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Why Thermoelectrics?

4+ @ Converts electrical and thermal energy using a solid

o~

. " ystate device with minimal moving parts

&8y Fi
& F

+"u.0 @If efficient, opens up a wide array of potential uses

Chip-scale functionality with thin-film devices using
standard microelectronic processing

Computer Chip, Photonic Chip, Lab-on-a-Chip



THERMOELECTRIC TECHNOLOGIES in 1992
Fort Belvoir Workshop Organized by Dr. Stuart Horn
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ZT - figure of merit - has been stagnant at about 0.8 to 1 for the last 40 years -
cooling and power conversion efficiencies low - useful only in applications where you
really need it

More importantly, cooling power density (P) in bulk devices are low to be of
any interest for many electronics cooling applications

ZT need to improve over 1.5 at 300K for a maor impact and around 3 for a
revolutionary impact; larger P, would also open up hew applications




Since then what are some of the approaches
for ZT Enhancement ?

Bulk Materials

Filled Skutterudites ( ) - Have Atoms that “Rattle” in
the large unit cells to effectively scatter low-frequency, heat-conducting
ph@nosz

. © New Versions of Bi ,1e;such as CsBi,Te; ( ) - Appearsto
' be' band-gap modification leading to a more optimized ZT at lower

+*+, temperatures

*#0 Thin- Film Materials

Quantum wells, Quantum Wires, Quantum Dots (
)

Superlattices for thermal conductivity reduction (

)

Superlattices for improved el ectronic/hole transport from reduction of alloy
scattering of carriers ( )

Thermionics in Heterostructures ( )




Comparison of Superlattice and Quantum-Well
Approaches

Superlattice (RTI) Quantum Well (MIT)
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Cold
& Current and Heat ¢ Current and Heat

Transport Parallel to the
Quantum-well interfaces

Transport Perpendicular to
the superlattice interfaces

€ Easy Adaptability for
Device Implemenation




Comparison of Implementation of Cross-Plane and
In-Plane Approaches in Devices

¢ , * Cross-plane Low- In-plane Low-Dimensional
. "sDimensional (Superlattice) (Quantum Well)
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® Need Much Thinner
Epi Layers

® Integrated Conventional —

Microelectronic Processing _ _ / _
® Need Thick epi layers -expensive

® Need Bulk-like or MEMS-like Processing
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Some of the Bulk Material and Thin-film = — ==

Developments
Cs Bi,Te; (Kanatzidis, Michigan State University)

‘Bulk Materialswith aZT~ 0.8 at 225K but less than 0.8 at
3OOK (Sczence 287, 1024-1027, 2000)

F|IIed Skuterrudites (Fleurial et al., JPL)

“Bulk materialswith aZT ~1.35 at 900K (Proc. Of 151
““International Conf. On Thermoelectrics, 1996)

: PbTe/PbTeSe Quantum-dots (Harman, MIT Lincoln Labs.)

ZT~2 at 550K and ZT~0.8 at 300K based on estimated
thermal conductivity values (J. Electronic Materials, 29, L1,
20/0/0)

Bi, Te,/Sh,Te, Superlattices (V enkatasubramanian, RTI)

ZT~2.4 at 300K in devices with all properties measured at the
same place, same time, with current flowing and verified by two
Independent techniques (Nature, 597-602, 2001)



RTI's 40-Year Breakthrough

> 2.5 at 300K in p-type superlattices

:  *Device ZT ~2.4 at 300K through the development of

e 71 material
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Potential with
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Superlattice
Technology
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RTI's Superlattice Material

SUPETEIlCe AXIS =—

Applied Physics Letters,

75, 1104 (1999)

10A/50A Bi,Te,/Sh,Te,
Structure

Optimized for
disrupting heat
transport while
enhancing electron
transport perpendicular
to the superlattice
Interfaces
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® Low-temperature technology

® In-situ ellipsometry for nanometer-scale control of deposition



COLD

The improvement arises
from impeding phonon flow
without disrupting electron
flow

