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Mo, nctions (MJs) represent an ideal platform for studying charge and energy transport at the

Molecular scale and are of fundamental interest for the development of molecular-scale
"While tremendous efforts have been devoted to probing charge transport in MJs during the

Wdes, only recently advances in experimental techniques and computational tools have

made it possible to precisely characterize how heat is transported, dissipated, and converted in MlJs.

s is central for designing thermally robust molecular circuits and high-efficiency energy

evices. In addition, thermal and thermoelectric studies on MJs offer unique opportunities
lidity of classical physical laws at the nanoscale. Here, a brief survey of recent progress

This prog
co i
to test the
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and emerging experimental approaches in probing thermal and thermoelectric transport in MJs is
provided, including thermal conduction, heat dissipation, and thermoelectric effects, from both a
theoretical and experimental perspective. Future directions and outstanding challenges in the field are

{

sCrip

1. Introductio,

The idea of using ifidividual molecules or nanoscale assemblies of molecules as functional electronic

U

componen rconnects, also termed as “molecular electronics” (ME), holds significant promise

1

to meet th ing demand for miniaturization of electrical circuitry. The small size of molecules

provides allu opportunity to create electronic devices at a length scale of 1~3 nm which

a

surpass nsional limitations of conventional silicon-based technologies.” Moreover, the

remarkable f molecules to self-assemble and the enormous diversity in molecular structures

v

may also lead to fundamental discoveries of physical phenomena and functionalities that are not

accessible @ith traditional semiconductor materials.™ 2 Over the past two decades, ME has

[

therefore xtensive experimental and theoretical efforts. Specifically, molecular junctions

0O

(MJs), creat trapping single molecules between two metallic electrodes, have proven be an

exceptionaf§platform to probe quantum transport at the atomic and molecular level.”>3) Studies on

h

!

MlJs ha i d significantly to our understanding of the fundamental transport mechanisms

in such systems, dhd demonstrated a variety of intriguing charge transport phenomena, including

U

]

conductance hing," rectification,”” gating (transistor effects),”® negative differential

[

resistan toelectronic phenomena, 8l spintronic effects,”!

piezoelectricity!™ and quantum

A

interference effects.™
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Beyond the original vision of MJs as electronic components, it has also been predicted that MJs can
act as efficient thermal and thermoelectric elements.*” Further, recent advancements in the
development of experimental techniques and computational tools have made it possible to probe

how heat i issipated, stored and converted in nanoscale systems.™ Over the past decade,

Dl

there Nas been growing interest in exploring thermal transport and thermoelectric energy

£

conversion propgerties in MJs. Analogous to thermoelectric phenomena that arise in bulk materials a
voltage dif also develops across a MJ when the electrodes of the MJ are held at different

temperatufes flih addition, charge carriers that transport energy across the junction also induce local

SC

heating o at specific locations in the junction. Probing thermal transport and energy

U

conversion Is of paramount importance for addressing questions related to transport at the

atomic a molecular level. For example, promising properties such as ultrahigh thermal

[

conductivi highly efficient thermoelectric energy conversion are expected to occur in

]

d

carefully i MJ systems, according to many theoretical proposals.*” Thermal and

thermoele dies on MJs may also shed light on nanoscale thermal management applications,

such a (16]

M

eration,“sl thermal rectifier and transistors,”™ and thermal logic gates and

memory,””! which adds to the significance of the topic.

In this revi escribe recent progress in probing the thermal and thermoelectric properties of

or

Mls from perimental and theoretical perspectives. We present emerging experimental

approacheSiused to characterize thermal and thermoelectric transport in MJs and the key insights

a

obtaine e experimental and theoretical studies. The rest of this article is organized as

{

follows: In SectioMy2, we briefly introduce the theoretical background of quantum transport in MJs;

U

in Section 3, we uss recent works on heat conduction, heat dissipation, and local heating/cooling

in MJs; ently in Section 4, we survey the theoretical and experimental advancements in

A
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studying thermoelectric effects in MJs. Finally, in Section 5, we conclude by discussing current

challenges and future perspectives of the field.

Dt

2. Basicsiofs@uanmtum Transport in Molecular Junctions

L

2.1. Molchtals

r
Unlike the cantj us and condensed energy-band dispersion of bulk materials, the energy levels of
a moleculmmcular orbitals, are discrete in energy and quantized (Figure 1). Electrons fill
these orbitals, staiing from the lowest available energy to the highest occupied molecular orbital
(HOMO). | e HOMO corresponds to the upper edge of the valence band of an inorganic
semicondu : same equivalence exists between the lowest unoccupied molecular orbital
(LUMO) in @!he lower edge of the conduction band in semiconductors. HOMO and LUMO are
also ref he frontier molecular orbitals (FMO), i.e. they are orbitals that dominate charge
transport. transport in MJs through a specific molecule can be mediated either via the

HOMO or LUMO, depending on which orbital is closer to the Fermi energy of the electrode. When a

molecule t&ﬁes two bulk electrodes forming a MJ the discrete states merge into continuous states

due intera@h electrode states, which leads to intriguing transport properties in MJs.

