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Thermoelectric Phenomena:

Fundamentals and Applications

Fundamentals

El| electron-hole asymmetry at
the Fermi energy generates
thermoelectric phenomena

1= 4

bulk

(&)-04 %) ()

constrictions and interfaces

g(EfCE x)

K = Kel '|‘Kph

K = Kel + Kph
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Thermoelectric Figure(s) of Merit ZT

in The Linear-Response Regime

2 OIn the linear-response regime (i.e., close to equilibrium) one
S GT p gime (i.e., q )

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

REI _I_ F':ph OAs ZT — o, the efficiency approaches the ideal Carnot value
n.=1-T/(T+ AT)

D
(Sf‘h_ Sn)°1 ___ Othus, in the linear-response regime AT « T typically investigated
[(Kn/on)V? + (HE,/U‘”)L’E]J for bulk materials, the efficiency stays low n .= AT /T even if ZT
can be made very large

ZT =

| W Ta-Tof Q+ZTw)/?-1
o5 // ME=0n " Tg \(+ZTun)2+Tc/Ta
0.4 '..
“:’:::03- Ultimate pragmatic goal:
p, devices with ZT = 2-3 that are
Y stable over a broad temperature range
ol f with low parasitic losses
2
OO, ': 2 3 =|I 5
ZT
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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. S 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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New Routes for ZT Optimization Brought by

Low-Dimensional and Nanoscale Devices

Transmission peaks or nodes Coulomb interaction Nonlinear regime
e PRB 78, 161406(R) (2008)
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Electron-phonon coupling

(a) (b) On configuration
_Torsion angle
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ACS Nano 4, 5314 (2010)
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Graphene as a Building Block of

Nanhoscale and Low-Dimensional Devices

THE MOTHER OF ALL GRAPHITES

Graphens [helow, fop), a plane of carban aioms that resembles chicken araphens shesiz. When graphens s wrapped Into nourded forms, fullersnes
vilre, Is the biask building bikeck of all the “graphitc” matenaks depicted result. Trey Indude horstcambed oplinders kncwn as carbon nanobubss
b=low. Graphiie (hortom rowrar i), the main oomponent of pendl "l=ad,” \botrom raw st center] and soocer bal—shaped meleodes caled budkyballs
Is a oumblysubstarecs thatresembles a layer @ke of weakly bonded Wooitom row &t iight), & well 35 varkous shapss that combine the two forme.
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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 s'ra'res occupied:

Gl (1) = 2Ot — ) {{Ens (), & ()1) G5 (t,) = {600 0)

ANEGFs for steady-state transport:

G(t,t) - G —t) 25 G (E) G(t, ) — G (t —t') 25 G(R)
1 +ou 1 +0C
D, = —%_{; dETm G"(E)f(E — Er) Dyeq = %_f dE G*(F)
ONEGF (quantum) vs. Boltzmann (semiclassical) nonequilibrium statistical mechanics:
G'(B) = [B—H— Sy — T v-Vf+F-Vif = Lalf]
. d’k
G<(E) = C'(B)[Z5us(E) + Z5(E)|G*(E) 3= 2 | G0/
LNEGF-based current expression for two-terminal nanostructures:
I, = Ze / dETr {S°(E)G”(E) — ©7(E)G<(E)} Meir-Wingreen formula
h- Landauer-Biittiker-type formula
2¢ T . (phase-coherent transport where
I(Vys) = h / dE Tr {Tp(E, Vi ) G5 UL E V)Gl f(E—pp)—f(E—pgr)]  Coulomb interaction is treated at

o the mean-field level)
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Electronic Thermopower, Conductance and

Thermal Conductance via NEGF

LElectronic transmission and its integrals:

Ta(E) = Tr{Tr(E)G(E)T1(E)G'(E)}
G(E) = [ES—H-3Z.(E)— Zr(E)]™
Hy = (¢i|Hxs|$s), Sij = (¢ilos)
TLr(E) = i[SLr(E)— 3} p(E]

k) =3 [ anae)e - (-2L50)

dElectronic conductance, thermopower, and thermal conductance:

G = e2Ky(u)

(2102) 82 'TT S91U0u}22|3 "dwo) " ‘dnoub 91joxIN

S = Ky(u)/[eTKo(u)) MDA _ (o1 + cosh(E — ) ko]

ko = {Ka(p) — [Ka()]*/ Ko() /T
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Third-Nearest-Neighbor m-Orbital

