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Timeline Barriers (2.3.2)

e Start-January 2011 * Thermoelectric Device/System Packaging
 End - December 2013 * Component/System Durability
* ~66% complete * Scaleup

Budget Partners
* $1.22 Million (DOE+NSF) « K.E. Goodson, Stanford
* FY13 Funding = $423K « George Nolas, USF
* Leveraging:  Boris Kozinsky, Bosch

* ONR(FY09-11)
*  Fellowships (3 NSF, 2 NDSEG,
Sandia, Stanford DARE)

nanokeat
nanoheat.stanford.edu
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Relevance: Addressing Key Challenges for
Thermoelectrics in Combustion Systems

Improvements in the intrinsic ZT of TE materials are proving to be very
difficult to translate into efficient, reliable power recovery systems.

Major needs include...

e Bl
...Low resistance interfaces that

are stable under thermal cycling. © hotside/heatexchanger

insulation / e.g. ceramic plate

. . — thermal
...High-temperature TE materials conductor/ &g copper

—— thermal

that are stable and promise low- . ;I(:,::r';a;,
cost scaleup.

joining technology _
...Characterization methods that | ;Iiﬁ:r'fna;,
include interfaces and correlate Jconductor/e.g- copper conductor/eg copper thermal
better with system performance. insulation / e.g. ceramic plate «— thermal

8 Cooling IR



Relevance: Thermoelectric Interface Challenge

w

+  Combustion TEG systems experience enormous ' .
45 000 Cycles

interface stresses due to wide temperature spans.
+  Thermal cycling degrades interface due to cracks, :
delamination, reflow, reducing efficiency. SN
+  QOur simulations show importance of :
thermodynamic stability (chemical reactivity, inter-
solubility, etc.) and elastic modulus.
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Research Objectlves & Approach

OBJECTIVES

Develop and assess the impact of novel
interface and material solutions for TEG
systems for automobile applications

Explore and integrate promising technologies

including nanostructured interfaces, filled
skutterudites, cold-side microfluidics

Practical TE characterization including
interface effects and thermal cycling

Mld-temperature binder
Adhesion e TR
layer — g

S’

Removable [& s e
backer

Nanostructured
Film  ——

Panzer, Goodson, et al., US Patent (2007)
Hu, Goodson, Fisher, et al., ASME JHT (2006)
Won, Kenny, Fisher, et al., CARBON (2012)

APPROACH

Multiphysics simulations ranging from atomic to
sSystem scale

Advanced materials development including CNT
and metal nanowire interface materials and high
temperature thermoelectric materials

Development and application of novel
thermoelectric metrology, including
pico/nanosecond thermoreflectance, cross-
sectional IR thermometry, and MEMS-based
electrothermal and mechanical characterization 5



Research Approach

FIR us. Department of Energy :
/" [Energy Efficiency and Renewable Energy

Additional Faculty & Staff beyond Pls
Prof. Mehdi Asheghi, Stanford Mechanical Engineering

Dr. Yoonjin Won, Stanford Mechanical Engineering
Dr. Winnie Wong-Ng, NIST Functional Properties Group
Dr. Yongkwan Dong, USF Department of Physics

Interfaces
100%

Metrology
100%

Materials
100%

Durability
50%
Heat sink
50%

System
50%

Stanford Students:

Michael Barako (NDSEG fellow)
Marc Dunham (NDSEG fellow)
Yuan Gao* (NSF Fellow)

Lewis Hom* (NSF Fellow)
Saniya Leblanc* (Sandia Fellow)
Sri Lingamneni

Amy Marconnet* (NSF Fellow)

Woosung Park
* Graduated as of start of FY13

Nanostructured films & composites, metallic bonding Stanford

Ab initio simulations and optimization Bosch
(ZT).% including interfaces, thermal cycling Stanford
High temperature ZT USF/NIST
Filled skutterudites and half Heusler intermetallics USF

Ab initio simulations for high-T optimization Bosch
In-situ thermal cycling tests, properties Stanford
Interface analysis through SEM, XRD, EDS Bosch
Gas/liquid simulations using ANSY S-Fluent Bosch
Novel cold HX using microfluidics, vapor venting Stanford
System specification, multiphysics code Bosch
Evaluation of research impacts Stanford



Approach: Thermal and Mechanical Properties ﬁﬁﬁﬁHEHT

MEMS-based Thermal and Mechanical Characterization
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# Doppler
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The 3w Technique

Cross-sectional IR Microscopy
with in-situ Thermal Cycling
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Associated Publications:

Gao,Marconnet,Goodson, et al.
Barako,Gao,Goodson et al.