2.2. Landa:alism of Quantum Transport

Charge Wrough a short molecule is often described within the Landauer formalism,™ also
termed as -Blttiker formalism. Here, we briefly introduce how Landauer formalism can be

applied to understand charge transport, thermal transport and thermoelectric transport problems in

[19]

MlJs. Folid d information of the Landauer approach, we refer readers to recent reviews.

2.2.1. Electrical conductance

This article is protected by copyright. All rights reserved.
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In the Landauer formalism, electron transport through MJ is treated as a scattering problem. The

energy distribution of electrons entering the MJ from the left (right) reservoir is governed by f g,

{

rip

where f1(g) i Fermi-Dirac distribution associated with the left (right) electrode. The current

[19a]

passing fro ectrode across the molecule to the right electrode is give by:

2e

1= (%) [ teB)f ~ f)dE, (1)

C

where eis ge of one electron, A is Planck’s constant, E'is energy, t,(E) is the transmission

function fol eléctr@ns passing from one electrode to the other electrode via the molecule. To obtain

$

the electri ctance of a MJ under a certain external bias V, one needs to average 7, (£) over

U

an energy of width eV that is centered around the Fermi energy of the electrode. In the

small voltage, low-temperature limit, Equation 1 can be simplified and the electrical conductance G,

)

.[19b]

of the MJ ressed as:

d

Ge = é = GoTe (EF) ’ (2)

where

M

2
ntum of electrical conductance and has a value of 2% ~ 77.48 uS, and E is the

Fermi ener@y (chemical potential) of the electrode materials. Note that the transmission function of

f

a MJ depe the electronic structure of the molecule and the coupling at the molecule-

O

electrode i s, therefore it varies from one MJ to another depending on the exact composition

and geomalry of the junction.

g

{

The abo ions (Egs. 1 & 2) assume that an electron remains phase coherent as it passes

from one electrod® to the another and does not undergo inelastic scattering."™®® However, as the

u

length of a le increases, the probability of inelastic scattering (e.g. from phonons or other

electrons

A

es non-negligible and the above expressions may require further correction or

modification.
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2.2.2. Thermal conductance

When a telﬁerat'e difference AT is present between the two electrodes of a MJ, heat flows from

the hot si cold side across the molecule. Similar to bulk materials, there are two basic
contributi ermal conduction of MlJs, electrons and phonons. Therefore, the thermal
H I

conductan@g k of an MJ is usually considered to be the sum of thermal conductance of electrons x,
and therm@tance of phonons k,p,: k = K, + Kpp. Given that the inelastic mean free path for
electrons (tens nanometers) and phonons (a few nanometer to tens of nanometers) in the
electrodes aggér than the typical dimension of a short molecule (usually less than three

nanometers), transjort in MJs can be modelled within the Landauer approach, where one assumes

that the tt/both electronic and phononic, is dominated by elastic scattering.[zol The heat
currents i e contributions from both electrons J, and phonons J,; and can be estimated
from;!& Zlm
2 oo
Je = Zf_oo(E — Ep)te(E)(fL — fr)AE (3)
and
L Jon = J; (W) Tpn(W)(gL — gr)dv , ()

where v isQnon frequency and 7, (v) is the transmission function for phonons and g, and

9r denote!Ee Bose-Einstein distributions for the left and the right thermal reservoirs, respectively,

and deWemperature of the electrodes.

Recent theoreticaitudies suggest that a more rigorous calculation of thermal conductance of MlJs
should also r the contribution of photons because thermal radiation or photon tunneling may
occurint cale gap between the two electrode surfaces of a MJ.”2) We note that there are
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several approaches to calculate the thermal conductance of a MJ, such as DFT-based methods,

molecular dynamic simulations and tight binding models, which will not be discussed here.!*!

T

2.2.3. Ther@eebeck coefficient) S and the figure of merit ZT of MJs

Similar g buliesblermoelectric materials, when a temperature difference AT is present at the two
terminals hn open-circuit voltage AV is created due to the Seebeck effect, and its value (for
small temperaturgydifferentials, i.e. when the temperature differential is much smaller than the

ambient teffip re, i.e. ~10 K at room temperature) is proportional to the magnitude of the

SC

temperature difference. The relation between AV and AT is given by: AV = —SAT, where S is the

U

thermopo ebeck coefficient of the MJ."*? Within the Landauer framework, under the

assumptio@irthat the transmission function of the MJ is smooth and has no significant change within

£

an energy ran gT around the electrode’s Fermi energy Er, the thermopower S of a MJ is given

by:[12, 23]

d

_ mKjT 9 In(e(p)

S = —_— (5)

3e| OER

M

From Equation 5, we see that the sign of Seebeck coefficient can be positive or negative, depending

[

on the sig ope of the transmission function at the Fermi energy E. The sign of the Seebeck

coefficient d to the nature of charge carriers: The Seebeck coefficient is positive for hole-

dominated rt and negative for electron-dominated transport. Therefore, measurements of

1

Seebec of MJs are of great importance in determining the dominant transport

£

mechanism and the location of frontier molecular orbitals in MlJs.

