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Thermoelectricity : Rules of the game

electrons (=
» | = cowb

Thermopower S (or Seebeck coeff.):

; (A")
tb —_ ‘_
AT Je=0

Maximize the efficiency i.e. the figure of merit :

GS?

2T =
K¢+ Krh

... keeping a reasonable electrical output power (power factor) :

Q= GS?
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Why semiconductor nanowires?

“... anewly emerging field of low-dimensional thermoelectricity,
enabled by materials nanoscience and nanotechnology”

Dresselhaus et al: Adv. Mater. 2007

“... fundamental scientific challenges could be overcome by deeper

understanding of charge and heat transport”
Majumdar: Science 2004

Reduced thermal conductance

Phonon vs electrons mean free path, geometrical designs
(Hochbaum 2008, Heron 2010)

Enhanced thermopower

Field effect transistors (Brovman 2013, Roddaro 2013
& many others)
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Scalable output power
Arrays of parallel NWs (Pregl 2013, Stranz 2013)
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Some experimental realizations

S
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S pm, D

Fan et al. (Berkeley CA), 2008

Hochbaum et al. (Berkeley CA), 2008
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Many experimental works and a few theoretical works



Outline

Nanowire in the Field Effect Transistor Device Configuration
described with a 1D Anderson Model
(tight binding 1d lattice with constant hopping and random site potentials)

d 1. Thermopower of single NW: low T elastic (tunnel) regime
d 2. Thermopower of single NW: Intermediate T inelastic phonon-assisted

regime (Mott variable range hopping)

3. Large Arrays of Parallel NWs: Applications for

e Field control of the phonons at sub-micron scales (heat management)

* Energy harvesting (transforming the waste heat into useful electrical power)
e Hot spot cooling (important for microelectronics)
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Field-Effect Transistors (FET)

Single (or array of) doped nanowire(s) inthe FET
configuration

o Substrate : Electrically and thermally insulating
« Gate: «back» or «top»

e Heater: for thermoelectric measurements

Setup used by P. Kim (Columbia)
(2013)

"Seebeck" configuration: thermal bias II = ST : equivalent within linear
response if time-reversal symmetry

Peltier" configuration: voltage bias oreserved (Kelvin-Onsager relation)

Goal: Control of the thermopower with the back gate




1D Anderson Model

Prototypical model of localized system

e 1D electronic lattice with on-site

_ (uniform) disorder V; € (-W/2, W/2)
20 @0 90 o~o{o-o-o~0wo o ¢
Vi * Tight-binding Hamiltonian
V/ N—1 N
? H=—t Z (CIEHI -+ h.c.) — Z(V,— + L';?jl-::*;rr:',-
Gate Voltage i1 i

e All electrons are localized
with localization length & (E)

e States distributed within an impurity
band of width 2Ez=4t+W

e Behavior of the typical thermopower
when the gate voltage V; is varied

Impurity band
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Cea 1D density of states v and localization length €

Ve=0 Analytical expressions derived in the weak disorder limit

W=t : band edge at e —
~ 2t+W/2 ~ 2.5t u Ormulas.
o o w(E) =

2nt\/1 — (E/2t)?

24 2 2
&(E) = 357 (4t° — E7)

Density of states

"Edge" formulas:

| 2 (12 \"° Iy(X)
“0=\; () i

. - | 122\ 2 7_,(30)
o =
‘*E{EJ_Q(W) T1(X)

100

In{}f'] == / gﬁl.r"? E’_'é.'y3+:2.5'.-y dy
J0

X = (|[E| — 26)t"3(12/W2)?/3

Localization length
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1. Elastic regime: Thermopower

Theory: Transport mechanism: elastic (coherent) tunnelling
Localized regime: 7 decays _ 2N
. . InTlp(E) = —
exponentially with length (E)

Typical T depends on the energy via &(E) (localization length)

Low Temperatures + Linear Response = Mott formula:

ﬁ kﬁ | dinT
3 e dF

1t

Numerics: Recursive Green Function calculation of S
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Elastic Regime: Typical Thermopower