CNT
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Pop,Dai,Goodson et al.
Pop,Dai,Goodson et al.
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CNT Film
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IEEE Trans. CPMT (2013)
J. Electronic Materials (2013)

Transparent
Substrate

Carbon (2012)
Carbon (2012)
ACS Nano (2011)
J. Electronic Materials  (2010)
Nano Letters (2010)
J. Applied Physics (2008)
J. Heat Transfer (2008)
J. Heat Transfer (2006,07)
Nano Letters (2006)
Physical Review Lett.  (2005)
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Approach: Nanostructured TIMs ﬁﬁﬁﬁHEHT

Thermal interface materials (TIMs) require:
1) High thermal conductivity

Increasing | Increasing
Reliability 1 Performance

2) Low elastic modulus —
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Gao, Goodson, et al., J. Electronic Materials (2010). Thermal RESIStIVIty (m K / W)

Won, Goodson, et al., Carbon (2012a, 2012b)



Technical Accomplishments: Stanford Overview ﬁﬁﬁﬁl‘lﬂﬂ"

Thermal Cycling Failure Modes Nanostructured interfaces

Soider-Bonded Nanotube Thermal Thermal Cycling

100 Cycles [100%C, &min)

Thermal Cycling riige
REAN. : Interface Materials

g

45,000 c'yclé SEM

mmi{f

How src
L AR g e

Barako, Parl, Marcornret, Asheqhi Goodson,
L Electronic Materfak (201 3)

‘u"‘"'ﬁ

Gao, Panzer, Goodson et al,
1. Hectronic Materials, 2010

Metal Nanowire Arrays

Barako, Gao, Marcornet, Asheqhi
Goodson, Proc. of ITHERM {2012)

In-Situ Thermal imaging during Cycling

High Temperature Infrared Imaging & Characterization

Nanascale Conformable Coatings for Enhanced
':|: ThermﬂICﬂnducnﬂn nf{:ﬂrbnn Nﬂnﬂrube Films

Temperature [*C]

Marconnet et af Proc of ITHERM (2012) 9




Technical Accomplishments: ﬁﬁﬁﬁHEHT
TE Module Failure Modes with Thermal Cycling

Thermal cycling was performed on a commerecial

Before Cycling 1.2 o . ;
TE module. Temperature of the convective Thermal Conductivity ——gW
. p —_— R’ y ° o)
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Barako, Park, Marconnet, Goodson, et al., J. Elec. Mat. (2013)



Technical Accomplishments:
In-Situ Thermal Imaging and Reactive Metal Bon

ing

farioHeat

Comparative IR microscopy:
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Technical Accomplishments:
CNT Thermal Performance

nanoreat

Reactive metal bonding has been used to demonstrate
a reduction in thermal interface resistance of nearly
two orders of magnitude over unbonded CNT films

R" of bonded CNT films

Reactive-metal bonded CNT films were subjected to
thermal cycling to assess the evolution of thermal

properties through use.
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Technical Accomplishments:

nanokeat

Mechanical Resonator Technique for CNT Arrays

Thermal and Mechanical Characterization

Pump
Laser
/ Doppler
" Vibrometer
(LDV)
{m I
0 A O AT TR
10000 00000 0 00 O (HEACRLR A
LR R T R TR L TR LT R R {LHTITTETTEE

Piezoeleclrlc

Shaker

Resonator length

and shape variation CNT on a Cantilever

Experimental Setup

LD

HP 594414,

R

Fiezoelectric
| Shaker

S’

GFIB

P

L WACLILIm
¢ Chamber

* LDV (laser Doppler velocimetry) experimental setup :
resonant frequency of various thickness films.

* Resonant frequency shift : mechanical modulus

* Ring-down and fitting measurements : quality factors

Thermal: Gao, Marconnet, Goodson et al., IEEE Trans. Comp. (2013)

Mechanical: Won, Gao, Goodson et al., Carbon (2012)
13



Technical Accomplishments: ﬁﬁﬁﬁ”eaf
CNT Coarse-Grained Molecular Simulation

* Unit tubes act as elastic beams, showing stretching and bending behavior.
* Non-bonded nodes are interacting with van der Waals forces.

* Weak connections between nanotubes can be quantified.

* Different morphology using image analysis result(an be demonstrated.