U

To evaluat pplicability of a thermoelectric material for energy conversion, one must consider

the effi f the material for converting thermal to electrical energy or for refrigeration. This

A
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efficiency is a monotonically increasing function of the dimensionless figure of merit, ZT. Similar to

the case of a bulk material, the figure of merit (ZT) of a MJ is also given by:™*

H

where u-e,Ean K are the electrical conductance, Seebeck coefficient and thermal conductance of
the MJ, respectixely. Considering the Wiedemann—Franz law, which defines the ratio of thermal
conductan to electrons to the electrical conductance is proportional to temperature

LoT = K, /G.,Mhefe L is the Lorenz number, one can rewrite Equation 6 as:

GeS?T  GeS’T 82

- K - K
KetKph Ke(1+—ph) L0(1+—ph
Ke Ke

ZT =

(7)

From Eunt is clear that ZT of a MJ is dominated by the competition between Seebeck

coefficientm ratio of phononic thermal conductance to electronic thermal conductance. To

increas i of merit, one needs to either increase the Seebeck coefficient or suppress the
relative contri n of phononic thermal conductance with respect to electronic thermal
conduc . erefore suggest the ratio of x,,;, /K. as a function of temperature deserves to be

explicitly il@istrated in future theoretical studies.

<
[

2.2.4. Heat

It is well kgwn EEat current flow is often accompanied by heat dissipation (Joule heating), and in

bulk materﬁ' Is thimagnitude of the power dissipation is related to current density and electrical

resistivity :terial. As charge transport through a nanoscopic molecule is largely elastic, heat
n

dissipatio is fundamentally different. In fact, for the case of a short molecule, heat

dissipa@nelastic scattering (i.e., electron-electron and electron-phonon interactions) only

This article is protected by copyright. All rights reserved.
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occurs in the two electrodes.” Using the Landauer theory, heat dissipation in the left and right

electrodes of a MJ, @, and Qg, can be described respectively as:®

Q=" (B, — E)te(E)(f, — fR)AE (8)

?pt

Qr =2 [ (E — Epp)Te(E)(f, — fR)AE ,  (9)

where Ep; @nd¥E-pare the Fermi energies (chemical potential) of the left and right electrode.

3. Therma es of Molecular Junctions

AUSCI

In this sec give an overview of recent theoretical and experimental efforts on probing

d

thermal trafsp in MJ systems featuring both single molecules and SAMs. Research topics of

interest in udy of thermal conductance, heat dissipation and local heating or cooling in MJs.

\1

For ea begin by first describing the computational and theoretical works, and then

discuss the adopted experimental techniques and important experimental discoveries in the field.

[

3.1. Therm ction in MJ

a

3.1.1. Theotgdi udies

n

The quantigative description of heat flow in bulk materials was originally described by Fourier’s law

t

which stat e thermal current density (J,, ) induced by a temperature gradient VT is given

U

byfth = —kVT ere k is the thermal conductivity."** Testing the validity of this description in a

nanosc such as atomic and molecular chains has been of major interest for many decades.

A

Specifically, early computational works using non-equilibrium molecular dynamics (NEMD) and

This article is protected by copyright. All rights reserved.
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equilibrium Green-Kubo methods explored heat transport in 1D lattice chains of monoatomic

particles interacting with each other via harmonic potentials.?® They found that a divergence in

t

P

thermal cohductivity is to be expected for various interatomic configurations, which is in clear
disagreem rier's law. These works also suggest that such divergences may be a general

feature Of 1D chans and the classical Fourier’s law may not be applicable for thermal transport in 1D

1

systems.”

Compared to e computational studies of thermal transport in 1D lattice chains, which did not

oC

consider t fegls of electrodes, MJs represent a more experimentally tractable platform which

also captures the @upling between the 1D molecular chain and the electrodes. Heat conduction in

b

Mls was fi retically studied in alkane molecules, a relatively simple molecular system

N

consisting of carbon atoms that is covalently bonded to metal electrodes at both ends. For

example, dsin andauer-type expression for phononic heat transport (a generalized Langevin

d

equati al. studied the dependence of the thermal conductance of alkanes as a function

of molecular | and temperature.”” They reported that the thermal conductance of alkanes has

an interesting dependence on the number (N) of carbon atoms: for N = 2 ~ 4, the conductance rises
with chainSngth and with increasing length declines monotonically from N=5 to about N=15 atoms.
When the of atoms increases to be greater than 15 then the conductance is predicted to be
length-inde t (Figure 3a). It was suggested that such dependence of heat conduction results
from a ba‘nce of three factors: i) the molecular frequency spectrum with respect to the cutoff
frequenMrmal reservoirs, ii) the degree of localization of the molecular normal modes and

iii) the molecule-Reat reservoirs coupling. The fact that molecular modes at different frequency
regimes have difference localization properties essentially gives rise to an intricate dependence of
the hea tion on molecular length at different temperature.