Bulk:
6 (e — V) W2
S = NgeET - TAYEOEE
.
Edg\[ B, Impurity band
3 1
e yprf B2 Lo(X) N[ LX) | 2 2 <— Band edge
g T %) (X &
E
=y =2 |
(o — V| — 20)t1/3(12/W2)2/3 o *;m _ \
I o 3
E Tunnel Barrier: \g\:&; \i‘ |
{Sf8 1 % dr 2 §_ _____________________________________ e
: N .W’jx. N r“{] dF " ﬁ: = I Oy
| | |
. bl 3 4 5
- Vg (in unit of t)

Large increase of the (typical) thermopower near the band edge,
perfectly well described analytically
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R. Bosisio, G. Fleury, & J.-L. Pichard, New J. Phys. 16:035004 (2014)



Elastic Regime: Fluctuations

Transition:
[dS|P(8) — Pg(S)|
[ dS|PL(S) — FPa(S)|

n=

2.8

1.0
| Bos

0.3 2.6
g ‘E g 2.4 0.6
w 0.2 i = ; n
© 2 E
= = = 2.2 0.4
&b
o -
2.0

ID.E
0.0

(S-S /A o (S'Soo)”L i 1&-’1fj21 Lmit]::ﬁ‘t} H
Lorentzian Gaussian
e Lorentzian : P(S) = ! A with 2mt (Ar mean level spacing)
S C I T A=x, ¥ Pacing
. 1 (& — S[}]l?] . WivN
e Gaussian: P(&) = exp [—'— with A =~ 0.6 — ‘
3) VamA 202 (p— V)" — (2t + W/4)®
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S. A. van Langen, P. G. Silvestrov, & C.W. J. Beenakker, Superlattices Microstruct. 23, 691 (1998).



Elastic regime: Summary

Enhancement of the thermopower at g 5 3k il
the band edges (role of £(E)) o s
=%
-
| - S 3 2F -
@ Analytical description of the results 2 ;_;fa
=% yio
9 E I % i
: O o . _
£1)) Sommerfeld Expansion (low T) i £ W g »
' Wiedemann-Franz law - Low S ( ! ! |
1 2 3 4 5
-V _(in unit of
8 Very low power factor Q = GS? g (inu 0

because of the exponential reduction
of G at the band edges

Interest: Ultra-low T : Peltier cooling?

OR —-> toward higher temperatures!
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DE LA RECHERCHE A L'INDUSTRIE
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position
Mott = competition between tunneling and act

ted processes
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Variable Range Hopping

phonon-assisted transport > sequence of hops

of variable size

length

ing

Mott hopp

Optimal hop size
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or Mott hopping energy



Transport Mechanisms

Low T: L<< L,, -2 elastic coherent transport
|
L_ 1/2 . . 5 . . o~ S
T Increasing T: L,,~ L = onset of inelastic processes (VRH) / E
' 2vT 2
TV Increasing T: L, ~ § = simple activated transport (NNH) T =~ .
SV

Mott’s Hopping Energy: T Relevant energy scale for
finite range of states A =kp V ITy ox @ > kgl activated transport
S
J I

contributing to transport

T | T I T T
10 -
I 2E./ t
- N
[ NNH -
k, T,/
£ 0.1 T Cut-off required by
BB Bia A(Ty) = kgTy < 2E
£ [ VRH o e
0.01
- k, T/t §
0.001 = , —
Elastic
{)‘(][X}l i | — i I 1 | = L !’ i .’
0 0.5 1.5 2 F/t 2

1
IVg-uI /t
(T, : onset of simple activation in 1D (Kurkijarvi 1973, Raikh & Ruzin 1989))
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Cea Inelastic (Phonon-Assisted) Regime: method

Essential ingredients to build & solve the Random Resistor Network

1. Transition rates Between lead and localized states [Elastic tunneling rates]

(Fermi golden rule)
i — Vicx fai Ll — fﬂ{f-'-l'i']] a=L,R

S Tie = e E'J{E}{_EJ-'MJ"H{;FJ
i
>0 ? Between localized states [Inelastic hopping rates]
Phonon Bath F:‘j — Vi f;i f:l T f;j [-'ﬁ"l"-ij E = H(Ei == EJ]']

Yii = Yep €XP(—2y; <«—— G energy dependence
usually neglected!