Phonon-Blocking,

DE+DE¢ < 2KT

DE, ~ kT Electron Transmission

ds + dy, = period
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The RTI breakthrough arises from reducing heat
transmission without disrupting electron flow
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Thermal Conductivity Reduction In
Bi, Te,/Sb,Te, Superlattices
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80 120 160
Superlattice Period (2\) Physical Review B, 61, 3091 (2000)

See Mahan et al., PRL, 84, 927, (2000)
Predicts a minimum although at a much smaller period



Temperature dependence of Lattice Thermal
Conductivity in Bi, Te,/Sb,Te, Superlattices
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Lattice Thermal Conductivity in Bi,Te,/Sb,Te, Superlattices
compared to Minimum Thermal Conductivity in Bi,Te,

0 Kuwin Of BixTe; (ab- g Kwin Of BibTes (- O Kwin Of BixTes (ab-
axis, Slack Modd) axis, Slack Modd) axis, Cahill Modd)
O Kwmin Of BixTes (C' B K attice OF Biz-x Sy O K attice Of Biz-x S
axis, Cahill Modd) Te; dloy (ab-axis) Tes alloy (c-axis)
g Kuatice Of BiaTey/Sb,Tes
Superlattice (c-axi9)

Thermal Conductivity
(W/m-K)

Nature, 413, 597 (2001)



In-Plane Hole Transport in p -type Bi,Te,/Sh,Te; Superlattices
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Appl. Phys. Lett., 75, 1104 (1999)

Enhanced In-Plane Mobilities in Superlattices from avoiding

alloy scattering of carriers at 300K
Indicates very little interface roughness from electronic (hole)

scattering point-of-view



Cross-Plane Hole Mini-band Transport in p -type Bi,Te,/Sb,Te,
Superlattices

: Bi2T63 : Sb2T63 .

Mobility Anisotropy
( M cross-plane /mn plane)

50 100 150 200
Superlattice Period (A)

Up~KT
Ui+ Ups2KT
d=dg+dg

B DEV —E= (m*dBZ DEV 2) | 252 Nature, 413, 597 (2001)
= 2D ~ exp. {-[(8m* . /h? )( DE, -E)dJ¥2}
. rrlrossrplane - [e D d2/h2] L

» Ref: Capasso et al., IEEE J. of Quantum Electronics, (1986)




Cross-Plane Hole Transport in p -type
Bi, Te,/Sb,Te, Superlattices

Enhanced Cross-
Plane Mobilities as

I
S —— il i

1 m superlattices

0.8 V‘

S I S B - Mioderate to

| _ negligible electrical

0.4 :
o Bi,Te; ~ 104 anisotropy
0.2 :

1.4

(<P}
=
«
—
o
é
>
=
«
p—
=
7]
7]
=]
é

0 20 40 60 negligible
dspoTe3 (A) quantum-

confinement and
weak mini-band
conduction

Nature, 413,597 (2001)




Filtering
& Load
Match

High-Speed Scope

= V. IV, .
= Peltier Voltage/Ohmic Voltage

All properties that make up ZT are measured at the same place,
same time with current flowing

Difficult as it involves minimizing contact resistances
LT govice 20 b {1+2Rcontacts/Rdevice} -



ZT in
— same as that of our superlattice film

. ZTdevice

= 29.3/(60.3-29.3)
=0.94

* From both current
directions, ZT ~
0.97 £0.03

e No unusual
effects because of

5.00 10.00 15.00 20.00
t (ns) the thin-film nature

per se!




ZT in p -type Bi,Te,/Sb,Te, Superlattices

500 10.00 15.00 20.00
t (us)

Nature, 413, 597 (2001)

: ZTdevice
= 68.7/(100.0-68.7)
=2 19

e From both
current

directions, ZT
~2.39 £ 0.19




Intrinsic ZT in p -type Bi,Te,/Sb,Te,
Superlattices by Variable-Thickness Method

1=20.3 mA; Area = 18e4cm
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Nature, 413,597 (2001) ZT. = [TV /1 (LU TV (1.1/a)]



ZT by Variable-Thickness Method in

1=20.0 mA; Area = 1.8e-4 cm’
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Temperature dependence of ZT in p -type B|2Te3/Sb2Te3
Superlattices (213-300K)

p-TeAgGeSb [10]
m CeFe3.5C00.5Sb12 [10]
® Bi2-xSoxTe3[11]
| CsBi4Te6 [11]
A Bi-Sb [9]
® Bi2Te3/Sh2Te3 SL [Thiswork]

