPLICATIONS

) VEHICLES FEATURING
 Automotive AMERIGON'S CLIMATE CONTROL SEAT

 Air-conditioned seats

- BUICK LECERNE - CADILLAC 0TS i CADILLAC ESCALADE - CADILLAC ESCALADE ESV
- CADILLAG ESGALADE EXT - CADILLAC ¥LR QUGS CHE'Y AVALANCHE n CHEVY SUBLIRBAN
“ CHEVY TRHOE - FORD EXFEOMION - FORD EXFLORER = FORD F-150
H FORD F-250 - FORD TAURLS - MG SIERRA DERALL - GG YUKON DERALI
- RAC YLIKOM L DENALI - HOND CLARITY - HYUMDAI EQUUS - HYLINDAI GEMESIS
HYURDA SOMATA - HYUMDA VERACALZ - BIFINITI FX35  Fi50 - BIFINITT & COMVERTIELE
BIFINITI 045 BFINIT] (%56 - JAGLIAR ¥F JAGLIAR K
- —

- JAGLIAR 1 - KIA MOHAVE / BORREGD KIA OFIRLS 0 HIA OFTIRA
- KIA MOHAYE = LEXUS GOCHL . LEIS LS 460 ! LEAIS LX 571
LIHGOLN MiKS . LIRCOLM WET - LIRCOLH hix . LIFIGOLM hiZ

|
SN LINCOLM NAVIGATOR - HISSAN 3707 ROADSTER - HISSAN CINA - HISSAN FUGA
- HISZAN haREAA - HISSAN TEANA H RANGE ROVER - TOYOTA CENTURY

www.amerigon.com EnABLES Summer School 2019 | Jean-Yves Escabasse |79




gatgg APPLICATIONS

THERMOELECTRIC
GENERATORS

EnABLES Summer School ZOLQ ssssssssssssssssssss



APPLICATIONS

— world market for generators devices (final systems)
~ US$ 25-50 M/year

— Forecasts for the next years :

® Other non-consumer B Other consumer H Healthcare

i Other industrial H Military & aerospace mWSN
800

700

600

500

Uss millions

400

300

200

100 ‘ll
n__-,-,I,.,I, 3 B .

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Source IDTechEx EnABLES Summer School 2019 | Jean-Yves Escabasse | 81
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@ APPLICATIONS

Requirements for a TEG Heat Source
) 4 )
Main elements:
_ Heat Exchanger
TE Modules to convert heat into .
electricity - | |
2 heat exchangers to maintain heat Thermoelectric Modules
flow and temperature gradient \. | | J
In addition a DC/DC or AC/DC
_ _ Heat Exchanger
converter / inverter to provide X )

usable current, i.e. suitable voltage

and intensity

<

EnABLES Summer School 2019 | Jean-Yves Escabasse | 82




APPLICATIONS

. ",

v \
\ ECONONHC\Q

TEG

Conditions for a performing

grance

Low thermal contact resi
ent

cheap thermal managem

TEG: to optimise all stages

« TE material level

Low electrical
contact resistance

e Device level

« System level 2 .
’ "1;‘ Electron Eng.
n n n q'? Phonon Eng.: Band structure
On top of this: make it price &/ compoxcompouns| s arderog

competitive

Re“,hmw

Efficiency Effectiveness

Fig. 15. Hierarchical requirements for TEG: the efficiency—eflectiveness-relinbility nountain,

Liu, W. (2015). Current progress and future challenges in thermoelectric power generation:
From materials to devices. Acta Materialia, Vol. 87, pp. 357-376.

EnABLES Summer School 2019 | Jean-Yves Escabasse | 83
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I APPLICATIONS

cea tech

* Seiko watches

1.27mm
q .
=-1dmm 2.36mm
Thermoelectric module
Thermoelectric unit
Thermal energy watch
R Heat flow
: Watch movement |,
IL. S 'i 1 ,-f I| ¢ _." "
e e ¥ I
R ———— 3
ff"‘\\. & I 1 Ir T |=I : : .-/{
e il Tj4— Battery ! =
o 5 ol |_| i 1 _'_'_'_'_.
— —aef , , Thermoelectric (Photo)
at /_ ~.  Adiabatic _
~ Booster IC arm . case source : SEIKO

