Importance of Heat

U.S. Energy Flow Trends — 2002

Net Primary Resource Consumption ~97 Quads

Electrical imports* 0.08

Distributed
Nuglear 2.1 %Hmﬁdwﬁ.n

Hydro 2.6 2. Electric
[x r §
0.04 epctor 2g.3 Electrical system
E&W < 382 energy losses Lost
3.2 4.9 energy
. 38 552
e ——":h,r___ — 8.4
5.7 A5 e 08 T
T ——_ Residential/
Natural gasi—r e mETTEEn TR g T T p::]gﬁ:cf;
L e ey~ B LY
r (L r'l“l'l.'l' { N r'l“l rl'.‘l PR e LR - d;‘,
, ~.~~Bal. no AN
Met imports R R fer
36 0.2 s 34
07 |
Coal IIR22.0 Export ., 01 oy Useful
226 1.0 = ;;-.-r Iﬂﬂuslrlal energy
18.0 52 [
04 Bal. no. 0.3 1
Imports
0.
0.9 Export
2.0 5.0
0.02 5.3
rnleum
and RapL 349 22 "“
< Transpor-
256 tation
Impnrts M 265
[ Bal. no. 0.9
Jure 2004

Source: Production and end-use data frorm Energy Information Administration, Aanual Energy Review 2002,

*Net fossil-fuel electrical imports.
~RBiomassiother includes wood, waste, slcohol, geothermal, solar, and wind,

Lawrence Livermors
Matlonal Laboratory
hitp:ffeed linl.govifiow

NanoEngineering Group

[ ] - MASSACHUSETTS
I IMSTITUTE OF
TECHMHOLOGY



Nano for Energy

e |Increased surface area
e |nterface and size effects

Molecules
A=1-100nm
A=1nm

l ‘ A---Mean

. Photons
A>10nm

A=0.1-10 pm

free path
A---wavelength

I .

Electrons e ThermodynamicS phonons

A=10-100 nm _
A=10-100 nm
A=10.50 nm e Kinetics et
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Nanoengineering Group
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Thermoelectric Energy Conversion:
Transport, Materials, and Systems

Gang Chen

Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

Email: gchen2@mit.edu
http://web.mit.edu/nanoengineering

Hawkins Memmorial Lecture, 2012
School of Mechanical Engineering
Purdue University
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Outline

 Thermoelectrics and materials
 Phonon and electron engineering
e Solar thermoelectric energy conversion
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Thermoelectric Energy Conversion

COLD SIDE

HOT SIDE

COLD SIDE

HOT SIDE

Nondimensional Figure of Merit

Joule Seebeck Coeff.
Heating Electron Cooling
\ /2
oS°T
T =
k

Reverse Heat Leakage
Through Heat Conduction
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Device Efficiency
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TECHMHOLOGY

MASSACHUSETTS
e Engineering Group Ill'- INSTITUTE OF
—



Contra Properties

Electrical Seebeck
Conductivity Coefficient

- oS°T
k,+k,

LT

Electronic Phononic
Thermal Thermal
Conductivity Conductivity

Wiedemann-Franz Law

)
—=L(n)

Lorenz Number:

In Metal: L =2.44 x 10-8 WQ 1K
In semiconductor: depends on n
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ZT Dilemma

NSULATOR

SEMICONDUCTOR I

SEMIMETAL !

Figure of Merit ZT

Carrier
Concentration

Wanted: Phonon Glass/ Electron Crystal
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Phonon Engineering
Methods of Reducing k, In Bulk Materials:
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Benefits of Nanostructures

Interfaces that Scatter Phonons but not Electrons
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Nanostructured
Thermoelectric
Materials
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Half-Heuslers

A = ———— e T T e ————
—o—|ngo . P, ]
80 F c —=—This work (run-1) 3 d ’ Ian?ot ;1
. r ] -~ 8k —= — This woerk {run-1} ]
— —a—This work (run-2) 1 - x :
7o —e—This workt (rung) = A —a— This work (run-2} ]
> —#—Run-1 fann |' 4y E —#— This work (run-3} ]
E st un-tlenneajes} =TF 4 —%— Run-1 (annealed) 7
=] ] £ ! ]
~ 50F ] 2 B T " .
o ] k3] p
2 ; 3 ! ]
o ] s 5F E
O o o r
Z 30F - T ]
E E 4t n
20 f : 2 1
1 = ]
TD i i 1 " " e L i " " L a & & ] 3 M M M | L M i L x L i L i L L
0 200 400 600 800 0 200 400 600 800
Temperaturs | ‘C) Temperature ( °C)
St — 1.4 —— DETEe——
- —s—Ingot I —o—Ingot
x ; n=Thid =
= e —=—This work (run-1) 12} f AU T e 3 ]
5[ —a— This work (run-2} 1 . —a=Thas'work (em-2) ]
= _ f —+— This work (run-3)
z —+— This work (run-3) 1.0 F —%— Run-1 (annealed) -
= —#—Run-1 (annealed) ]
g 4r ] 0.8} -
= J
= =
= Mook -
s 3F ]
g i ]
o 0.4 F -
5
v 2f 7] 1
L]
= 02t 4
m L 4
-
1 4 i L 1 a i [ i i L 1 i " i ﬂn M 5 i 1 M i i 1 i i n 1 i M i
0 200 400 600 800 0 200 400 600 BOOD
Temperature | "C) . Temperature ( “C)
Joshi et al., Adv. Energy Mater., 1, 643, 2011
. ] BB MASSACHUSETTS
NanoEngineering Group |||" INSTITUTE oF
TECHNOLOGY