600 800
Temperature (K)




Temperature dependence of ZT in p -type B|2Te3/Sb Te;
Superlattices (300-400K)

ZT = 0.046T"%
R*=0.9783

300 320 340 360 380 400

Temperature (K)

 Ref: DARPA Palm-Power Program, Dr. Robert Nowak



ZT In n -type Bi,Te,/Bi,Te, Se, Superlattices by
Variable-Thickness Method
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1=20.2 mA; Area = 1.8e-4 cm’ A Vg

1.8E-03 x - 1E-06

0.005 0.010 0.015

I.//a (Amp. cm’')

0.020

71 ~1.4

intrinsic

Limited by KLattice 0
5.8 mW/cm-K
compared to ~2.5
mW/cm-K in p-type
Bi,Te,/Sbh,Te,
superlattices

Even so, ZT along c-
axis three times
better than in bulk



Comparison of p-type Bi,Te,/Sb,Te, superlattices and
n-type Bi,Te,/Bi,Te, Se, Superlattices
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Potential for non - ideal n -type Bi,Te,/Bi,Te; Se,

Superlattices

Bi,Te, Se,
Bi,Te,
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Comparison of p-type Bi,Te,/Sb,Te, superlattices and n -
type Bi,Te,/Bi,Tes ,Se, Superlattices g TS

p-type Bi,Te,/Sb,Te, superlattices

“ideal *“ components — hand-shake of phonons from
one layer to other difficult

Lattice thermal conductivitv falls to 2.5 mW/cm-
K

n -type Bi,Te4/Bi,Te, Se, Superlattices

“non-ideal “ components with perhaps some inter-
layer mixing — hand-shake of phonons from one layer
to other relatively easy

Lattice thermal conductivitv does not fall; in fact
closer to that of alloy along c-axis (5.8 mW/cm-K)



RTI's Superlattice Device Improves
Refrigeration Efficiency

Tuor = 300 K
AT ~ 30K

Typical large-scale

5 mechanical system

Coefficient of ®

Typical small-
Performance 2 .56 mechanical

of Refrigerator < system

1 |

Bulk Bi,Te,-alloy Thermoelectric Devices

Bi,Te,/Sh,Te, Superlattice
Thermoelectric Devices

0.0 1.0 2.0 3.0 4.0 5.0
Figure-of-Merit (ZT)

Higher ZT — Incentives for New Approaches to Implement
Higher COP Concepts



Advantages of RTI's Superlattice
Thermoelectric Technology

. @ Enhanced cooling
& . iy
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0] 1 4 3 4 5
Current (A)

Other thin-film technologies have one-tenth the cooling
of the RTI superlattice devices




Advantages of RTl's Superlattice
Thermoelectric Technology

V (V)

® Enhanced cooling

® Super-fast cooling and heating
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Advantages of RTl's Superlattice
Thermoelectric Technology

Current (A)

¥y :
; @ Enhanced cooling
) . .
~# @ Super-fast cooling and heating
v ® Enhanced power density
1000 -
A AAAM
A 4t
100 - A
A
Cooling A
Power A
Density
(W/icm?) 1- . ©° o © ©
[
0 o'“'
‘O
0.01 ‘ :
0] 1 2 3

A RTI's Technology:
700 watts/cm?

® Today’s Technology:
1-2 watts/cm?




