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Motivation #1:
for intrinsic on-chip cryocooling




Motivation #2:
integrated thermal management




Motivation #3:
overcome ZT limitations with
geometric shaping




p X n Transverse Thermoelectrics:

Outline:
l. Transverse Thermoelectricity
Il. Type Il broken-gap superlattices




The Dawn of Thermoelectricity
Edmund Altenkirch, Phys.Zeits. 10, 560 (1909); 12, 920 (1911).
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INTENSIVE PARAMETERS

S — Seebeck coefficent
p — Electrical resistivity
K — Thermal conductivity

Figure of Merit




Longitudinal thermoelectric figure of merit:




Z

I y——
AT

(PE)=E,

Semi Metal Semi

A(PE)=(A, +A.)




itudinal Thermoelectric:

Double-leg




Transverse thermoelectric figure of merit:




Transverse Thermoelectric:

Semi Metal

A(PE)=(A,+A.)=E,




Transverse Thermoelectric:

Nernst-Ettingshausen effect
Single-leg

Symmetry broken by B-field

DISADVANTAGE: REQUIRES LARGE B-field (1.5 T)

K.E. Cuff, Appl. Phys. Lett. 2, 145 (1963); C.F. Kooi, J. Appl. Phys. 34, 1735 (1963)




Transverse Thermoelectric:

Stacked synthetic composites
Single-leg

l

ﬁ
h+
p-type semi h*

Symmetry broken by structure

DISADVANTAGE: Thick (*mm) layers cannot be scaled down

Labor intensive fabrication
V.P. Babin, Sov. Phys. Semicond. 8, 478 (1974); Reitmaier, Appl. Phys. A 99, 717 (2010)




p x n Transverse Thermoelectrics

n “n-type” in one
P .
direction....
«— h h"—p

«— h—»

up_type” . h+ +h+_>
orthogonal.... <“—— h"—

Symmetry broken by band structure anisotropy




p x n Transverse Thermoelectrics

h* h*—»
e,

Symmetry broken by band structure anisotropy




p x n Transverse Thermoelectrics
/

T

C
kT

Symmetry broken by band structure anisotropy

ADVANTAGE: Scalable to cm or um
No external B-field




Transverse Seebeck voltage generator




Transverse Seebeck voltage generator

Meander structure:
Arbitrarily large Seebeck voltages V with small AT

H. J. Goldsmid, J. Elec. Mat.,40 5, 1254 (2010).




Transverse Peltier cooler




Transverse Peltier cooler

Exponential Taper:
Arbitrarily large AT with finite current J

C. F. Kooi et al., Appl. Phys. 34, 1735 (1963)




Annular Peltier cooler

Every angle of current takes heat away from center




p X n Seebeck tensor

e Seebeck Tensor

* Total Seebeck Tensor
_ ~1
S=(6,+0,) (6,5 +0,8,)

0

J,Sp >0,s <0




Optimal transport coefficients

Optimal angle

K, /K,
1+

Optimal transverse figure of merit

S T
2 T=27(00)T= (S = )

Srea +pry i




p X n Transverse Thermoelectrics:

Outline:
l. Transverse Thermoelectricity

Il. Type Il broken-gap superlattices




Transverse thermoelectric figcure of merit:




InAs/GaSb Type Il superlattice

NORTHWESTERN
UNIVERSITY

InAs/GaSb type Il broken-gap superlattice (T2SL)
Tunable bandgap
Anisotropic electron-hole transport

Fabrication challenge: strain, interface diffusion
InAs GaSb

CSTo o>

)]dGaSbé

Z
>




Interface Quality:

Minimal Sb segregation
Up to 15 um superlattice growth with smooth
morphology

M. Razeghi, Binh-Minh Nguyen, et al.
Proc. SPIE 6206, 0277-786X/06 (2006)
Type Il superlattice photodetectors for MWIR to VLWIR Focal Plane Arrays




Thermal Conductivity: Experiment




3® Thermal Conductivity
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Vertical thermal conductivity
proportional to 3 harmonic

Type Il
A+ AR(T) GaSb thin film

[ | substrate _ =e—

+1 +V -V -
3ln‘}‘1~/f T dR

2= R eIZ
ﬂ l&%/dﬂ 1 gm0 A

AV = IAR ~| g3

D. G. Cahill, Rev. Sci. Instrum. 61(2) 802, (1990).
D. G. Cahill, Phys. Rev. B 50, 6077 (1994). Chuanle Zhou, MG, et al. J. Elect. Mat. (2012)



3o Thermal Conductivity
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UNIVERSITY

Vertical thermal conductivity

proportional to 3" harmonic A~ d
A
Type Ii 0.3t

A+ AR(T) GaSb thin film j
! ‘ substrate  s— .