(1/£j) f:‘}ip(—i’-zj/tfi) — (1/5_:-5.) ‘Z‘KP(—I-;:j/Ej) :

(1/& —1/&;)

L

s o [ (W) = e
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J-H. Jiang, O. Entin-Wohliman, and Y. Imry, Phys. Rev. B 87:205420 (2014)



Cea Inelastic (Phonon-Assisted) Regime: method

2. Fermi distributions at O _ ((_,(E,-—,u)/kT n 1)—1 o fO(Ei) _ ((_.(El-—p.)/kT 5 1)_1
equilibrium (no bias) - : Ja\ i,

3. Occupation 0 se _ 05
probabilities out of fi=li+of fa=Ja+0fa
equilibrium 1‘ 1‘

4. Currents Li=welly—=T%) L. =& (Fuy—T)
5. Current conservation at

every node i (Kirchoff) Z I | +L+Lig=0 > 5,
N coupled equations in N Iz

variables
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J-H. Jiang, O. Entin-Wohiman, and Y. Imry., Phys. Rev. B 87:205420 (2014)



Miller — Abrahams Resistor Network

: I — E L = E [im
6. Total particle/heat currents 'L il iR,
i i

Summing all terms flowing

. E: —u
out from L(R) terminal Q i — ML(R)
(R) ""rj’_{j{'] = Z ( 7 ) II.[I:‘HJ
[
;
G—=—= Conductance
dpfe
I{-'.E'
7. Transport coefficients II = —*’r Peltier coefficient
JI
|
5 = T Thermopower

(Having assumed Peltier configuration: T constant everywhere)
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J-H. Jiang, O. Entin-Wohlman, and Y. Imry., Phys. Rev. B 87:205420 (2014)



Inelastic Regime: Typical thermopower

S0 VS Temperature

20 R PR
Approachmg < o |
Vg:2.3 t the band edge B s
\\\3\ (increasing V) :i;;:f,n
: _\ LA --'-‘:fﬂ"r -
<A I L
s I A
m 03 |- e 1
< 10 - o \~T
= ~ F |
7 e = o3 3 o
5 e 28
"“hd.mw?“v
R b d R
Vg—1.5 t? Ep|:||:||:|:| $ Efﬁq{.} E
0.01 e
k T/t

e Thermopower enhancement when the band edges are approached

e Rich behaviour of the T-dependence of the thermopower, "reflecting” the shape of the

density of states and localization length
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R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, New J. Phys. 16:095005 (2014)



Inelastic regime: theory

Percolation approach to solve the RRN:
Ambegaokar, Halperin, Langer - conductance (1971)
Zvyagin - thermopower (1973)
thermopower = energy averaged over the percolating path

l

energy to «jump»

toward €.

~T~1/2; Variable
Range Hopping
(Mott)

__k[ﬁr

o (\E—p) 1 [dE(E — p)v{E)plE)
2 eT eT [dEv(E) p(E)
~T‘1-simplle activation: | & - L; (E‘ i e L ) i e
° = e \2kaT zkﬂr) NG
& _ kg (1,:—|.'_r A(T) A ¢ S
i
\;
—
InG(T) o —ZA |5, /1M

Integrate between (u-A; y+A)

0.5 : !
.r/"\ .
0.4 — =
(inside) 031 / g
. /
/
(outside) 02 8
0.1 ] :
ff
,/
Lo=" |
A 1.6
E
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Inelastic Regime: Typical thermopower

Electrical Conductance
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R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, New J. Phys. 16:095005 (2014)
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Inelastic Regime: Mott energy

(E — u) 1 [dE(E — p)v{E)plE)

5 I ion insi -, u+A
T T TdEo(E) p(E) ntegration inside [u -A, (L +A]

Mott’s Hopping Energy: T
finite range of states contributing to transport A = kp\/ 11}, B > kpl
'3

. 2N .
> 05 | T | T I T [ T |
75 - H |
8 - 04t .
S= - y S depends on the
g: B 03F . asymmetry of the states
O = - - L
e S ook . around p within
= 8 L i [W-4, p+4]
27 01k -
Q - i
- oll L 1 v b

-2 -1 0 1 2
E (in unit of t)
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- Arrays of parallel nanowires