Advantages of RTI's Superlattice
Thermoelectric Technology

el e .
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el ® Anywhere, any time 1,500 microns
. cooling/ heating
technology
24.10 °C 27.93°C




Advantages of RTI's Superlattice
Thermoelectric Technology

ﬁ%{ i 'é' & T
] #, ;
ey ¥ e Enhanced cooling
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o ;f ® Enhanced power density
ey
ﬁ,s-: v . i i
el ® Anywhere, any time T:\‘n': d'i:::‘ y 4
. cooling/ heating 1mm x 3mm
technology

@ Significantly
more compact

Today’s
Commercial
Bulk Module L N

50mm x 50mm



“RTIs Progress in Cooling Module
Development
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Thi‘n-'film Thermoelectric Module Fabrication

20 Watt
module
>ackage

Mini-module




Progress in RTIsSuperIattlce Thermoele&rlc Module
Technology

6000 um

Wafer-Scale

| B Integrated Module
14 P-N Couples Composed of 16

" @ { PNCouple  Series Connected mini-modules
e Mini-module
Single p-type-

element
32K Cooling

LARTNERRS




éémparison of Commercial Bulk and Prototype
Thin-Film Modules (that we are beginning to ship
for early co - development customers)

Thinfilm |
Module .
(ZcmX 2 o)

Profile Comparison (Bulk vs Thin-film) of Completely éﬁ
Packaged Modules .




3.9 cm x 2.4 ¢m Thin-film Module that can be
Inserted on top of a commercial heat—sink to which
a high-speed microprocessor can be attached

g . A L e




e

- IR Images From a 630-element TE Module; 650
- ¢lements arranged in a 9x7 array of mini-modules;
each mini-module has S p-n couples

35 mm

* Note only ~ 90 mA through each element
 Number of elements typical for a bulk module ~ 256



High-Active Flux, Low Input-Output Flux (HAF-
. LIOF) Concept for Large-Scale Cooling Modules

_y*;: "f'-' o : z i
Caied u
__ - A2x3
] element
. or
> 3-couple
14-couple *iﬁ""""'.' bl
B : with a
ek, - High-|

header

Heating

of whole
header due
to thermal
spreading
effect

Cooling
of whole
header due

to thermal
spreading
effect




Thermal Modeling Studies

Windows based general purpose thermal modeling

v +._  software
b i
.{‘I"

ijte Element Approach - linking algebraic

‘4%, _equations together

_ Built in steady-state and transient finite difference

.+ ¢/ solvers

All modes of heat transfer included
Conduction
Convection
Fluid Flow
Radiation
All properties can be defined as time and/or
temperature dependent
Size of model/speed of solution is hardware limited



Thermal Modeling of High-Active Flux, Low Input-
Output Flux (HAF-LIOF) Concept

through elements
*1% coverage of TE

elements

~15 W/cm? at the heat
source or heat sink

 Enormous Implications for TE Material
Requirements for Increased Applications, with
Higher Efficiencies that can be Achieved Now



Progress in Heat-Rejection System
Development for Large-Areas

High Active Flux, Low Input-Output Flux (HAF-LIOF) Devices
should reduce heat-rejection concerns

Low packing fraction of active thermoelectric devices
and high-thermal conductivity heat-spreaders so that
excessive heat fluxes are not required at source and
therefore not dissipated at sink

Minimizes amount of thermoelectric materials required
and larger efficiency from higher active-DT in power
generation

Working with commercially available sources of high-
efficiency, light-weight, heat rejection system design and
prototyping

In-house modeling and fabrication capability




Modeling Heat Pumping to Heat Rejection




Program Plans in the Cooling Program Area

Materials Development

Improved N-type Materials to achieve an average ZT of
_ ~2.5 for the p-n combination

levelop films with larger effective thickness to minimize

. ‘thermal management problems
& Dewce and Module Development
- © |dentify Approaches to reduce internal thermal and

electrical resistances in devices and modules to recover
COP consistent with higher ZT

Heat Rejection System Development

Demonstrate design feasibility to remove ~100 Watts of
heat over 4 to 6 cm?

Preliminary validation of integration with applications
in spot cooling, chip cooling, optoelectronics cooling



“RTIs Progress in Power Devices

(Ref: DARPA Palm-Power Program;
Dr. Robert Nowak)