Tight-Binding Hamiltonian For Graphene

N-N TIGHT-BINDING | 3N-N TIGHT-BINDING AB INITIO o2 ~F A m ~t ~
[ - g 1 = = 1L = —
! T~ ~_L | H =2 €nlyln— 2, t,Cy
~
e0)
S
W
S
— =
\09) Z|l  ARMCHAIR - N=3m+
A E R o ¥,
N
< At a N M N
& ARMCHAIR - N=3m
8 ot n e e lalud
Q)
o ARMCHAIR
o et
Iin i
S eeses X
Z :f:;f.f-;%
LI
“ ZIGZAG - (n3m,0) 2 7 eV
= —— »
E iulsn&s;mg —|—d —|—d
2 n+dajsa _ 4D+dBp __
= ZIGEAG - (3m,0) tn - tn - 0'2 eV
§= -:";_:::- ;‘.'}:."'.::'."2 -\.\:g ]:I'—I_‘i'.lq..B‘I —
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Zigzag GNR: Fundamentals

Areshkin & White,

Nano Lett. 7, 3253 (2007) ~ A
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First-Principles Quantum Transport Modeling
Charge Hea’r and Spm TmnsporT

Leads’ self-energies
2,=H,, 8, H

E.‘f: H.ﬁngRHRM

Ll

Leads' surface
Green function

ri.R:“‘E‘.LR_z‘

Scatterer's Green Function

81.r= GZ[ES—H[HJ—ZL—L.'RJ_I

Non-equilibrium density matrix

p==L[ darm/c| 1, E—ui-+2LJ-d£ GTo G || fol Emug=f 1| E=uy)|
m T '

Current
e +F -l ( | [ 1
I:E‘[ dle.,.(; ' Glln|e=p,|—nle—p,
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How to Apply NEGF-DFT to Devices

Containing Thousands of Atoms

H; ;.

Construct the layer
retarded Green functions
needed for charge density
using recursive algorithms

with O(N) complexity

Phonon School at IWCE 2012

NEW:

Im[E] (eV)

A e

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

|

EnerglowestBound

!
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E,

v
2

Nikoli¢ group, PRB 81, 155450 (2010)
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Gate Voltage Effect in All Carbon-Hydrogen

GNRFET Composed of ~7000 Atoms

Zero Gate Vol'rage

Flestrun P
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- 151 ~ILT}
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E 150
o L
= Kl
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.. "
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- ¥
100
o
Angstroms
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NEGF-DFT For Multiterminal Devices

x 1 [
§ D = _; / dEIm[G(E)f( ,um + Zf dEp E) [f(E :uj) f(E Hm ]
5 s i#Em
o = G(E)T:(E)G!
- D=D'+ A2+ AP D=D*+ A" + A®
2 1 = . 1 aa
p D' = ——f dETm [G(E) f(E — m1)) = —;f dEIm [G(E) f(E — p2)|
._é\ ﬂ-:aa o oo -
'; A2 = j dE 2(E) [f(E — p2) — F(E — p1)] AP = j dE pHE) [f(E — 1) — F(E — p2)]
S o RS
5 AV = f dE p*(E) [f(E — pa) — F(E — p1)] AB _ f dE p*(E)[f(E — ps) — f(E — p3)]
- o0
_%’
A
He 4+ 22, 0 Ve 0 0
0 He, + 2, Vom 0 0
Ve, Vmc, Hy Wvic, Vme,
0 0 VC4M HC4 + 2#4 0
(0 0 VCQM 0 HCQ + 2.“2

2e
In=7) f dET(E, Vg, Va)[f(E — pp) — f(E — pa)]
B
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Phonon Thermal Conductance via NEGF Coupled

to Minimal Force Constant 4NNN Model

dPhonon conductance:
h2 ehofbsT T (w) = Tr{AL(w)G(w)Ar(w)G'(w)}
d 2 1
27rkBT2/ ST T 1P Glo) = (M - K - ()~ Tae))

ﬁ:ph

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

LdEmpirical 4ANNN force constant matrix:

4(1(1_— Sy N R L S
Fourth -1.92 2.29 -0.58 -0.69 -0.19 -0.55 LA ] [/
. Ur. \

M K r O MK

W 0 0
O Primitive or Basis r ( )
A 19 nearestneighbor 43
< 2™ nearestneighbor KA] T — 0 ¢ 0
¥ 3™ nearestneighbor 2 (ﬂ-)
[\ 4" nearestneighbor 0 0 ¢
-
TABLE L. Force-constant parameters for graphene in units of 10* dyn/cm=10 N/m. g
r LO 7 r !
1600 e = e 1600 | o
Parameters by Saito er al. (Ref. 38) Our parametrization S B P 1 a‘)
Neighbor shell o oy o ¢ S o T; 12001 / =) ] '3”(}:‘ . % _ g
First 36.50 24.50 0.82 41.8 15.2 10.2 g Rm-_-—’ff...___,_-: N ! j 1 O
Second 8.80 -3.23 -0.40 76 —4.35 -108  F L/ oske AN 800 é 15
Third 3.00 -5.25 0.15 -0.15 3.39 1.0 ok LA A AN ] 4 10O
I
1N
o
- O
00)
Nt