— legs in Bi,Te;
— manufactured and commercialized in 1998

— 1000 watches sold for 1100 €

M. Kishi, 18th ICT, (1999) EnABLES Summer School 2019 | Jean-Yves Escabasse | 84
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I APPLICATIONS

cea tech

» Citizen watches

Fig. 10 Montre Citizen modéle CTY66-0341

— TE generator made with 1242 junctions

— power : 13.8 yW for a voltage 515 mV/K
— manufactured and commercialized in 2001
— price in Japan 500 €

www.citizen.co.jp/release/01/010815ec.htm

K. I. Uemura, private communication, (2001) EnABLES Summer School 2019 | Jean-Yves Escabasse | 85
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@ APPLICATIONS

« Watches :

— the only commercialized application

— a watch consumes between 1 and 2 yW

— temperature difference available at wrist : only 1 K
— Seiko TE generator performances : 22 yW (300 mV)

— a voltage amplifier increases itto 1.5V

EnABLES Summer School 2019 | Jean-Yves Escabasse | 86
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@ APPLICATIONS

Space Applications: RTG

* nuclear electrical generator producing electricity with heat from
radioactive disintegration of radioisotope materials (typically 238Pu)

 first applications for RTG : military and spatial (in particular, the
missions: Apollo, Pioneer, Viking, Voyager, Ulysses, Galileo, New

Horizons)

A. Pustovalov, 18th ICT, (1999) EnABLES Summer School 2019 | Jean-Yves Escabasse | 87
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I APPLICATIONS

Cceatech

Advantages:

» For the majority of these programs, supply in electricity for
equipment which has to work continually for several years without

human intervention

e.g. embedded generators for New Horizons probe : can provide 200 W
for 50 years. After two centuries, power decreases to 100 W

Better resistance to cold conditions than a battery. On Mars:

Tavg: -63°C /T i -143°C / T +20°C

Advantage over solar panels: less surface with same power, works at

max

night and far away from the Sun, insensitive to dust.

EnABLES Summer School 2019 | Jean-Yves Escabasse | 88
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cea tech

APPLICATIONS

= Missions arc long

— Need power systems with =14 years life
» Mass is at an absolute premium

— Power systems with high specific power
and scalability are needed

High efficiancy
radioisotope
power sources

* 3 orders of magnitude reduction in solar
irradiance from Earth to Pluto

* Nuclear power sources may be needed

2200 Wim? for some missions

*T. Caillat et al., 23rd rd Symposium on Space Nuclear Power and Propulsion STAIF 2006 Jet Propulsion Laboratory/California Institute of Technology

EnABLES Summer School 2019 | Jean-Yves Escabasse | 89




I APPLICATIONS

Cceatech

» Applications for Space: RTG

GPHS-RTG

Aluminum Outer Active Cooling System
Cooling Tubes Shell Assembly (ACS) Manifold
o . Yo g o
Heat Source : General Purpose Pressure
Support (raﬁiﬂilﬂiﬁmﬂum Heat Source (GPHS) Relief Device
o .

Midspan Heat

RTG Mounting Silicon-Germanium Source Support

. Flange Multi-Foil (Si-Ge) Unicouple
Glow of 228PuQ, because of its Insulation
own radioactive disintegration GPHS-RTG diagram of Ulysses, Galileo,

Cassini-Huygens and New Horizons probes

EnABLES Summer School 2019 | Jean-Yves Escabasse | 90
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I APPLICATIONS

Cceatech

» Applications for Space: RTG

Assembly of the New Horizons probe (2005)
integrating the RTG

Picture of Cassini probe RTG

EnABLES Summer School 2019 | Jean-Yves Escabasse | 91




B Other non-consumer ® Other consumer B Healthcare
m Other industrial | Military & acrospace BWSN

APPLICATIONS

» Other applications for RTG

— Lighthouses

- Used by Soviet Union to supply isolated lighthouses
- integrated with thousands of generators
- today, no RTG anymore because of terrorism

2022

Dimensions of the cylinder 10 by 10 centimetres
Weight 5 kilograms

Capacity 240 watts

Concentration of strontium 90 1,500 TBq, or 40,000 curies
Temperature on the surface, centigrade 300-400 degrees

Exposition dose rate at the distance of 0,02 to 0,5 metres 28-10 Sv/h




B Other non-consumer # Other consumer B Healthcane
o Other industrial | Military & aerospace BWSN
AP P LI CAT I o N S Sehematie pf pacemaker systern