ZT, DT and Power Conversion Efficiency

Heat Source

. ¢ L ;;: i ;ir_,:
L, N P
Cdi b N eed high ZT in both p and n-

&% « type materials -
i 34 2 In addition to high ZT, need

'*:‘{ higher DT or T,-T for higher
efficiencies _ Load +
Thermal management (getting
the heat out from the heat-sink) (T,-T,) {(A+ZT)"2-1}

is important to generating the v —
maximum DT T, {(+ZT)2-1}+ T /T,




Implications for Power

High-density (area, volume, weight) power

Higher efficiency at low DT
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RTI's Gen-1 Power Module Design Using 63 IVI|n|-
modules (Area~3ocmx24cm) EEE

by ¥ iR
% e
oA S
m’; « 6x2 300-pm Series
; mini-module
i

«V _~76mV

*P__ =3.160 mW

« AT ~ 25°C

» One year target of 5 Watts Module based on power from all 63 mini-

modules, AT of 73°C, factor of three improvement in reducing internal

series resistance and translating current material ZT to external ZT
-3.16 MW x 63 X (73/25)°x 3 ~3W

» Larger Immediate Powers Possible with Larger Area Modules for

Immediate Applications as in RTl Thermoelectric Power Shields™

» Three-year target of 20 Watt Based on AT of 150°C



28 element mini-module: all elements electrically in
it series and thermally in parallel

2.7 mm

/

e a ik mﬂu.r- T, 3 & N

e Larger Number of Element Based Mini- module for
larger voltages




Ve Progress

Palm-Power Program Start As of Now

2.5E-01
2.0E-01
1.5E-01

1.0E-01

@
=
(=}
2z

g
>

5.0E-02
V, = 2.05E-03 DT + 4.83E-03

0.0E+00
100 150

Temperature Differential, DT (K) Temperature Differential, DT (K)

*1-element « 28-element mini-module
Voo ~ 17 mV eV, ~ 220 mV
*Target milestone of 200 mV achieved




Typical load line data from a thin-film mini-module as of
today - early devices

TFC-38, 6x300 Mini-module
Load line Data

Voltage (mV)

e 12-element mini-module
eV . =716 mY

» Potential I, if no internal
resistance ~ 140 mA

e At peak power of

. DTdevice = B
e Vi.g~42.2mV
sl = 49 mA

load




Heat-Source | Heat-Spreader / TE Module / Heat Spreader |
Integrated Microfin-Heat Pipe Heat Exchanger

Fan

Silicon Micro-

fin / Heat-pipe

Sink-side Heat-Spreader

TE Mini-module

Planar Heat

Source-side Heat-Spreader b
Distributor



b ﬁ_%!f_‘..ﬂ..#f : -

e

e f;ﬂﬁ‘%

. e 2 B %5%
2 §4§ T

; 5;§ﬁfvwm S

L s i {.,5.\.../.,:,.,./”./.\;,.,\.

P P e




% %h speed PCR for rapid DNA
n@ﬁléls

:& %

fé‘lt%assembly of DNA molecules

'*tf

*‘.‘1 _ Today s analytical tools are
7 inadequate
to study proteins

(2-D gel electrophoresis, liquid
chromatography, and mass spectrometry)

Wafer-scale thermoelectrics can
enable “fingerprinting” of proteins
and their interactions




High-speed PCR

Typical PCR- starts with double-strand DNA being split at
95°C, temperature lowered to where single strands can
bind together with new strands

Two-step heating cycle Is repeated n times, produces 2"
copies of target sequence

From a single starting molecule, 20 cycles yield over
1M, 30 cycles 1B, and 40 cycles 1T copies

Typically each cycle is 1 minute

Reducing cycling time, efficient devices, and small-scale
battery-operated systems can lead to field applications for
DNA testing for pharmacology and bio-weapon detection




Self-Assembly of DNA Microarrays




Self-Assembly of DNA Microarrays

(R .
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Self-Assembly of DNA Microarrays

T X
R .
o i
* & s
Yia T Use heat to break
b g fu 19 i double-stranded
‘e, N - J DNA1
@




Self-Assembly of DNA Microarrays

L :
e A .
* b 4 '% & :
Yia T A single-stranded
Yol P DNAA1 is created




Self-Assembly of DNA Microarrays
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A | DNA1




Self-Assembly of DNA Microarrays

i .. *% e .
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- Self-Assembly of DNA Microarrays

