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Nozaki et al. Nano Res. (2009) Nozaki et al. Nanotech. (2011) Dulic et al. Angew. Chem. Int.. (2010)
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1. Introduction - thermoelectric effects, history, applications
2. Motivation — recent experiments

3. Toy model and application to molecular systems
4. Results

5. Summery
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Heat is wasted as byproducts in many situations.

(ex. CPUs, industries, combustion etc.)

Thermoelectric devices

Merit: static, no motion, thin,
shape can be changed

Demerit: low efficiency, low voltage
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1821 - He found deflection of compass when
circuit made by two different metals was placed
in a heat gradient.

Heat source k\ TN 4 Heat sink
TL Thomas Jhon Seebeck
Copper wire (1770-1831)
Thermopower
Iron wire m
g S=V/ T(uVviK)

Heat gradient :> Electric current
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1834 - He found temperature gradient was
created when current was driven through
circuit made by two different metals.

TL Jean Charles Athanase Peltier
Copper wire (1785-1845)

Iron wire

Heat gradient @ Electric current
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Side view Thermoelectric module

hot side electrical insulator

(N I S e
r.II r‘II nI
I S I e A e

cold side electrical insulator

D. J. Paul, Univ. Glasgow

Heat Absarbed (Cold Side)

™ Blecrical Conductor
(Copper)

” -
p-Type Semiconductor N
i 4
n-Type Semicanductor \
L
Electrical Insulator >
(Ceramic)

Heat Rejected (Hot Side)

H

Thermoelectric Modules Tec1-19908
Wellen Technology Co. Ltd

Negative (-)
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Seebeck effect Pelitier effect

Tx Active cooling

p-type n-type p-type n-type

Heat sink Heated
TL

Review: Francis J. DiSalvo, Science 285, 704 (1999)

—_— | Il—»:
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| Energy band diagram

A
'E
Seebeck effect |

TH

|EF

p-type n-type

Heat sink

TL

Metal p-type Metal n-type Metal
TL TH TL

—- |
Taylor Sparks's web page
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| Energy band diagram

A
'E
Seebeck effect |

TH

|EF

p-type n-type

I
I
TL : Metal p-type Metal n-type Metal
vv» I | TL A TH TL

- |
Taylor Sparks's web page
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20 nm wide; 7x10'® cm™@

1.0- i

0.5

%

é 10 nm wide; 2x10%° cm™

100 200 300 400
Temperature (K)

0.0

“Silicon nhanowires as efficient thermoelectric materials”
A.l. Boukai et al., Nature 451, 168 (2008)

“Enhanced thermoelectric performance of rough silicon nanowires”
A. |. Hochbaum et al., Nature 451, 163 (2008)
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| cur T Probing the chem/stry of
Au STM tip cold (T,,,) 3 molecular heterojunctions
N5 00 o e M HSQSH BDT2Me  ysing thermoelectricity”
H . N K. Baheti et al.,
® - »< )= BOTacl  Nano Letters 8, 715 (2008
Tip movement o N
j FF
am |
-'Gc}d\n_/ ' HS‘Q*SH BDT4F o
ORS00 5 ¢ ¥ “Thermoelectricity in
Au substrate hot (Th:S e - : : ”
Z ne—_)—cN BDCN molecular junctions
o|? Homo ) LUMO P. Reddy, et al.

Science 315, 1568 (2007)

= HSWSH DBODT

HSH TBOT

Seebeck coeff. sensitive to position of the Fermi level

Energy (eV)
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Seebeck coeff. (LV/K) Electrical

\ / conductivity
Thermoelectric 5 o
figure of merit T = 85T

Kel T Kph
\ J

Thermal
conductivity

Breakthrough: Nanostructuring

Hicks & Dresselhaus

Thermoelectric figure of merit of a 1D conductor
Phys. Rev. B 47, 16631 (1993)



ECHNISCHE Thermoelectric coefficients
DRESDEN in molecular junctions

Electronic part of the thermoelectric transport coefficients:
if no inelastic effects — Landauer approach

t(E)

m— molecule COLD
2
e S“oT

Kel + Rph

o2 1 Ly(p) b _ Li(w)
7= WLO(M) 5= el Lo(u) T RT (LQ(M) LO(“))
Ln(u)z/dEt(E) (B —p)" gg
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Transmission function (Fisher-Lee relation)
HE)=T,(E)=Tr|G"(E) (E)G" (E)T(E)|
Retarded Green’s function