Suspended Deposited

Fan et al., 2008
S
VEFR R WEAL 11 N S R
Sum D

* Neglect inter-wire hopping - independent nanowires

e Transport through each NW: VRH / NNH regime (same treatment as before)
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CZa Parallel nanowires: power factor and figure of merit

G = MGy Scalable Power Factor
K€ a M K€ =) (Without affecting the electronic figure of merit)
i. L li..[]

Q = GS? = M GyS;

S R Eﬂj
Rescaled power factor (k3 /) Electronic figure of merit
Band edge 39 ] R 3.0
...................... |
Iso-curve i 3 £
Sg=2 kgle & e -
2.0
2 b
S : 15
: Mott e 1
temperature :
0 1o 2.0 L0510 1.5
'!".HI ."II T .IEHHT I."I f

Parameters: M = 150, W =1, v = yop =1, L = 450 P~uW for 105 NWs (1 cm) and 8T40 K
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R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, submitted to Phys. Rev. Appl. (2014)



CZa Parallel nanowires: power factor and figure of merit

Estimation of the parasitic phononic contribution to ZT

| il
AE = e
1 + KPhfKe
Rescaled power factor Electronic figure of merit

3.0 4 3.0 13.2

~PRCE2Z

(For doped Si-NWs and SiO, substrate)



Parallel nanowires: Hot Spot cooling

Hopping heat current through each localized state i

=) "I2=) (E;— E)I}

J §
E; randomly distributed - Local fluctuations

—) i Q Agp: inelastic phonon mean free path =
IJ?!F - Z;—e Aph xAph (7,1 I” thermalization length in the substrate
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R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, submitted to Phys. Rev. Appl. (2014)



=

Vg:O: band center

150’

100

r.
o
500 1000 1
H i

|
o0 -1-3e-03

o

Parameters: N = 150, W =+t, 5, = 7ep = £, kgT = 0.25¢, A = 150a

Parallel nanowires: Hot Spot cooling

Top view of the substrate

Il. 3e-03

0.0e+00

15

10

n

V,=2.25 t: band edge

I2.5E-03
l 0.0e+00
I—E.SE*EB

5 500 - 1000

1500

Probing the lower (upper) band edge

¥

Formations of
a cold ( hot) strip near
the source electrode
and of
a hot (cold) strip near
the drain electrode,

(Heat currents in unit of ﬁfﬁ)
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R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, submitted to Phys. Rev. Appl. (2014)




Parallel nanowires: Hot Spot cooling

Opportunities for a gate control of heat in microstructures

E.g.: hot spot cooling in microelectronics: transferring heat some microns away

Estimate of the cooling power density:

~10 W/cm?
at dy=1mV - 7.7 x 102t, T = 75K -~ 0.5t (linear regime)

Electrodes of 1 cm long connected via 2.10 > NWs
~10 pm
Strips of 1cm x 0.25 um; T=77K; §V =1V
0.15 W taken from the cold strip towards
the hot strip located at 10 um away

| PAGE 27

R. Bosisio, C. Gorini, G. Fleury, & J.-L. Pichard, submitted to Phys. Rev. Appl. (2014)



Summary

 Thermopower enhancement in disordered SC nws: low T and VRH
* Opportunities offered by scalable modules

_— I e — Rescaled power factor Electronic figure of merit
s 69 -~ : 3 4 3.0 13.2
T I
Qe
8_ 5 15 06 - jé g ! I3 2.5 9.9
= e _»,'
E E 2 b 2 a L’ f g -
< -] 03 o =
TﬁE | - 1 v 01 02 03 o
2 E “-‘ 5= vvv .‘ v kBT 1.5 3.3
g"‘E T i abg vv"%"-, 1
f=t -9 o 4 y
% ¢ 1 é :‘5 zll 5 O _gg:gm& ?Q? sgxﬁﬁ &ggﬂ.'ﬂmp 5 1.0 ; 1.0 E ¥ g 0 0.0
y . kgT [/t
-V_(inunitof t) 0.01 0.1 KT/t 1 10 kgT [t i L
» Field control of phonon emission/absorption: Hot spot cooling
15 : ‘j Il-3E-U3 15 I2.5e-03
1008 - 10
= ‘ i 0.0e+00 = 0.0e+00
-
50 5
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