This article is protected by copyright. All rights reserved.
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Recently, Sadeghi et al.”® used DFT-based methods to calculate both the electronic and phononic
thermal conductance of alkane chains (N = 1, 2, 4, 8) and oligoynes (N = 1, 2, 4), respectively. As
iIIustratM 3c-f, for alkane junctions, they identified a similar dependence of phononic
thermal co n molecular length, an initial increase in the thermal conductance molecules
upon inEreqiilngcain length and a subsequent decrease as the molecular length increases further
(Figure 3e). However, they also found that due to the more rigid nature of oligoynes, the phononic
thermal co ces of oligoynes are counterintuitively lower than those of the corresponding
alkanes awse monotonically with increasing length (Figure 3f). More importantly, it was
found that molecular species, the thermal conductance contribution from phonons is much
larger tha om electrons (~700 times larger for alkane junctions and ~30 times larger for
oligoynes !ses), suggesting a phonon dominant thermal transport mechanism in these MJs. More
recently, Kl t al. used an ab initio approach combining DFT and a non-equilibrium greens
function (chhod to study the thermal conductance of alkanes and PTFE molecules (where H
atomsin a re replaced by F atoms) connected to Au electrodes via thiol (-SH) or amine (-NH,)
linker igure 3b).” They found that: i) the room-temperature phononic thermal

conductances is fairly length-independent for chains with more than 5 methylene units and (ii) the

thiol-termina!ea MJS yield higher thermal conductance than the amine-terminated ones, indicating

that the eof the thermal transport is strongly influenced by the strength of the metal-

molecuxme dependence of thermal conductance on molecular length for alkane chains
reporte i oc i’ar et al. is somewhat different from the findings by Segal et al.”” as can be seen

from a corﬁof Figs. 3a and 3b. The reason for this discrepancy is unclear. Nevertheless, these

findings cl ly that the thermal conduction in molecular junctions is mainly dominated by

contrib om phonons, and it depends on both the molecular structure and the molecule-

electrode contacts®

This article is protected by copyright. All rights reserved.
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Thermal transport in more complex molecules, such as m-conjugated molecules, has also been

computationally explored. For example, Markussen studied the phononic thermal conductance of

both Iinea.— cross-conjugated oligo(phenylene ethynylene) (OPE) MJs.®” Their computational
results, as in Figure 4a, reveal that the phonon transmission function in cross-conjugated

moIecuEs,Ea—connected benzene, exhibits destructive quantum interference features similar
to those obsgrved for electron transport in the linear and cross-connected OPE molecules.”™ More
importantl structive interference features of those cross-conjugated molecules significantly
reduce th% conductance with respect to linear conjugated analogues. Recently, Klockner et
al. used a d first-principles method to analyze the coherent phonon transport in single-
molecule j s made of several benzene derivatives (Figure 4d).[32] They showed that the
thermal co!ductance of these MJs can be tuned via the inclusion of substituents, which also induces

destructivmnce effects and results in a decrease of the thermal conductance with respect to
ie

the unmo olecules (Figure 4f). These interference effects manifest themselves as

antiresona the phonon transmission (Figure 4e), whose energy positions can be tuned by

varying the substituents.

In addition!o single molecule studies, heat conduction through self-assembled monolayer (SAM) of
molecules Oreceived considerable attention due to growing interest in thin film electronics

and interfa ences. A summary of representative computational results of the thermal

conductang of various MJs based on SAMs is shown in Figure 5. It has been shown by several
groups Wrmal conductance of SAM-based MIJs is nearly independent of molecular length
and temperature? ! For example, Luo et al B! performed non-equilibrium molecular dynamics
(NEMD) calculati on Au-SAM-Au junctions and found the thermal conductance to be insensitive
to mol gth and temperature (Figure 5a). Duda et al.**" |ater observed similar phenomena

when calculating the interfacial thermal conductance of Au-SAM junctions (Figure 5b). In contrast,

This article is protected by copyright. All rights reserved.
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Hu et al.®*

used molecular dynamics simulations to calculate the thermal conductance of Au-SAM-Si
junctions (one Au electrode replaced by Si) and observed distinct oscillations in the phonon
transmissi* ction with a strong dependence on the phonon frequency. Such behavior is a key

signature n interference effect. Further, they found that this interference effect

diminish-es—SS molecular length (SAM thickness) is increased.