» Other applications for RTG

— Pacemakers

- development of miniaturized generators for pacemakers with 238Pu 2022
- generated power: 300 yW

- first implantation in 1970 in Paris

ELECTRONICS ASSEMBLY EPOXY ENCAPSULATION

ARCO MEDICAL: PRODUCTS COZ - /
Pacemaker NU-5F Serial No. 001 £ OUTER CASE-._ i

@A Caution: Radidactive Material. i
& PLUTONIUM 238 _< § Caries
Notify Civil Authdrities if found, =

,/

| TION
\\\ :&s: tMATmN

\& -~ i THERMOPILE

EnABLES Summer School 2019 | Jean-Yves Escabasse | 93




B Other non-consumer ® Other consumer B Healthcane

m Other industrial | Military & acrospace BWSN

APPLICATIONS

» Other applications for RTG

— Pacemakers

— today RTG for pacemakers have been substituted by green
technologies based on lithium-ion batteries or even other TE systems
— generated power: 100 yW and voltage 4 V with 4000 junctions and
an 6 cm? area

2022

IMPLANTED
;ﬁ%ﬁﬂgﬁ%‘;w'm P-TYPE SEMICONDUCTOR
CERAMIC SUPPORT
N-TYPE SEMICONDUCTOR

COLDER SIDE

7

PO
ﬁ»._“

-

N\ B

WARMER SIDE

D. Bhatia, J Pharm Bioallied Sci. 2010 EnABLES Summer School 2019 | Jean-Yves Escabasse | 94
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o Otherr industrial  Military & aerospace ( o WSMN )

APPLICATIONS

» Applications: WSN

— WSN : Wireless Sensors Networks

2022

— Sensors usually located in difficult environment with the goal to send
information (temperatures, pressures, flow, etc.) to control rooms

— New potential with Industry4.0 and Internet of Things

— Transmission by RFID which needs power

— Power needed:
- few yW in sleep mode
- few mW to several hundreds m\W in transmission mode

EnABLES Summer School 2019 | Jean-Yves Escabasse | 95
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B Other non-consumer ® Other consumer B Healthcare
= Other industrial | Military & aerospace BWSN

I APPLICATIONS

* Applications: WSN

— Example : bus bars in electrical installations
Fire can appear...

2022

micrlpelt

Thin film thormeelectrics,

(http://www.micropelt.com)
EnABLES Summer School 2019 | Jean-Yves Escabasse | 96
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APPLICATIONS

elele
Thermoelectric

* TE generators: Global TE P wiare you aamd I

— Specialized in very big TE installations

2022
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APPLICATIONS

elele :
Thermoelectric

* TE generators: Global TE P wiare you aamd I

— T, = 538°C (gas burner)
— T, = 163°C (cooling fins spreading heat by natural convection
— Performances:
. 480 Watts at 12 Volts 2 S— )
. 550 Watts at 24 Volts

2022

HEAT PIPE FLUID

ELECTRICAL INSULATOR —

(http://www.globalte.com/products/GlobalTEGs/Model8550) EnABLES Summer School 2019 | Jean-Yves Escabasse |98
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APPLICATIONS

 Automotive

« Strong constraints for CO, emissions
2022
— bonus/penalty system
— commitment to decrease CO, emission for new cars

— norm for greenhouse gas

* Increase of communication systems

— increased number of sensors and electronic devices in cars
— Electrical generation by the alternator picks up mechanical energy
from the engine — detrimental to engine yield and fuel consumption
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I APPLICATIONS

Cceatech

 Automotive

* Increase of power needs for vehicles

. Average Power in KW 2022
4

B Midsize Car
3

B Luxury Car
2
1
° |

1990 1995 2000 2005 2010
Year

(eere.energy.gov)
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Cceatech

APPLICATIONS

 Automotive

» Use of TE systems for :
— fuel saving (goal: 5 to 6%)

— power used for auxiliary systems and
accessories: lights, radar for parking aid,
anti-collisions systems, navigational aid

systems, sensors, efc.