* Energy calculation: E = ES +EB +ELJ :Z lks(lB_13,0)2+k3(00593+1)+%_%j

2 Fenr Tonr

total

bond

Simulation Box

Middle

Non-bonded
interactions

Bend| |

\ /. E :
_,'¢B / Carbon atoms
Y\ i 83 i
) s

Node o

[ )
/
W

Won, Gao, Goodson, et al., submitted and under review (2012)
(with W. Cai Group, Stanford) 14



Technical Accomplishments: n1NnN
CNT Mechanical Simulations and Experimental Dl;llgaHUHeaT

. Nanotube Simulation, E,

-o- Cellular Model, E..y
®= Molecular Simulation, E;;,,
O Experimental Data, E,,,
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Technical Accomplishments:
High-Temperature In-Situ Thermal Imaging

STANFORD

fnanoliea

IRImage@

Chilled
Water Loop
Pressure
sensor
) _
Nichrome Heaters Linear Stage

High Temp IR Rig Temperature vs Applied Voltage

w ()]
S 8 8
Temperature [°C]

N
o
o

700
Heat source
O Hotside(TC)
600 ) O Hotside (IR)
O  Cold side(TC) Fused silica
500} ©  Cold side (IR)
© 400 TE material
g
2 3001 Infrared —
Fused silica
200 b
100} i Heat sink
0 ) ) _Thermocouple |
10 20 30 40 50 60 70
Volts (V)
FY13 goal

For large temperature gradients, the IR signal intensity spans
several orders of magnitude. It is difficult to accurately measure
the signal at each pixel simultaneously underthese conditions.

" 4
] rad oC qrad - EGT

Two generations have been constructed by the end of FY12

Outreach FY12: Designed and built
by two summer undergraduate
research assistants as part of the
Stanford outreach activities

Technical AccomplishmentFY12:
Target maximum temperature
achieved

15t Generation: 2" Generation:

FY11 FY12
Max T [°C] 400 >600 €—
Time constant [min] 200 15
Mass [kg] 20 5 16




Technical Accomplishments: ﬁﬁﬁﬁHEBT
Fabrication of Metal Nanowire Thermal Interfaces

Half-reaction at WE (cathode]):

Fotentiostat
2+ - @
Cu"" +2¢ —>Cu @

VWorking Reference Counter
Hectrode Hectrode Hectrode

PCTE

Feduction reaction st WE surface Membrane

deposits copper onto surface

Alignment Bolts  ——

Teflon cap =" L

Counter .~ ,
electfide High-temperature solution

Working . f CoOpper nanowi re
L
electrode —E Reference Electroplated
| electrode nickel
Electrolyte

4 Teflon

Teflon base —*|

[ chamber

[ |

Substrate/template — L o | Metal nanowires are grown by depositing
-FIiNng sea . . .
(working electrode) g metal into a sacrificial porous template



o ° STANFORD
Technical Accomplishments: "a"uHEHT
High-sensitivity Electrothermal Interface Characterization

Measurement Overview: Device calibration: o
Current at frequency 1w generates Joule heating at Device is calibrated priorto | - é”a'yﬂca' S‘l"‘;)tion
. ) i : imental Dat
2w, and the oscillating temperature of the heater is growth of Cu Nanowires Xpernmen'a Zea
measured indirectly by detecting a voltage at 3w T 18]
o 1.7t
_/\ Q.
s I I I =
Air (semi-infinite)
1.5
1.4}
Sample Material
xt44444 EDOO 137 ' | ' | '
Passivation _Heat Injection 0.5 1 122 [rad/s]2 2.5 34
Fused Silica Q= Qee' Courtesy: Shilpi Roy x 10
(semi-infinite) ) 23 : : : : :
. Simulated data: FY13 goal: Thermal conductivity

Cu nanowires are grown directly 2-2]\ data for metal nanowire arrays
ontotopsurface of 3w device | \using electrothermal measurements|

Frequency-Modulated Properties: “““”H“““”
1w: Frequency of AC current source driving line heater
2w: Joule heating at 2w
Temperature fluctuation at 2w ' = 0. Increasing k

Heater resistance is perturbed at 2w
3w: V =1xRleads to voltage at 3w

AT [°C]

D
B
B

1.5

[ B
=
O
[ B

fa
Thermal Diffusion Length: [ o¢ |—
w 2 [rad/s] < 10°




Technical Accomplishments:
Stanford-USF Student Visit

During January 28t — February 1%, Stanford graduate student Michael Barako was hosted
by Prof. George Nolas and Dr. Yongkwan Dong at USF to learn about TE material synthesis
and characterization techniques, including:

* Hot/cold pressing

* Spark plasma sintering (SPS)

* Arc melting

* X-ray diffraction

* Energy-dispersive spectroscopy (EDS)

* Simultaneous thermal, electrical, and Seebeck characterization

STANFORD .
©4-® NOVEL MATERIALS, LABORATORY & 0
UNIVERSITY. OF. SOUTH FLORIDA &&
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Approach: Bulk TE Materials for Automotive Applications

Glen Slack initiated the PGEC concept with skutterudites:

v Fillers should be loosely bond to the cage-forming atoms.

v Fillers have large atomic displacements.

v Fillers act as independent oscillators (“rattlers”).

v Interaction of rattlers with the normal modes should
lower lattice thermal conductivity.

st ¥ Phonon-scattering centers (“rattlers”) should not

R« Sb, As, P

| = : 6y greatly affect electronic properties.

b

Skutterudite Crystal Structure
> Yb partially-filled skutterudites
- Partial filling optimizes lattice thermal conductivity reduction’

* Yb possesses an intermediate valence in CoSb; thereby maximizing the filler
concentration while minimizing the added carriers?

P-type partially filled skutterudites (high-T measurements at NIST, Clemson U. & ORNL)
Amorphous intermetallic alloys? (in collaboration with General Motors)

Bi,Te;-alloys for High Resolution Infra-Red Thermometry (in collaboration with Marlow Ind.)
Other material systems with potential for enhanced thermoelectric properties

1. G.S. Nolas et al, Phys. Rev. B 58, 164 (1998)
2. G.S. Nolas et al, Appl. Phys. Lett. 77, 1855 (2000)
3. G.S. Nolas and H.J. Goldsmid, Phys. Stat. Sol. 194, 271 (2002)

http://shell.cas.usf.edu/gnolas

‘\g\, ﬁ Novel Materials Laboratory i,)
N University of South Florida

YV V V



Approach: Experimental Capabilities at USF

» Synthesis
Furnaces: crystal growth, annealing, arc melting, induction, SPS
Preparation: glove boxes, hoods, wire saw & diamond wheel
Supplemental: glass blowing station, ultrasonic cleaning
> Densification: hot press & spark plasma sintering with custom designed
and built die tooling, separate sample preparation areas
» Transport: Low-T S, p, K & Hall w/sample mounting stations, RT S & p
» Characterization: DTA/TGA, XRD, SEM w/EDS, optical spectroscopy

Becirorkcs Cobeet ard Fron! Porel Somphe Holder E W 2 { r - d
] N A : I =
hesien kY J |

http://shell.cas.usf.edu/gnolas

PN . |
'%’).*. 1 Novel Materials Laboratory
\ University of South Florida V
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Technical Accomplishments: High ZT p-type Materials

Skutterudites Chalcogenides
1.0 — 1.0
20 . : m Cu,ZnSnSe,*
g . 4 2 A Cu,,Zn,.SnSe,* °
0.8 g0~ 2 w2 é6 ® o 08 - 21550 85 4
Biong gamas, Q 5 g e Cu,,Zn SnSe,* °
0.6 - et ° z - 0.6 - ° Cu2'1Zno_9SnSe4# o
1'6300 400 500 600 700 800 A u ~ A
Temperature (K) ([ m N ) ® A
0.4 o * 0.4 - e 2
A 2
B
02 L ° B Bay3Yb, 5Co, g3F e o5Sh,, 0.2 - ° .A. .
. ) B A Yby,Co,.Fe, Sh, ' o A "
® Yb,,,Co,5Fe, ;Sh,, P .A. .A ° g m ©® "
0.0 I I I I I I 0.0 %._. I. | | 1
200 300 400 500 600 700 800 300 400 500 600 700 800
Temperature (K) Temperature (K)

* Current work at USF
# M.-L. Liu et al, Appl. Phys. Lett. 94, 202103 (2009)