Recently, g0fid- -liquid junctions have gained considerable attention as they are critical for a

wide range lications such as solar thermal evaporation and nanofluids. Goicochea et al.®®

S

studied th rgal conductance of silica-SAM-water junctions (Figure 5c). They found that when

the silica surfaceWis coated with a monolayer of alkysilanol (-Si(OH),-(CH,),-OH), the thermal

Ul

conductan a-SAM-water junction is 3 times higher than that of bare silica-water junctions,

Il

suggesting y to improve thermal conductance at the solid-liquid interfaces. This observation

is attributed t fact that the silica surface becomes hydrophilic after SAM modification on the

d

/ [36]

solid su e thermal transport across solid-water interfaces, Huang et a reported that

the electrostati eractions between the polar functional group of SAMs attached on solid surface

Vi

can attract water molecules closer to the SAM surface, which increases the power exchanged

between s@lid and water atoms and leads to an enhancement in the interfacial thermal conductance

[

(Figure 5d)

O

The ability ol thermal transport in MlJs, including contributions from both electrons and

h

phono mount importance for applications in regulating heat flow at the nanoscale and

{

for the elopment of highly efficient thermoelectric devices. Inspired by unusual transport

t

features seen in gheoretical simulations, several strategies have been proposed (Figure 6). For

example, i en suggested that MJs can function as thermal rectifiers'*®> ***! (unidirectional heat

N

flow across jeld-effect thermal transistors®” (by reversibly alternating between acoustic and

This article is protected by copyright. All rights reserved.
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optical modes), thermal modulators® (by mechanically modulating the junction separation), heat

pumps®? and heat rachets*” (directed heat flow even when the net average temperature difference

across the tn::ion is zero).
Given that sport across MJs is usually dominated by phonons, minimizing the phononic

H I
thermal c@@ductance of MlJs is highly desirable, especially for the design of high efficiency

thermoele@ices. This has led to several theoretical proposals. Harnessing the phonon
guantum interference effect has been proposed as one promising approach to suppress phononic
thermal trmn MJs.B% 32 Recently, Famili et al.*" proposed “Christmas tree”-like molecules

composed of “a IQlhg trunk”, along which phonons can propagate, attached to pendant molecular
branches (Ei c). Their calculations suggested that phonon transport along the trunk is
suppresse resonances associated with internal vibrational modes of the branches and that

thermal ce is suppressed most effectively in molecules with pendant branches of different

(38]

studied thermal transport through an alkane chain bridged between graphene

electrodes un echanical compression and extension (Figure 6d). They found that the thermal
conductance of the compressed junction drops by half in comparison to the extended junction,
suggesting! mechanical approach to suppress the thermal conductance. Other strategies include

[28, 42]

tailoring R—Qmolecules with each stacking layer weakly coupled to each other and tuning the

mismatch i n density of states between the molecule and electrode.

3.1.2. E:Studies

Conceptuaaurement of the thermal conductance of MlJs is straightforward, however, first

experimen s have only been obtained very recently. This is mainly because the heat current

very small and can be easily masked in the thermal noise from the background. The

This article is protected by copyright. All rights reserved.
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technical limitation in quantifying small heat current had remained a major hurdle until recent

progress in high resolution micro-calorimetry techniques.?*33* %!

{

Due to the tively large heat current in SAMs (in comparison to MlJs), which allow heat flow

through m es simultaneously, experimental measurements of the thermal conductance

[44]

were first ggrformed in a SAM-based MJ system"™™ as opposed to single molecule MJs. For example,

45)

Wang et asured the thermal conductance of Au-alkanedithiol-GaAs junctions. The

&

molecular junction was created using a nanotransfer printing technique, where a thin Au film,

S

patterned agfSilicon stamp, was transferred onto a GaAs substrate that was chemically

functionalized with a SAM of target molecules. The patterned Au film was employed as a

LI

heater/thetr to measure thermal conductivity of a SAM using the 3w method.“® As shown
in Figure 7 asured thermal conductance of alkane SAM was insensitive to molecular length
(monolayeff t ss). In another study, Wang et al 53] probed heat transport through SAMs of

d

long-ch thiol molecules anchored to a gold substrate by ultrafast heating of the gold with

femtosecond pulses (Figure 7b). In their study, a nonlinear coherent vibrational spectroscopy

Vi

technique was employed to detect the ultrafast, thermally-induced disorder when heat reached the

methyl gralips at the chain ends. They found that the leading edge of the heat burst traveled

[

ballistically he chains at a velocity of ~1000 m/s and estimated the molecular thermal

conductanc

0O

ain to be ~ 50 pW/K. However, the flow of heat into the chains was found to be

limited by the interfacial conductance. These initial thermal transport measurements on solid-SAM-

4

solid ju nly shed light on the influence of molecular structure, chemical composition and

{

interface effects, Shey also led to the development of strategies to tune the thermal conductance of

u

SAMs, 13038

A
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Several studies have also explored the impact of solid-molecule interface on the thermal

117" studied thermal transport in Au-SAM-quartz junctions

conductance. For example, Losego et a
where tmmemistries of SAMs was varied systematically (Figure 7d). Using a combination
of ultrafas be techniques (time-domain thermal reflectance, TDTR, and picosecond
acoustic-s) graser spallation experiments, they demonstrated that junctions with covalent bonds
at the interfaces exhibited higher thermal conductance than those based on van der Waal
interactionQ interface. They also observed a linear dependence of interfacial thermal
conductan the density of covalent bonds, suggesting that phonon transport dominates across
the interf 'Brien et al.®® measured the thermal conductance of metal-SAM-dielectric
junctions, ge SAM was composed of organosilane molecules with different terminal groups (-
SH and —O!E (Figure 7c). Two dielectric materials, SiO, and TiO,, were studied. Compared with the
thermal cmce of direct metal-dielectric contact, the thermal conductance across metal-
r

dielectric in s can be enhanced by a factor of 4 after introducing the SAM. Based on their

experimen Its, they argued that this enhancement is because the SAM facilitates better
phono through both Au-SAM and SAM-dielectric interfaces. They also showed that

junctions with -thiol (SH-) terminal groups have a higher thermal conductance over those with

methyl (—CIgJ roups.