Recent
Progress
N ZT

Zebarjadi et al., Energy & Env.
Sci., 5, 5147, 2012
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Figure of Merit ZT
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Phonon Engineering

A < Abulk

nano

Nanoparticles

Thermal Conductivity K = %IC@VG)Awda) = %CVA

[
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Specific Heat 1 I
Speed of Sound

Mean Free Path
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First-Principles Simulation

Seebeck,

First Principle (DFT)calculations e-band, e-DOS .
o, v e-conductivity
in? _Hy a%
’ ph-band, ph-DOS
*Density functional perturbation theory Broido et al.. APL
Real space approach 91, 231922, 2007;
Anharmonic Interatomic force Esfarjani et al.
V =V + Y TLU; + = DU +— > Wi Ui Uy +— > XqUiU Uy U Physical Review B
Z .Z S 3.% I 4 %: T 84, 085204, 2011.
Scattering calculation K Molecular dynamics simulations
k d2
27 A\ [2 K" =-VV
W, 27“ |v||>\ b ey Alloy effects

Thermal conductivity + mean free path (mode-dependent)
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Phonon Mean Free Path in Si at 300 K
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Results from First-Principles Simulation

10 2
o >
% g
! L

£ 10 %% g
E O
A (_EU
310 Si ©
S Gahs T =
S 1 wuou,“ . 0
8 10 ¢ 5 =
T PbSe [ ZrCoSh S
£ £

0 4345
< L - @]
£ 10 O
0
N
©
10'1 1 1 1 1 E
0 200 400 600 800 1000 o)
Temperature [K] z

Esfarjani et al., Phys. Rev. B 84, 085204 (2011).
Shiomi et al., Phys. Rev. B 84, 104302 (2011).
Takuma et al., Phys. Rev. B 85, 155203 (2012).
Tian et al., Phys. Rev. B 85, 184303 (2012).
Zebarjadi et al., Energy & Env. Sci, 5, 5047 (2012)
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Thermal Conductivity Spectroscopy
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Experimental Results on Si

10 & — Literature

| o TTR, D=55 um
o TTR, D=30 um
A TTR, D=15 pm

Thermal conductivity (W/mK)

10°

Temperature (K)
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Effect of Quasi-ballistic Transport

Diffusive Ballistic
Fourier's Law Phonon radiation

[ qBa) —_ D ]
qDa) Aa)

Ballistic heat flux is less than Fourier law prediction
Chen, J. Heat Transfer, 118, 539, 1996
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August 25, 2011

ref. +
signal

|H Physics: Measuring how far vibrations travel

Thermal Conductivity Spectroscopy
on Phonon MFP Distribution
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Pushing Down to Nanometer

Sapphire Thermal Conductivity vs. Dot Size @ 12MHz
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Electron Transport
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Electron Engineering
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Modulation Doping

2D Thin-Films 3D Bulk Nanostructures

Sicap

.~ p doping ~.".
Si spacer

51, Ge/channel
Si buffer

_~

S
substrate

Schaffler, Semicond. ggli)frjadl et al., Nano Letters, 11, 2225,
Sci. Tech. 12 1997 -
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Concurrent Electron and Phonon Engineering
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Invisible Cloak

en.wikipedia.org physicsworld.com
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Invisible Particles

e Mott formula for the Seebeck coefficient:

S’zik—BkBT 1 dD(E).,.ldﬂ(E)
3 g D dte  u dE
E=EF
102 (a) v T T " (b)

Total

—
o
-

0
10

-1
10

-2
10 +

Normalized Cross Section (%)

-3
10

without NP

! . . .
10
0 10 20 30 40 50
Incident Energy (meV)
B. Liao et al., Phys. Rev. Lett., 109, 126806, 2012
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Application: From Micro Watts to Giga Watts