— size decrease of alternator (goal: 1/3
decrease)

— decrease of gas emissions and
greenhouse gas

Vehicle
Fuel operation
combustion (

Power
converter

[

TEG

Friction

Coolant

Catalytic

Exhaust gas
g converter

Heat exchanger

*W. He et al., Recent development and application of thermoelectric generator
and cooler, Applied Energy 143 (2015) 1-25

* |nvolved manufacturers:

— BMW, Chrysler, General Motors,
Volvo, Fiat, Toyota, Honda, Renault
Trucks, VW, Daimler, MAN...
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APPLICATIONS

 Automotive

— use of combustion energy:

25 %
Mobility &
E supporting
X% systems
=4 B=
Sl a
-
=
O
&)
6 % Friction &
Radiation
27T %
Coolant
42 %
Exhaust
Gas
A. Bodensohn, Daimler Chrysler, (2004)
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cea tech

Criteria for acar TEG

« Cost:<1€/W

* Volume

+  Weight

« Performance: significant fuel savings

« Impact on engine performance: e.g. back pressure
* Reliability

« Sustainability, e.g. recyclability
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I APPLICATIONS

cea tech

 Automotive

— thermal energy available with exhaust pipe (truck engine)

2022

EnABLES Summer School 2019 | Jean-Yves Escabasse | 104




I APPLICATIONS

Cceatech

 Automotive

— Example 1:
Lincoln MKT AWD 3.5L V6 GTDI

Flex
Couplings

Underfloor =
Catalyst

Electrical Connections

J. LaGrandeur, Amerigon, (2011)

Coolant Lines

B Other non-consumer # Other consumer B Healthcare

< w Other industrial >  Military & aerospace 0 WSMN
T

Electric
Pump

TEG

TEG Power (Watts), Exhaust Temperature (°C)

400

o0

—TEG Power

—Ch. Temp. ino TEG

m— = ighicie Speed

] 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Test Time (sec)

— 250 W generated
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APPLICATIONS

 Automotive

— Example 2: GM prototype for Chevy Suburban

Exhaust gas inlet

A TE Modules . . s
Vehicle interface

Hot side heat exchanger -Coolant in (blue)

Exhaust gas outlet -Coolant out (red)

Exhaust gas bypass

/ DC/DC converter

Prototype TEG

J. Fairbanks, DoE, (2011) EnABLES Summer School 2019 | Jean-Yves Escabasse | 106




I APPLICATIONS

Ceatech

 Automotive

— Example 2: GM prototype for Chevy Suburban

- generated power:
.> 350 W in city
.> 600 W in highway

J. Fairbanks, DoE, (2011) EnABLES Summer School 2019 | Jean-Yves Escabasse | 107
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@2 d=Talp]

 Automotive

. Pre-production Waste Heat Recovery TEG
— EXamp|e 3 BMW X6 (cross sectional view)

- created to supply 500 W at 120 km/h S EEEEEEEEEEEEEEEEEE-
(5% saving in fuel) ,l"'""

J. Fairbanks, DoE, (2011) EnABLES Summer School 2019 | Jean-Yves Escabasse | 108




I APPLICATIONS

Cceatech

 Automotive

— Example 3: BMW X6

J. Fairbanks, DoE, (2011) & J. LaGrandeur, Amerigon, (2011) & www.caradisiac.com
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APPLICATIONS

Existing Catalytic

« Automotive converter

- | TEG
T6 | | 1e68 CatConverter
output 2
‘O'\t‘ﬁ":g? component

PRRACATE RV \

— Example 4: Valeo

Bulk silicide 200 W/TEG
Cost<1€/W
ZT[200_400°C] >0.5

INTEGRAL

WASTE HEAT TO POWER

J.Y. Escabasse, (2019), ECT 2019, Limassol, Cyprus
http://www.integral-h2020.eu/

- assembly
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Ceatech

» Automotive (Trucks)

— Example 5: TitanX

Half-Heusler
1000 W/TEG
Price 1.1 to 1.6 €/W
ZT[100-500°C] >0.5

INTEGRAL

WASTE HEAT TO POWER

Hot

gas
Coolant

TE Module |I

J.Y. Escabasse, (2019), ECT 2019, Limassol, Cyprus
http://www.integral-h2020.eu/
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Ceatech

6 - Conclusions
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T CONCLUSIONS

Cceatech

— conversion of thermal energy in electrical energy and reciprocally

— a lot of studies on TE materials to increase devices performances,
and so to make viable their industrialization

— significant importance of nanostructuration which has led to major
advances in materials performances

— three main applications for TE devices: sensors, cooling and power
generation

— TE systems can be integrated in several and varied application fields
(mobile, laptop, spatial, automotive, consumer goods...)

— Introduction to mass markets must address sustainability issues + be
price-competitive
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