[ i
o q Novel Materials Laboratory
\“4'/ University of South Florida V



Technical Accomplishments: Transport Measurements & Analyses

10° | | | | | |
0 m:: _
CoGe, ;Se, ; ¢
0.34 eV, m* = 2.55m, 100 |- T v ¥b,,,Co0,Ge;Se;
1
108 4 B - MR Y v
Laas 200 | 4 .
3 105 A CeD_HCodGeESeE_ = a .
%] -— e | —]
& 0.14eV,m*=2.7m, 3 -300 “a, .
‘E" 104 - . ® @ *— ; A00 - Ce_..Co,Ge Se. _
o COSb3 %D 013 4 3] B
O
103 y YPYY Y ¥ ¥ ¥ ¥ _ B 1
Y Yb, ,,Co,Ge,Se, 500 E
102 0.10eV,m*=3.8m, _ 500 |- W |
CoGe, Se, .
101 I | Jo0o0 U I I I I I I
0 20 40 60 0 S50 100 150 200 250 300 350
1000/T (K" T (K)
p = poexplE, / ksT)and £, ~ 2E, Carrier concentration
. 18 3
CoSb;: D. Mandrus, et al, Phys. Rev. B52, 4926 (1995) No filler: 3'§|: 10 3 fem
CoGe, ;5,5 G.S. Nolas et al, Phys. Rev. B68, 193206 (2003) Ce: 5.0 x 10" fcm
Y. Dong et al., Phys. Rev. B, submitted Yb: 6.1 x 102° f cm?®
‘x_;;; & Novel Materials Laboratory 2,.)
- University of South Florida ;



Technical Accomplishments: Transport Measurements & Analyses

Fit of kK, using the Debye approximation:

3 4 x
k ksl /T ho
KL =—"5 [B ]fﬂ —1xx€ p e x =
2rv \ R 0 rs(e”-1) kpT

Phonon scattering relaxation time:

2
_ U & Ca
i ="+ A" + Bo'Texp| — -2 |+
“ L 37 > 2
1 1 1 1 1 1
L A B C my 0 4 w of Ceu.13CD+GEESEE_
v« ofh, Co Ge Se
mm) | (10¥shH) | 0B sKhH | 0¥ sH | @ao?sh o o« of CoGe, Se,,
CoGe,;Se; 1.3 4.7 6.7 - -
Cep3C0,GeSes | 1.1 21 5.8 4.5 15
Yhn_14Cﬂ4GﬂﬁStﬁ 1.3 30 4.8 4.8 11 l | | l | |
CoGeq c5eq o G.5. Molas et al, Phys, Rev. B 68, 193206 (2003) 0 50 100 150 200 250 300
¥, Dong et al, Phys. Rev. B, submitted TK)
‘\g} ﬁ Novel Materials Laboratory i/)
4 University of South Florida



Approach: Boltzmann transport materials computation modeling

Electron and phonon transport coefficients are computed by solving Boltzmann
transport equation. Requires the following as input data:

» Electronic band structure

- ® DFT

14
= We previously used DFT (density functional theory) s e W
which is known to underestimate band gaps. L o
= We recently switched to GW method (many-body 5 107 .
perturbation theory) which gives accurate band gaps. 2 8r
« Electronic relaxation time g ol \ )
L2 °
= Constant electronic relaxation time fit to experiment F o2 ”
0
« Phonon band structure e

0 2 4 6 8 10 12 14
Experimental band gap (eV)

» From DFPT (density functional perturbation theory)

Data taken from: S. G. Louie in Topicsin
Computational Materials Science, edited by

® Phonon relaxation t|me C. Y. Fong (World Scientific, Singapore,
1997)

* From DFPT (density functional perturbation theory)

Research and Technology Center North America

BOSCH

25
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Technical Accomplishments: Electronic transport

Optimization of power factor of n-type Half-Heuslers
by varying the carrier concentration (doping) within
the Boltzmann formalism

é)aﬁ? é) T =400°C

Band gap
200 T . .
LT Optimal doping )
Look Eq oS M X
TiNiSn  0.53 101 0.39 0.031
1005 00 05 19 ZrNiSn 0.50 100  0.39  0.020
¥ Zrisn HfNiSn  0.38 101 0.34 0.019
<100 | -
S
- /\ E, Band gap (eV)
> 05 =05 00 05 10 0S2  Power factor (WW/(cm K2))
T Thmen u Chemical potential (eV)
Lool | | X Doping (electron/unit
/\ /\ cell)
== 0 o5 1o Optimal compositions: (Ti|Zr|Hf)NiSng ¢gSbyg ¢,
1 (eV)

Research and Technology Center North America

26
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Technical Accomplishments: Electronic transport