More recerQumdar et al."¥ studied the influence of vibrational mismatch of metal electrodes

(Au, Ag, Pt!nd Pd) on the thermal conductance of Au-alkanedithiol-metal junctions. By employing a

frequethermal reflectance (FTDR) technique, they demonstrated that Au-alkanedithiol-
Au junctions y|e!5a 2-times higher thermal conductance compared to that of Au-alkaneditiol-Pd

junctions. This indicates that the vibrational modes of the electrodes play a significant role, even

though al carriers of the metal electrodes are electrons. In another set of studies, by taking

advantage of scanning probe microscopy, a thermal conductance measurement technique based on

This article is protected by copyright. All rights reserved.
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scanning thermal probes (scanning probes capable of detecting heat fluxes) has also been

/ [50]

developed. For instance, Meier et a probed the thermal conductance of Au-alkanedithiol-SiO,

conductan ctions first increases with molecular length, then decreases and eventually

junctions * i:ﬁloying a scanning thermal probe as one electrode. They reported that the thermal

remains-uiHangea as molecular length reaches a critical length (Figure 7f). This report is consistent

with previot@etical predictions on single molecule junctions by Segal et a

While imporfanﬁ:rst insights into the thermal properties of MJs were obtained by probing transport

/ [27]

in SAMs, a of experimental uncertainties and challenges in the interpretation of the data

continue to press for the development of experimental tools to measure thermal transport through

a single Mﬁunately, progress towards reliable measurements has been lacking significantly

behind, pr because the heat flux through a single molecule is very small and ultrahigh

calorimetr@on at the level of a few picowatts is required. Towards this goal, thermal sensing

n scanning probe approaches have been developed very recently to probe

thermal trans n metal atomic junctions.”* *¥ For example, Cui et al.”® developed custom-
fabricated, calorimetric scanning probes with pW resolution to measure the thermal conductance of
gold and p!tinum single atom junctions (Figure 8). They found that the thermal conductance of gold
and pIatinQe—atom junctions is quantized at room temperature and showed that the

Wiedeman

contacts. :!osso et al.” also explored thermal transport in Au atomic junctions by employing a

microfaMice where the temperature sensing element was a suspended membrane with

law relating thermal and electrical conductance is satisfied even in single-atom

an integrateE tEeSxaI sensor and reported the validity of the Wiedemann-Franz law. Given the high
thermal resolutigagand excellent performance of these techniques in atomic junctions, they were
expect%thermal transport studies in single molecule junctions.
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Not surprisingly, the first measurements of thermal conductance measurement of single molecule
junctions featuring Au-alkanedithiol-Au junctions were very recently reported by Cui et al.®? using
the caloManning thermal (C-SThM) probes which enabled the quantification of thermal
conductan atomic junctions in their early work. They demonstrated that when used in
conjuncﬂo!mtime—averaging measurement scheme to increase the signal-to-noise ratio, the
custom-developed scanning probes can also quantify the much lower thermal conductance of single-
molecule j i (Figure 9). It is important to point out that unlike electron-dominated heat
transport iw\etallic atomic junctions (where thermal conductance is in the ~500pW/K range),

heat cond;;ough single molecule junctions is predominantly mediated by phonons, resulting

a much s ermal conductance (tens of pW/K). The quantification of such a small thermal

conductan@g, reported by Cui et al., was enabled by the combination of the C-SThM probes with

excellent ml stability and thermal sensitivity and the time-averaging measurement scheme

for noise n. Combining these two methods, they were able to achieve temperature
resolution mK that enables detection of heat currents with ~ 80pW resolution, or thermal
conduc i resolution of ~2 pW/K root mean square. In their experiments, electrical signal

and thermal signal were simultaneously monitored, and the formation of a single Au-alkanedithiol-
Au junction between the gold coated C-SThM probe, which was heated above ambient temperature,

and the gd @ m surface, which is maintained at ambient temperature, was detected via its

electrical ahce under a small external bias. Upon the trapping of a single molecule, the C-

SThM pro ?Emn Id in place to stabilize the junction until a sudden drop in electrical signal was

observed, iagicating the rupture of the junction, i.e. breakdown of thermal conduction pathway
through th le. A small temperature rise on the probe side is expected to occur immediately
after th of the junction. However, change in the thermal conductance for a single molecule

trapping event ot discernible due to resolution limit of the C-SThM probe (Figure 9c). By
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averaging hundreds of thermal conductance traces from single molecule trapping events, a clear
thermal conductance drop upon junction breakdown was revealed (Figure 9d). They showed that the
thermal#ance of single Au-alkanedithiol-Au junctions, where number of carbon atoms varies
from two is_independent of the molecular length (Figure 9e). The measured thermal
conducgnimese junctions is around 10 ~ 20pW/K. This finding immediately clears the

reported a

discrepancy_in the molecular length dependence of thermal conductance in single alkane chains
previous theoretical studies. It is reasonable to expect that the experimental

approach w in this work will soon enable direct characterization of thermal conductance

and therm figure of merit ZT of many other short molecules, polymer chains and low-
dimension ructures.