t+V Vo < ] substrate
= 0.1-
'E .
3 .
I ATV A 0!
= ; 01
47R*(Vy,, =V, ,) dT |

, 1 ——
AV = IAR ~| e3¢ 1 10 100 1000 10000

f(Hz)
D. G. Cahill, Rev. Sci. Instrum. 61(2) 802, (1990).
D. G. Cahill, Phys. Rev. B 50, 6077 (1994). Chuanle Zhou, MG, et al. J. Elect. Mat. (2012)



Type Il Superlattice Thermal Conductivity

Thermal conductivity suppressed up to 2 orders of magnitude from
GaSb bulk value

o [InAs[4]

o GaSb[5]
o e GaSb
.". v + a4 T2SL

069000000 o'g!:

Chuanle Zhou, MG, et al unpublished




Power Factor: Theory




InAs/GaSb Type Il superlattice

NORTHWESTERN
UNIVERSITY

InAs/GaSb type Il broken-gap superlattice (T2SL)
Tunable bandgap
Anisotropic electron-hole transport

Fabrication challenge: strain, interface diffusion
InAs GaSb

CSTo o>

)]dGaSbé

Z
>




Type Il Superlattice

NextNANCOR: Full-band
envelope-function Positive gap:
simulation InAs/GaSb Semiconductor

superlattice dispersion - f
5.4nm GaSb/7.5nm InAs
(21 M:L GaSb/22ML InAs)

Superlattice A_ = E_ (k”=0) -E (k”=0) (meV)
P ° 8.53nm GaSb/7.87nm InAs

(28ML GaSb/26ML InAs)
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Deduce Conductivity & Seebeck Tensor

NORTHWESTERN
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From band structure => m, ,m, ,m, ,E (m, =eco)

For n-conductivity & Seebeck: For p-conductivity & Seebeck:
anisotropic 3D dispersion 2D dispersion
2\/_6 )4 +3/2 3 H—= E
o ¥ Jm (k,T)Y "™ T(s+=)F. 2 —
n,XX 2h3 ny( ) ( 2) 3/2+s k T O_p E e 7/2 (kBT)s+1F(S+2)E+S (_/u\]
| zan k,T
N /4 / 302 (ﬂ E, ) _
o 1 n,x k T s+ F + F O— ’ _O
n,yy 37.[ h3 ’y ( ) ( ) 3/24s kBT p.yy
| ﬂ_E | (_ﬂ]
+5/2)F ¢ s+2)F,
= (s ) w\ kT ) u-E, Lk (s+2)E. k,T) u
nl _E p _ k T
|(sear)F |HT 5] BT ¢ (s+1)Fs[ﬂJ ’
L o\ kT i kT

(Power-law scattering, 7=%E’ , where s =0 observed for T2SL at 300 K)

Optimize transverse power factor S?6 => deduce optimal chemical potential w



INAS/GASE TYPE Il SUPERLAITICE

® Optimal T2SL
deasp = 3.96 nm, d, ,.= 7.88 nm
E,=28.3 meV, u=2.43 meV
6, = 32°

a
k=4 W/m-K (measured’) \/‘9

Z, T=0.025at T =300K

'C. Zhou et al., J. Elec. Mat. (2012)




Differential Transport Equations
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Transverse Thermoelectrics

2 2
0 E, _dT +(1+ZbaT) d 7; S, =S
S,, db zZ,. db

Longitudinal thermoelectrics

O: Ea 2+ld2T Sba:Sab:O
S, ) Zdb’

Ettingshausen effect

2 2 —
o=(Ea] _(de =2, DT 50 =5

s, ) \ap zZ,  db’



Thermal distribution
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Different from longitudinal and Ettingshausen cooling

300
AT =4 K (ZT = 0.026) |
T, =300K, b=10 um 2907
280
270 | - - - - Longitudinal
o — OATT
AT=14 K (ZT = 0.1) é 260 _ _ Etingshausen
AT=56 K (ZT = 0.5) 250 |
240 | -
I \
230 '\
0 2 8 10



Exponentially tapering
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A competitive AT =8 K (b/L=2.77)
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p X n Type material
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Bulk materials (monoclinic)'2: CsBi,Teg, ReGe,Si; 7=,

p-type in a-direction and n-type in c-direction

et ey,

|CsBi,Te, , *

lw 0.015 o - .
[
N . -
[ J
1E-34 o .
[
1E_4 _:_’ T T ! T T T ! T T T ! T T T ! T T T ! T =
0 200 400 600 800 1000
T (K)

1
Bulk material, geometric shaping ngl:yuz:ganl\g/la I;;{rl]?,ti7}1< a:] 1a ?22&13 (2005)

Low Z, T at low temperature MRS Proc 793 (2004)



p X n Transverse Thermoelectrics:

Outline:
l. Transverse Thermoelectricity

Il. Type Il broken-gap superlattices







