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Thermoelectric Energy Conversion:

Fundamentals and Applications
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Thermoelectric Figure of Merit ZT

in the Linear-Response Regime

52 GT UIn the linear-response regime (i.e., close to equilibrium) one

ZT operates close to the small voltage V = - S AT which exactly
— cancels the current induced by the small femperature bias AT

H/el _|_ I{ph OAs ZTl- «, the efficiency approaches the ideal Carnot value
ne=1-T/(T+ AT)

_ 2
(Sp = 5n)"T QOthus, in the linear-response regime AT « T typically investigated
[(fﬁn/o'n)l/g + (fﬁ?p/ap)l/?’]Q for bulk materials, the efficiency stays low n .= AT /T even if ZT
can be made very large
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Decades of Little Progress

in Increasing ZT of Bulk Materials

An inconvenient truth about “phonon glass-electron crystal”

thermoelectrics Nature Mater. 8, 83 (2009)

Cronin B. Vining

Despite recent advances, thermoelectric energy conversion will never be as efficient as steam engines. 5 g
That means thermoelectrics will remain limited to applications served poorly or not at all by existing
technology. Bad news for thermoelectricians, but the climate crisis requires that we face bad news head on.
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Graphene as a Building Block of

Nanhoscale and Low-Dimensional Devices

THE MOTHER OF ALL GRAPHITES

Graphens (beiow; fog), a plane of carban sioms that resembles chicken graphens shests. When graphens i wrappsd Into nourded fiormes, Tullersnes
wilre, |5 the basic bullding block of all the “graphiic” matenals depicied result. They indude horeyoombed oylinders kreawm as carbonnanoiubss
kel owe. Graphtis (baftnm row &t f=7), the man component of pendl ®l=ad,” ibgitam row at center] and soccer bal-shaped molecdes called budoybdls
I5 & cumbly substarcs thatresembles 3 layer cake of weakly bonded iBoiram row gt right), 36 well & warlous shapes that combine the two Torms,
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Large-Area Graphene is not Suitable for

Thermoelectric Applications

Balandin Lab, New J. Phys. 11, 095012 (2009) |<.m Lab, PRL 102, 096807 (2009)
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Zigzag and Chiral GNRs with Nanopore Arrays

as Potentially High-ZT Thermoelectrics
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NEGF Fundamentals

LBasic NEGF quantities:

density of available quantum states: how are those states occupied:
G (t, 1) = —;@(t — ) ({éro(t), &l () 1) Gom(t 1) = ;L(éifgf(t’)ém(t))
LNEGFs for steady-state transport:
Gt t) — Gt —t) I8 GT(E) G<(t,t) — G<(t —t') 25 G<(E)
1 e 1
D, = WL. dETm G (E)f(F — Ep) Dyeq = 5 | dE G<(E)

ONEGF (quantum) vs. Boltzmann (semiclassical) nonequilibrium statistical mechanics:

G(E) = [E—H — T — ™! v-Vf+F- Ska = cou[f]
G(E) = G'(E)[Stu(E) + 55 (B)GY(E) =2 dk

NEGF-based current expression for two-terminal nanostructures:

I, = —deTr [N5(E)G™(E) — 57 (E)G<(E)} Meir-Wingreen formula
Landauer-Biittiker-type formula

(phase-coherent transport where
I(Vys) = / dETr{Ur(E, Vi )G Lr(E, Vis)Glg} [f(E—pr)—f(E—pr)]  Coulomb interaction is treated at
the mean-field level)
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Electronic Thermopower, Conductance and

Thermal Conductance via NEGF

QElectronic transmission and its integrals:

Ta(E) = Tr{Tr(E)G(E)TL(E)GH(E }
G(E) = [ES—H—3,(E) - Sp(E)]"
H?ij — <¢?|HKS|(35J> ij — <¢z|¢3>

Trr(E) = i[Err(E) - 2} z(E]

::-\1\3

7 Of (E, u)
LdE% )(E — p)" ( - )

QElectronic conductance, thermopower, and thermal conductance:

G = e’Ko(n)

S = Ki(1)/[eTKo(w)] ‘%$W>{%ﬂw+mm(—mmﬂﬂﬁ

K = {Ka(pt) — [K1(1)]*/ Ko(u)}/T
JCEL 11,78 (2012)
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Third-Nearest-Neighbor m-Orbital

Tight-Binding Hamiltonian For Graphene
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totdas — 2.7 eV
ghtdas — ybtdes — ()2 eV

totdas — (.18 eV
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Zigzag GNR: Fundamentals
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First-Principles Quantum Transport Modeling
Charge Hea’r and Spm Tmnspor"r
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How to Apply NEGF-DFT to Devices

Containing Thousands of Atoms

Q. =
H; ;1

|
I
|
I
|
I
Construct the layer I
I
|
I
|
I
|

retarded Green functions

needed for charge density

using recursive algorithms
with O(N) complexity
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NEW:
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A )

Main Obstacles: Computational complexity O(N3) of matrix
inversion to get the retarded GF and hard-to-converge real-axis
integration of spiky NEGF expressions to get the density matrix
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Nikoli¢ group, PRB 81, 155450 (2010)
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Gate Voltage Effect in All Carbon-Hydrogen