¢ + 6617 + 44" + 1440 =0
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Phonon Thermal Conductance via NEGF Coupled

to Brenner Empirical Potential or DFT

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

DH The Brenner EIPs are short range, so they
ii || cannot accurately fit the graphene dispersion
over the entire BZ. However, the thermal
" o\ . D\ transport depends more sensitively on the
f”" = ( I +—= ),-‘I. i b= (1+ > jﬂ,gu_{_] " accuracy of acoustic phonon frequencies near
14 \ ki ) the zone center where the longitudinal- and
transverse-acoustic (LA and TA) velocities
3 5 and the quadratic curvature of the out-of-
fﬁ. => B, e i, 2= 2 Bicos| B plane acoustic (ZA) branch are determined.
wooe T o o Conversely, only weak thermal excitation of
b =— E f{;ffff | - rm;'[l}.l'_.-_,:,“]} the optical phonons and acoustic phonons near
< kd#iyj the BZ boundary occurs around room

temperature because of the large Debye
Kja,Jﬁ — 6V/ (8RI018R.LB) temperature (~ 2000 K) of graphene.

r T .| — | _ _ .
Vii =55 = bif ) by = —(bT T+ bTT) + T + b

PRB 81, 205441 (2010)

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

we displace each atom I by Q;, in the direction KIa,Jﬁ — [FJﬁ(QIa) - FJﬁ(_QIa)]/2QIa
a={x,y,z} to get the forces F; ;, on atom J= I

in direction — for intra-atomic elements
p Kra,18 2.5#1K70,78 impose momentum conservation
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Mmlmal ANNNFC vs. Brenner EIP vs. DFT

Which Method Should You Use:

8-ZGNR

— DFT (GPAW W|th DZP baS|s)
------ Brenner EIP -
P cececececce 4NNNFC

-
-
boo! -
.® o=

.
oty

0 100

200
Temperature(K)
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Coupled Electron-Phonon Transport via NEGF

— dPhonon drag:
H=H]+H,+H Z H“,E‘J+Z??malai+ZM élé,(a)+a,) S = Sel + Sph
M arises due to
empirical models or interchange of
(a) - FZ_I_MAT [G{‘ (E' )MA] DFT (GPAW) computed momentum between
acoustic phonons and
yH< _( electrons
. ' QElectron drag:
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Graphene Nanoribbons: Fabrication

Science 319, 1229 (2008): Chemical Derivation Nature 458, 872 (2009) SWCNT Unzuppmg
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Band vs Transport Gaps

in GNRs with Rough Edges

10F PUBLISHTNG

SEMICONDUCTOR SCIENCE AND TECHNOLOGY

PHYSICAL REVIEW B 81, 193408 (2010) Sermicond. Sci. Technol, 25 (20100 034002 (Tpp)
Magnetotransport through graphene nanoribbons

Jeroen B. Oostinga,'?
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doi: 10, 10880268 | 242/25/3/034002

Energy and transport gaps in etched
Benjamin Sacépé,! Monica F. Craciun,’ and Alberto F. Morpurgo' graphene nanoribbons

N\ \
T

- I
i H confinement gap

puddles
[ J—
- o]

Position

k‘

charge
Islands

“

P— -
tunneling F .

First-principles thermoelectricity in nanostructures



Can We Control Formation of GNR Edges?

SCIENCE VOL 323 27 MARCH 2009

Controlled Formation of Sharp
Zigzag and Armchair Edges in
Graphitic Nanoribbons

Xiaoting Jia,* Mario Hofmann,® Vincent Meunier,” Bobby G. Sumpter,® Jessica Campos-Delgado,”

José Manuel Romo-Herrera,* Hyungbin Son,? Ya-Ping Hsieh,® Alfonso Reina,® Jing Kong,?

Mauricio Terrones,” Mildred S. Dresselhaus®°* Dai Lab
]

Nature Phys. 7, 616 (2011)
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Thermoelectricity in Single-Molecule

Nanojunctions (see mini-review arXiv:1111.0106)
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Toward Metal-Free Molecular Electronics

— WControl of the contact structure between an organic molecule and a metal

5 o electrode (usually gold) is difficult because bonding to metal atoms,
g go although potentially strong, is not strongly directional, leading to poor
e reproducibility of most metal-molecule-metal junctions.
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ZGNR|molecule|ZGNR Thermoelectric Devices

Nikoli¢ group, PRB 84, 041412(R) (2011)
+ J. Comp. Electronics 11, 78 (2012)
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Three-Terminal Single-Molecule Nanojunction

Thermoelectrics

Phonon School at IWCE 2012
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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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Conclusions in Pictures

Empirical versus first-principles
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phonon ftransport modeling: e
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