Power Plants
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Power and Cost Example

90
80 ¢ty
70
60
50 .
40
30
20

Power (mW)

Unicouple TEG
10 with AT = 180°C |
O | |

0 1 2 3 4
Current (A)

0 Dimensions of TE elements: 1.5mm x 1.5 mm x 1.6 mm
0 Material cost per power output = 0.1 $/Watt
d Cost of TE material can be small relative to total system cost!
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Solar Energy Utilization

Solar Fuel Solar Electricity: PV

Carbon

Dioxide

e Carbohydrates

http://www.phschool.com/science/biology_place/biocoach/p
hotosynth/overview.html

Solar Heating Solar Electricity: Thermal-Mechanical

homesolarpvpanels.com

i W B -

http://www.global-greenhouse-warming .com/solar-hot-Water.htmI
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Solar Hot Water Systems

Selective Coating
(on outer side of inner fube)

Outer Tube
l (Transparant)

\ Inner Tube
' (inner side uncoated)

http://www.made-in-china.com
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Solar Thermal Installed Capacity, 2009

g Installed Capacity [MWgy,] Bunglazed glazed Wevacuated tube
15,000 = —
13,500
12,000 E‘.
10,500 3
9,000
7,500 -
6,000
4,500 N —
3,000
1,500 S I —
0 L : — : : : - — . : ]

China United Gamany Turkey Australia Japan Brazil Austria Greege Israel
States

China in 2009, total of 134 Million m2 Evacuated Tubes
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Solar Thermoelectric
Energy Conversion

=
[

qu US Patent No. 389124
E. Weston in 1888
M. Telkes, JAP, 765, 1954

N
S
N

Heat collector
(T=1000C)
TE converter

@ Efficiency: 0.63%
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Heat Flux Consideration

AT W 100K
L mxK L

g=1000 W/m?2 (1 Sun); L=100 mm
g=100,000 W/m=2 (100 Sun); L=1 mm
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Possible Configurations

sunlight

|
= -
solar absorber/ \\

thermal concentrator |- Slements

thermal
concentration

Solar Radiation

Optical
Concentrator

Selective

_ _ D N Area A
Optical Concentration

Enclosure
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Thermal Concentration

@ constant incident solar radiation 200
da
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100
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50 100 150 200
Rachal position on absorber ( mm )

Kraemer et al., Solar Energy, 86, 1338, 2012.
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Solar Thermoelectric Power Conversion

wavelength-selective

glass vacuum enclosure
solar absorber

electrical
contact

thermoelectric
element

s B - N 4

1 KW (sim)
O 1kWm? (exp)
|| = = = 1.5 KkWm™ (sim)
O 1.5kWm™= (exp)

Mo

STEG efficiency (%)

=k

=

0.5 1.0 1.5 2.0 2.5
Current (A)

Kraemer et al., Nature Materials, 10, 523, 2011
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Cascaded/Segmented STEGs

20

sunlight

Cascaded

15} Segmented
concentrator —

10
Selective
surface o1
—_— Skutterudite
m Skutterudite ol e
P N stage 107 10° 10' 10° 10°
. H.:'_'.:'_:.” :].":11“'4" 1’1’1_?:
m Bi,Te,
2 stage
Heat sink McEnaney, J. Appl. Phys., 110, 074502, 2011.
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Skutterudites

N-type: 12%
P-type: 8.5%
Pair: 9.1%

N-type: ZT4=.75
P-type: ZT.4=.5

0.8 o :';ZE?;::Z e . 0.12; > P measure $
=1 P cale 3 g ‘ N measure i -
0.7, " Neae o - 0.1 e
0.6 . :
£ 20.08 i
o ® Il I
0.3 o £0.06' . 3
E o] F o Y-
04
. - 0.04' : o
0.3 . e
. 0.02,
0200 200 300 400 500 600 100 200 300 400 500 600

T hot [C] T hot [C]
Muto et. al., Adv. Energy Materials, September, 2012.
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Key Challenges in Devices

Hot Surface (Heat Source)

Au Protective layer

Ni Barrier layer
SPUT Ti Adhesive layer

BiTe

o Diffusion barriers
e Bonding strength
e Thermal stress

e Electrical contact resistance
 Thermal contact resistance
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Summary

« Contra-properties in ZT: great challenges In
understanding electron and phonon transport,

e Nanostructures provide new knobs to improve
ZT, and significant progresses have been
made in materials,

 Thermoelectric devices raise new challenges:
thermal, mechanical, and electrical coupling,

« Ample room In system innovation, taking
existing materials into real world.
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