Optimization of power factor of n-type Skutterudites

by varying the carrier concentration (doping) within
the Boltzmann formalism

Co T =400°C

Band gap
o

o
o
o

CoSb,
Optimal doping

1.0  -05 0.0 0.5 1.0 Eg
p (eV)

aS? (uW/(cmK?))
N
o
o

o

0S? u X

CoSb; 0.08 160 0.16 0.205

Band structure

XS <3

16 ﬁ E,q Band gap (eV)
S 151 3 0S2  Power factor (WW/(cm K2))
;’14 4 u Chemical potential (eV)
9 5l X Doping (electron/unit cell)

12

11 N T S e Optimal compositions: (Bay 1¢|Lag 7] YD 07)C04Sby,

Wavevector
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Technical Accomplishments: Thermal transport modeling

Quasi-harmonic analysis of Skutterudites

> Capture first-order anharmonic effects (nonideal crystal) at elevated T
> Compute vibrational structure: phonon spectrum at different distortions
> Using a model equation of state predict realistic measurable properties

Free energy  Ground state

s

F(V,T)zE(V)+ZwTV

q,1 q.4

> Estimate formulal'l for k adapted to ab-initio

L _BMS5 @,
1,T=6p n2/372
« Good agreement for CoSb,

« Need to test applicability limits

l

+ kBTZIn(l —exp| —pha, , (V)])

Volume-dependent phonon frequencies

[1] Slack & Tsoukala, J. Appl. Phys. 76, 1665 (1994)

[2] Zhao et al, Journal of Alloys and Compounds 477, 425 (2009)
[3] Slack & Tsoukala, J. Appl. Phys. 76, 1665 (1994)

[4] CRC Handbook of Chem and Phys, pp. 12-85 (2009)
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Technical Accomplishments: Heat Capacity and Thermal Conductivity

n-type Half-Heusler TiNiSn

Heat Capacity

350
300 :
o~ 250 e [T [T T
P
& 150t B g
R e o e S
i 2 [ ag = 56664 A
50r i/ — ay=5.9025 A
/ e dg = 6.1386 A
0 : I
r X W K
25 . .
< C e
E 20t v
=
E 15|
[
@
=12
2 10}
S
g — Ab-initio [1]
[&] .
= 57 ... Experiment [2]
2
O 1 L L L 1 L
0 50 100 150 200 250 300 350
T(K)

[1] Wee, Kozinsky, et al, JEM, 2012
[2] B. Zhong, M. thesis, lowa State, 1997
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Technical Accomplishments: Schottky barriers

n-type
Schottky Ohmic
A>0 A<0
ooooo’!ooo ©0000io 0000
Fermi CBM  Fermi { CBM
N
VBM ¢ VBM

p-type
Schottky Ohmic
A>0 A<O
CBM \_ CBM
Fermi VBM Fermi 1 VBM
©0 0000, O00O0 OOOOO%OOOOO

» Schottky barrier at the interface between metal and semiconductor.

» Schottky barrier height is given by the difference between the workfunction of
metal and CBM of n-type (VBM of p-type) semiconductor (Schottky-Mott model).
 Our goal is to identify metals which form low-resistance Ohmic electrical

contacts (A<O0) to thermoelectric materials.

» We compute Schottky barrier heights and perform screening of different metals.
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Technical Accomplishments: Schottky barriers

H 2. Compute Schottky barrier He
i heights at the interface with [ g | c [ n] o] F [ne
different metals

Screening of metals for electrical contacts
to n-type half-Heusler TiNiSn by computing

Schottky barrier heights at the interface Na Si|P|S|[Cl|Ar

between metal and thermoelectric material. K Sc|Ti|V Zn|Ga|Ge| As |Se |Br | kr

Rb | Sr Tc | Ru [ Rh Cd{In|Sn|Sb|Te| I | Xe

1.Compute VBM, CBM relative to vacuum: o " ot Ho | 1 170 | 8 Leo | At | R
»’1?0 95’0 RF%FP F&Fp Fr |[Ra | Lr | Rf [Db [ Sg |Bh|Hs Mt |Ds |Rg|Cn

“’? e

2 T T 1
Ce | Pr Pm |Sm To |Dy [Ho [ Er [Tm| Yb
Vacuum Bqu like reglon P ‘ ?
O— S Ac|Th|Pa| U [Np|Pu|Am|Cm|Bk | Cf | Es |Fm|Md|No
—2F 4
S TE mi h > 109
S -af CBM | Schottky ‘ CTE mismatc 0%
= |A] <0.5 eV (coefficient of thermal expansion)
s ~6fF VBM T
§ -8 i Ohmic
2
_10 - .
_12k 1 3. Candidates for low-resistance Ohmic
electrical contacts to n-type half-Heusler
“ep B ] TiNiSn: Ti, V, Sb, Ce
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Coordinate (A)
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Technical Accomplishments: Transient Simulation of TEGs