3.2. Heat tCn and local heating/cooling in MJ

At the m current flow through a standard resistor results in heating (Joule heating)
becaus inelastic electron-phonon interactions in the resistor which transfer energy to the
surroungdi tice. In a nanoscale MJ, energy dissipation is governed by the nature of charge

transport in the molecular region, i.e., it depends on whether the transport is inelastic or not. As

described L‘l 2, the Landauer approach can be used to explain heat dissipation of elastic

(ballistic) in MJs where heat is mainly dissipated at the electrodes. However, it has
remained c ing to model the inelastic processes, such as electron-phonon interactions in the
molecu i iThis is mainly because the small heat capacity of a molecule often leads to

dramatic i*rease in the local kinetic energy of atoms even when a comparatively small amount of

heat is dissi;ated s the molecular region.™ Given that the classical definition of temperature is for
e%ilibr%s, such non-equilibrium scenarios require re-defining the local temperature in the
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molecular region. In this section, we will discuss the theoretical and experimental investigations of

heat dissipation and local heating or cooling in MlJs.

T

3.2.1. Theo@es

Computationaimefferts have been devoted to understanding the physical mechanisms of energy
dissipationhduced by both elastic and inelastic processes. To account for heat dissipation in

molecular jJinction§ (mainly in the electrode region due to inelastic processes), Landauer’s formalism

C

is commo loyed. For example, by combining the Landauer approach with ab initio

S

| [53]

calculations, Zotti et a studied heat dissipation in short, single-molecule junctions based on

U

benzene dekivatives. Their calculations suggest that heat is mainly dissipated in the two electrodes,

as expect rom elastic transport, and the heating is intrinsically determined by the electronic

n

structure of lecule (Figure 10a). Specifically, heat is not equally dissipated in both electrodes

&

(bias polar dent), and dissipation is intimately related to the thermopower of the junction

(Figure

M

To und inelastic processes in the molecular region, Segal et al.” evaluated the fraction

of availablg energy, i.e. the energy associated with the potential drop across the junction, that is

f

released as on the molecular bridge. To characterize heating in the molecular region, it is

O

important der two factors, the amount of electronic energy directly deposited on the

molecule the rate of heat conduction away from the molecule. Using their model, they found

¢

that the heating ingthe molecular region causes temperature rise to be ~3K. However, they argued

t

that theirg employs an oversimplified classical heat conduction model which is expected to

underesti heating effect. A unified description for the phonon thermal flux was later

derived erin et al.®™ to define and quantify a local effective temperature in nonequilibrium

systems, such as MlJs. The molecular length dependence of local heating induced by electron-

This article is protected by copyright. All rights reserved.

20



WILEY-VCH

B¢ in alkanethiol molecular chains. Assuming

phonon scatterings was further studied by Chen et al.
good thermal dissipation into the bulk electrodes, they found that the local temperature is smaller in
longer chals jgure 10d). They also show that the inelastic scattering profile displays an odd-even

effect whi ensitive to the structure of the carbon-sulfur-gold bond at the molecule-

electroae inferrace.

£

The electrdf curr@nt density in nanoscale junctions is typically several orders of magnitude larger
than that in |k electrodes. Consequently, the electron-electron scattering rate increases
substantial junction, which leads to local electron heating. To account for the electron-

electron scatterin@induced heating, D’ Agosta et al.*” derived a model based on a hydrodynamic

Ul

approach. eir model, they found that the rate of electron-electron scattering could be

q

comparabl of electron-phonon scattering, suggesting that electron-electron scattering also

plays an impo ole in determining the local temperature of the molecular bridge. In this context

a

we not issipation in the molecular region is usually much smaller than the dissipation in

the electrode

M

Given the possibility of taking advantage of cooling mechanisms for overcoming heating-induced

[

instability down of molecular electronic devices, several groups have systematically

explored t bility.”®! For example, Galperin et al.”®*® demonstrated mechanisms of cooling in

MlJs under ied bias. Specifically, they proposed two cooling mechanisms resulting from (a)

n

cooling voltage side of a MJ due to depletion of high-energy electrons and (b) inelastic

|

electron tnneling. The latter occurs when the available electronic energy is not sufficient for