-~

~
Use heat to break A" i
double-stranded ™~ =




Self-Assembly of DNA Microarrays

5 A single-stranded
DNAZ2 is created




Self-Assembly of DNA Microarrays

& Use charge and

e cooling to trap

ﬁ ,% single-stranded
DNA2




Self-Assembly of DNA Microarrays

| ;.«;: i &
gﬁ » ::E%_ -
L A
i "
* & ° s
Yia T Self-assembled DNA-array ready
by Y2, 4 % for experiments
J :!:; :‘ h
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RTI-Patent Pending




Wafer-Scale Spot-Temperature Control TE Wafer
and Assoclated System Development




Wafer-Scale Spot-fémperature Control Using TE
Devices (4 x 4 matrix using bulk devices)

Wafer-Scale Anywhere-Anytime Heating-Cooling

IE En-nlrnl Matrix = Real-time Thermoelectric IR Image

e

ode Salect
EI'.:Ir--r'ni iy Pt On
Paslive Supply Yollage V] 4 1

Pownir Ensslad
Pusilive Susely Cunant (8], 1 4

Working to control the individual temperature of each well
of a typical 96-well plate for “Lab-on-a-chip” applications

S
o
P

-



Wafer-Scale Spot-Temperature Control Using TE
Devices (4 x 4 matrix using bulk devices)

I apaach - Demo 1.05vi

Fie Edt Operate Took Browse Window
* [@n
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IR Digital Capture Setup i :

Temparatsre

L 1
20 =0

oz MEAn 2 w2

a warl -'i:tir'-'
a0 WEho o Bho Do

;ﬂ!-{:h'l | LabWIEW ||Eal:l-'.k'|th Demio 105w E-d.l-:&'.l'-- Dty 105,44 DL | E-F!l.-it'r'u Thzrmoslectne .. |
r = -
d & s el

ETES)

TE
[ aal



Chip Cooling for Complex Computatin

Chip Speed

A Visually Intensive

Computing (VIC),
Visual Internet (VI),
and All-Optical

P6 Internet

P5

Early Visual Computing (EVC)
486

Multimedia

Windows I >

2005

Time, Years Source: Intel

“If nothing changes, these chips will produce as much heat,
for their proportional size, as a nuclear reactor. We have a

huge problem to cool these devices.”

— Pat Gelsinger, Intel CTO
February 5, 2001



Photonic Applications

Dynamic laser
wavelength switching
capability for payload
transparency in large
bandwidth transmission




Bulk versus Thin-film TE Power

8 Performance Parameter

Bulk Technology
(ZT ~ 1)

Thin-film Technology
(ZT ~ 2.5)

| Efficiency for a DT of 150°C

3 to 4%

10 to 11%

| Specific Power excluding

8| thermal management
§ components

1 Watt/gram of TE
module weight

570 Watts/gram of TE
module weight

Cost

$5 per Watt as of
today after 40 years of
maturity

Long-term (three to
five years) projected
cost < $1 per Watt

Current Density

Voltage levels from each
module

Power Density

< 200 mA/cm?

5 to 10 Volts

<1 W/cm?

> 50 Amp/cm? possible

48 Volts achievable
with microelectronically
Interconnected circuits

> 20 W/cm?




% Bulk versus Thin-film TE Cooling/Heating

d Performance Parameter Bulk Technology Thin-film Technology
(ZT ~ 1) (ZT ~ 2.5)

| COP (Heat 1 210 2.5
sl Pumped/Electrical Power

f in) for a DT of 25°C

N Wight of TE module for ~ 22 grams < 3 grams
| pumping 50 Watts (without

il thermal management
components)

Cost of heat pumping $0.5to 1 per Watt as | Long-term (three to
of today after 40 years | five years) projected
of maturity cost < $ 0.5 per Watt

Cooling Power Density <1 W/cm? > 700 W/cm?

Potential Maximum Cooling | ~ 60°C ~ 120°C
per stage




Automotive Power

Portable power
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Thermal scavenging
for remote power



Automotive Computer-Based Spot Temperature
Control for Electronics, Battery, etc.
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Efficiency of
Thermoelectric
Material

ZT)

20

Pntial with
Thin-Film
Technologies

§ Superlattice
Technology

Industry Progress —
Semiconductor Materials Technology

|
1940

| | | | | |
B L I