1D Model Features:
Electrical Network
> Series/Parallel connectivity can be prescribed

> Overall system power/current/voltage characteristics
predicted

Multiple 1D elements ; "

> Different 1D elements tracked along the gas channel Voltage Temperature
> Effect of varying length/width considered
> Different arrangement of devices also considered /

Transient Analysis
> Effect of heat capacity of different layers considered

600 L= Steady
— Map Lookup
5001 — Transient
Approach Mean Voltage i S
400 h‘ Power (W) (\") - b ‘: "/
§3°°' 1 " [ | Steady 341.6 29.5 I
€
Map Lookup 415 8.8 / _
20 l Cooling
100l Transient 289.0 26.3 Exhaust water
| gas .
o . — WM WU Thermoelectric
0 200 400 So‘lt"ime (300 1000 1200 1400 generator (TEG)
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Accomplishments: Outreach & Engagement ﬁﬁﬁﬁHEHT

Industry Initiatives in Science and Math Education (IISME) — Summer 2011
Mentorship of a public high school teacher for summer research experience and
curriculum development using thermoelectrics

* Designed engineering course which is now taught at a public high school
* Experienced first-hand application of thermoelectric modules

K-12 Educational Outreach — Fall 2011-present

Students at Stanford are now partnered with a public high
school to provide materials and mentors for a TE design lab

* Introduces high school students to thermoelectric
modules and their applications each semester
* Hands-on design lab to engage studentsin engineering

Instructional YouTube Videos on Thermoelectric Metrology

Movies were produced to describe heat transfer metrology and
were made publicly available via Stanford’s YouTube channel

* Videos describe infrared thermometry, thermocouple
thermometry, heat sink analysis, and thermal boundary resistance

* Produced through the mentorship of a novice engineering student
under the guidance of a more experienced senior graduate student
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Accomplishments: Outreach & Engagement ﬁﬁﬁﬁHEHT

Undergraduate Research Mentorships —Jan 2012 - present
Mentorship of a four (4) undergraduate students for graduate level research experience

Zn0O Nanowire Film Thermoelectric Characterization High-temperature Thermal Characterization Rigs

High Temp Thermal Cycler Performance Curves: High Temp Insulation
50 s 5

-« v

Temperature [°C]

i | i i 1 i i
a 200 400 600 800 1000 1200 1400

Tirne [s]
High-temperature thermal TEG for waste heat recovery

IR imaging to measure Seebeck coefficient Cyc“ng apparatus testing apparatus

Courtesy: Jena Barnes

ZnO NW Film

Air

ZnO NW Film

=
| TWO PLA CIMAL ¢
s | THREE PLA ECIMAL ¢
74,
s

Heat Input

MFG APPR.

INTERPRET GEOMETRIC QA A ‘
TOLERANCING PER: A . ol —\ L
MATERIAL RAEHITS: 4

High-temperature IR microscopy apparatus

3w measurement of cross-plane thermal conductivity 34
Courtesy: Maneeshika Madduri Courtesy: Kellen Asercion and Santiago Ibarra



Accomplishments: Outreach & Engagement ﬁﬁﬁﬁHEHT

Undergraduate Thermoelectrics Lab — On track for Fall 2013

TEG Waste Heat Recovery in Stanford Undergraduate Heat Transfer Laboratory
Heat sink design competition to maximize thermoelectric power generated using a hot air source and

an ambient air sink. Designed by two undergraduate students through the Summer Undergraduate

=g = | = |§

=l =

— TE Module

Mounting
Plate

Tube

Stanford’s heat transfer course (ME131A) includes a

thermoelectrics laboratory experience.

* Designed in conjunction with IISME teacher

e Lab exercise uses infrared microscopy with
thermoelectric modules
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Accomplishments: Outreach & Engagement

Outreach at the University of South Florida:

» Middle and high school science teachers from Hillsborough county (where USF is
located) with an interestin applied researcher were given an overview of our recent
research, including a lab tour, on June 20, 2012, with a question and answer period
following the tour.

» Walter Hill, REU student from Jacksonville University, was involved in all aspects of our
lab group’s activities, including weekly lab meetings, lab presentations and studying
scientific articles. He was encouraged to take charge of specific research tasks and
obtained tangible results that he will be presenting at the upcoming American Physical
Society March Meeting in Baltimore. He also presented his work by oral and poster
presentation while at USF. As well as experimental skills, he interacted with mentor (Dr. Y.
Dong), Pl (Prof. G.S. Nolas) and the graduate students in the lab in discussing scientific
aspects of the research project and obtained experience in a team oriented
interdisciplinary research environment.