G"(E)=[(E+d)S,, —HM(E)'EL(E)_ER(E)]_I

Broadening function 2 H, 2
I g (E)= ‘EI:ELJR (E)-2, ¢ (E)T]

Self-energy |
ZLFR(E) = (ESMR _VLrR)guR(E)(ESUR _VLHR)T

O
%

1

]

}

»
e

eSurface Green function: algorithm by Lopez-Sancho
«Self-consistent NEGF: gDFTB by Alesandro Pecchia
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Transmission function for phonon transport
p.l'r {Uj ) Tr[ Gph (EU ) L.ph (\(U')G;:ﬁ (m)l—‘ﬂ il (Uj )]

Retarded Green’s function
G (@)=[(@+8))’ =D, (E)-%, ,(E)-%, .(E)]

Phonon contribution to the thermal conductance

T
Ir;r!r I:\T) r {yB {Uj )Tp.": { } /\

A\
ZL’ph DIVI 2
Yy
(A K =
? SN = v
2 3N 2

i
1
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Main goal:
increase thermopower S and figure of merit ZT

Possible road:
> decouple electronic and vibronic
thermal conductance channels

> suppress (ideally) vibronic thermal conductance
T. Markussen, A.-P. Jauho, and M. Brandbyge, PRL 103, 055502 (2009)

> filter electron (hole) contribution to S
S = Selec — Shole

> resonance near Fermi level (log-derivative!)
G. D. Mahan, J.0O. Sofo, Proc. Natl. Acad. Sci. 93, 7436 (1996)

Chemical tuning of thermoelectricity in molecular junctions!?
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TH TL

1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
— Er
0 0
0 0.2 04 06 0.8 1 0 0.2 04 06 0.8
-0.2 -0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
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DRESDEN How to optimize electronic ZT ?
TH Ideal conductor T.
1 1
T(E)=1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 e- 0.2
0 \ I 0 EF
0 02 04 06 Oﬁlﬂ
0.2 h+ 0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
1 1

N.(E) = DOSL(E) * F.(E) Nr(E) = DOSR(E) * Fr(E)
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TH Ideal conductor T.
1 1
T(E)=1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 e- 0.2
0 \ I 0 EF
0 02 04 06 Oﬁw
-0.2 e- -0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
1 1

N.(E) = DOSL(E) * F.(E) Nr(E) = DOSR(E) * Fr(E)
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0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
— Er
0 0
0 0.2 04 06 0.8
-0.2 h+ -0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
-1 -1

NL(E) = DOS.(E) * FL(E) Nr(E) = DOSR(E) * Fr(E)
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(W) guiveesiia Si electrodes+polyacene molecules

Si(111) electrodes are used in order to increase the thermopower
to filter out the negative contribution of electrons.

benzene, naphtalene, and
LUMO IE anthracene with NH, side groups
gap

Toy model

Atomistic model

Methodology: DFT-based approach (DFTB) + Green's function approach
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(W) guiveesiia strategy: semiconducting electrodes
“ toy model
c - L _U_I\i?_ ) IEgap / y
A T
* ve NN HOMO v l
S (MV/K) Log (ZT,))
10° 10 —%
S and ZT are maximized %“ N ‘ s
for weak coupling and > MR | B
when the HOMO level is ‘_E:_ LA, .
close to the Fermi level = 0s 0
o
100—1 0.5 0 100—1 : 0.5 0

AeV) AeV)
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1500
0.01 F < 1000
=
E - =
1e-04 2 0
7]
& 1e-06
® ob— - :
g T 100 200 200
B Temperature (K)
£ 1e-10 100
1e-12
by o0
1e-14
1e-16 0 : -
100 200 300

Temperature (K)




ONIVERSITAT : :
DRESDEN vibrational effects and ZT
W SQS —SS — —32
NHa H2 QQ g .
0.15 : : : : | 010 , ' . NH,
01t

0.08¢

(NW/K)

Kph

0.05¢1

0

- - : - 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (K) Temperature (K)

Vibrational thermal conductance (nhaphtalene), around 150 pW/IK @ RT
ZT . I1s reduced to about 0.11 @ RT
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Thermoelectricity in rolled-up functionalized Si-nanostructures

In cooperation with

Oliver Schmidt (IFW Dresden)
Within SPP 1386 Nanostrukturierte Thermoelektrika:

Theorie, Modellsysteme und kontrollierte Synthese
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