GNRFET Composed of ~7000 Atoms
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NEGF-DFT For Multiterminal Devices

> Y
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Phonon Thermal Conductance via NEGF Coupled

to Minimal Force Constant 4NINN Model

OPhonon conductance:

| B h2 Ood( | 2T | eﬁ.w’jkaT 7;}1(&)) — Tr {AL (w)G(w)AR(w)GT (U))}
Kph = m/ W W ph(“’)( hw/kpT _ 1)2 G (. — [PM — K — W) — W)t
rhpT? ) . (w) = [WM—K —II(w) — Hp(w)]

OWhy no phonon-phonon scattering? W < £ ~ 677 nm at 300 K [APL 98, 141919 (2011)]

LdEmpirical 4NNN force constant matrix:

. . L/ A s Vo a0of 7
Fourth -1.92 229 -0.58 069  -0.19 -0.55 L A Y Y/
ok M

M K - OF MK

O Primitive or Basis QDT ( )
A 19 nearestneighbor n
< 2™ nearestneighbor KAl n — 0 (btl 0
¥ 3% nearestneighbor : sV ( )
[\ 4% nearestneighbor U O Cb n
to
-
TABLE 1. Force-constant parameters for graphene in units of 10* dyn/cm=10 N/m. g
r Lo 1 r 1
1600 e = e 1600 L
Parameters by Saito ef al. (Ref. 38) Our parametrization R e i SR o 1 ;
Neighbor shell gbi”l o u._r,[::" " d’{iﬂj d’{:‘n i 1200 / B . 1 1200F : ﬁ 1 g
First 36.50 24.50 9.82 41.8 15.2 10.2 g R[I]-_-—'--..____I_-_': N Y ! j 1 O
Second 8.80 -3.23 -0.40 7.6 435 -8 3 UF /o | 0 1M é 18
Third 3.00 -5.25 0.15 -0.15 3.39 1.0 - a0l / K A ST 3 7 10O
1~
1N
o
- O
(0]
—

o) + 64 + 44 + 146 = 0
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Phonon Thermal Conductance via NEGF Coupled

to Brenner Empirical Potential or DFT

LBrenner empirical interatomic potential for hydrocarbon systems (GULP or GPAW):

.'-.I'-"".:

, . i VR D : The Brenner EIPs are short range, so they
= Vij =fﬁlfrj =biifi)s b= Sy b )+ 5+ 57" || cannot accurately fit the graphene dispersion
3 over the entire BZ. However, the thermal
S ' ) a, .- - transport depends more sensitively on the
= f”f ( | + — |Ae b= 1+ > fﬁguﬁ:] i accuracy of acoustic phonon frequencies near
< Fij/ \ ki - the zone center where the longitudinal- and
Q transverse-acoustic (LA and TA) velocities
= 3 5 and the quadratic curvature of the out-of-
© — E B e~ 2in = = B.cosT# (6,50 plane acoustic (ZA) branch are determined.
2 oD ]r“ Conversely, only weak thermal excitation of
a E fif(1 = cos[©;;,]) the optical phonons and acoustic phonons near

the BZ boundary occurs around room

Kfa,w = OV/(OR,0R j3)

temperature because of the large Debye
temperature (~ 2000 K) of graphene.

dFirst-principles brute force method to obtain the force constant matrix (GPAW):

we displace each atom I by Qq, in the direction
a={xy,z} to get the forces Fr,.;; on atom J= I
in direction 3

PHYS824: Nanophysics and Nanotechnology

Kiags = [Fr8(Q10) —

Kra18 = —2j£1K710,58

Fi8(—Qr0)]/2Q1a

for intra-atomic elements
impose momentum conservation
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Minimal 4ANNNFC vs. Brenner EIP vs. DFT
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el

T (E) Nikolic group, arXiv:1201.1665
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Graphene-Based Topological Insulators with

Nanopores as Thermoelectric
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Graphene-Based Topological Insulators with

Nanopores as Thermoelectric
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Thermoelectricity in Single-Molecule

Nano junctions

A Current
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Toward Metal-Free Molecular Electronics

Metal WControl of the contact structure between an organic molecule and a metal
o on electrode (usually gold) is difficult because bonding to metal atoms,
oo, although potentially strong, is not strongly directional, leading to poor
> reproducibility of most metal-molecule-metal junctions.
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ZGNR|molecule| ZGNR Thermoelectric Devices

Based on Evanescent Mode Transpor
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Three-Terminal Single-Molecule Nanojunction

Thermoelectrics
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Fabrication of Single-Molecule Nanojunctions

with Graphene Electrodes
van der Zant Lab, Nano Lett. 11, 4607 (2011)
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Coupled Electron-Phonon Transport via NEGF

dPhonon drag:
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New Routes for ZT Optimization Brought by

Low-Dimensional and Nanoscale Devices
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Conclusions in Pictures

Edge currents and Evanescent mode transport in single- Complete separation of
nanopores in GNR molecule nanojunctions to optimize  electronic and phononic
thermoelectrics: power factor: transport in 2D TIs:
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