‘\}j F\ Novel Materials Laboratory V
- 4 University of South Florida
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Collaboration & Coordination

1- Interface 2- System-level
. 3- Durability 4- Materials
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Proposed Future Work

Bulk TE Materials: Develop modified skutterudites and related
derivatives, halt-Heusler alloys, and novel p-type chalcogenides

Integration of Nanostructured TIMs with Bulk TE Materials: CNT arrays
ponded to bulk |E materials and metal nanowire arrays c};r.own directly
on surface of bulk TE materials, and relevant thermoelectric properties
measured of integrated thermoelectric-TIM system.

Nanostructured Metal Thermal Interface Materials: Investigate thermal,
mechanical, and electrical properties of metal nanowires, optimization of
materials, geometries, and surface treatments for operation at 600°C.

High-T (Z7T).+ Characterization Facility Implementation: Validation of
experiment setuE| USIIQP Bi, le;-alloys standards and novel
skutterudites and Half-Heusler alloys produced by USF partners.

Ab-Initio Simulations: Calculation of transport of metal-semiconductor
Interfaces including focus on phase stability, ab-initio calculation of
electronic relaxation time, computational screening of skutterudite and
half-Heusler compositions with the goal to maximize their power factors
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Summary Slide

With this award, DOE & NSF are enabling an academic-corporate team to focus on the
key practical challenges facing TEG implementation in vehicles: interfaces, system-
relevant metrology, and materials compatibility

We are developing metrology for fundamental properties of nanostructured interfaces,
as well as (ZT) .4 metrology for half-Heusler and skutterudite thermoelectrics
considering interfaces. Simulations include atomistic and ab initio results for TE
materials and interfaces, and system & heat exchanger level optimization with the
corporate partner.

Key FY2012 results include:
(a) process development of CNT tape and several bonding options (Stanford)
(b) detailed mechanical characterization of CNT films (Stanford)
(c) design and fabrication of electrodeposition system for metal nanowire
fabrication and characterization (Stanford)
(d) demonstration of a high-temperature IR microscopy apparatus capable of
reaching the target temperature of 600°C (Stanford)
(e) development of ab-initio simulations for transport properties in TE materials
(f) process development (arc melting, melt spun) for bulk TE materials (USF)
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Technical Backup Slides
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Technical Accomplishments: ﬁﬁﬁﬁHEHT
Improving Accuracy for High-Temperature IR Microscopy

Low T Medium T High T Ultra High T

Increasing Integration Time of IR CCD camera

The high temperature challenge: [ , oC q;'ad = goT*

For large temperature gradients, the IR signal intensity spans
several orders of magnitude. It is difficult to accurately measure
the signal at each pixel simultaneously under these conditions.

FY13 goal:

We propose to use a variable exposure sensitivity to record four
images sequentially, each with different CCD integration times. A
composite image is then produced from the independent images.
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Approach: 3w Experimental Analysis ﬁﬁﬁﬁHEHT

Measurement Overview: Feldman Solution to Heat Transfer in
Current at frequency 1w generates Joule heating at Multilayered Structure:
2w, and the oscillating temperature of the heater is
. : )
measured indirectly by detecting a voltage at 3w 1D, steady heat equation d’T s iQT 0
e modulated at frequency w dZZ a
Air (semi-infinite) . o _
Generalsolution T'(z) =T, exp(u;z)+ T, exp(—u,z)
o)
Sample Material where u,=-1—-
x$44444 %
Passivation _Heat Injection
Fused Silica Q= Qoe™* Internal boundary conditions ~ T.(&7) =T, (&)
(semi-infinite) JT AT
- __ i i
k,— =k -
dz |, dz |
Frequency-Modulated Properties: External boundary conditions: T, =T, (0)
1w: Frequency of AC current source driving line heater Semi-infinite media at T )
2w: Joule heating at 2w Ty =Tya(zy)
Temperature fluctuation at 2w
Heater resistance is perturbed at 2w o d]/
3w: V =1xRleads to voltage at 3w Temperaturerise at heater AT = ¢ /dR
line as measured by V;,, ]
RMS

(94
Thermal Diffusion Length: [, « ’_
w Feldman, High Temperatures— High Pressures, 1999
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