J

efficient transmissibn, the needed excess energy can be provided by absorbing phonons from the

vibrational ems. Simine et al.”®! studied current-induced vibrational cooling in a donor—
acceptor re MJ and reported bias-induced cooling of the vibrational mode at relatively low
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B84 provided strategies to enhance the inelastic

bias voltages (<0.2V). Recently, Lykkebo et al.
absorption processes compared with the emission process in the molecular region to achieve cooling
in MJ. Umrategies, they demonstrated that under certain bias, the local temperature of the
MJ can be ooled to a temperature below ambient environment. Although the estimated

cooIingEffg! Is small, the design strategies outlined in their study could aid in the rational design of

local coolin

3.2.2. Experimeﬁl Studies

Researchers have recently developed several experimental techniques to quantify energy

dissipationaating and cooling in current carrying molecular junctions. These techniques can
largely be gwEeE into two categories: 1) Direct detection of temperature changes in MJ and 2)

indirect determigj;ion of temperature by probing thermally activated processes such as junction

lifetime. G lack of appropriate experimental approaches to directly measure temperature
change molecular region, initial studies relied on indirect approaches.”® For example, Huang
et al.”%22 ed scanning tunneling microscopy-based techniques to study current-induced local

ionic heating effects (atomic vibrations in the molecular region of the junction that arise due to the
interactiong with current-carrying electrons is termed local ionic heating) in single molecules
(6-, 8- and @ edithiol) covalently attached to two gold electrodes as a function of applied bias
and molec th. They reasoned that the breakdown process is thermally activated and the
effectivﬁre of the molecular junction can be related to the stretching distance of the
junctionwbreakdown. Specifically, from measuring the MJ stretching length before

breakdown: the;;wnd that at a given bias, the local ionic heating increases with decreasing
molecular . Further, they claimed that for a given molecule, the effective local ionic
temperature increases with bias, and then decreases after reaching a maximum value at ~0.8 V
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due to electron—electron interactions and consequent local electron heating at the junction (Figure
11a). Taking advantage of the instability of MJs when subjected to a high electric field, Tsutsui et
al. B! ewmechanically controllable break junction MCBJ technique to estimate the local
temperatu zenedithiol-Au junction by fitting junction lifetime to a model that related the
appIied.oiraneffective temperature to the junction lifetime. They estimated from their
experimentsghatAu-benzenedithiol-Au junction heats up to ~463K under a bias of 1V (Figure 11b).

Besides us%wncton techniques, loffe et al.®® and Ward et al.®™ showed that surface-
enhanced ectroscopy (SERS) can also be used to determine the effective temperatures for
electrons inajed MJ. In their studies, the temperature-dependent parameter is the anti-

Stokes(AS)/ﬁ) ratio, which is used to estimate the local temperature. Specifically, loffe et al.

reported a ture rise of the order ~30 K in Ag-biphenyldithiol(BDT)-Ag junctions for both bias

polarities mlc). Ward et al.®™ characterized the electronic temperature of OPV3 MJ and
observ nced temperature rise of 200 - 300 K under applied bias of 0.4V (Figure 11d).
These studies E ght the potential of SERS as a temperature sensing technique at the molecular
level.

Direct exle quantification of heat dissipation in single molecule junctions was inaccessible

until a rec by Lee et al.*” who employed custom-fabricated STM probes with integrated
nanoscale t uples in a STM break-junction setup (Figure 12). In their work, the temperature
changeﬁ probe due to heat dissipation was detected by nanoscale thermocouples
integrat#teprobe. They identified asymmetric heat dissipation, that is, unequal dissipation on

the two electrod®s, in the molecular junctions formed with benzenediisonitrile (BDNC) and
benzenediagai DA) molecules. Combining experimental results and first principle calculations,
they showe he heat dissipation is dependent on both the bias polarities and the identity of
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the majority charge carriers (electrons vs. holes), and its asymmetry is directly associated with the

electronic transmission characteristics, i.e., the sign and magnitude of the Seebeck coefficient of the

{

Mls.

In another , Cui et al.™*"

[ |
fabricated @alorimeters®™ to directly quantify cooling in MJs due to Peltier effect. Based on the

employed a conductive AFM setup in conjunction with custom-

Landauer tfi€ory, f@r small applied biases, when the applied bias V is smaller than 2|ST| (where S is

the Seebeck coefficient of MJ and T is the environment temperature), one expects to observe Peltier

SC

cooling wh Vgbhe product of the Seebeck coefficient and the applied bias, is negative. To probe

such an effect, Cullet al.!**” developed a custom-fabricated, calorimetric microdevice that serves as

Gl

the substra ode in their AFM-based measurement scheme, which enables measurement of

n

heating or ith ~30 pW resolution (Figure 13). Using this setup, they observed for the first

time coolifg -a p the Peltier effect in SAM junctions consisting of either DBDT, TBDT and 4,4-

d

bipyridi s at a small applied bias (see Figure 13 c, d). They showed that the maximum

cooling occurr different applied biases for different molecules and that it is directly related to
the transmission characteristics of the studied molecules. Finally, it is to be noted that this work also
demonstran that it is possible to directly measure electrical and thermoelectric transport

properties same MJ in a unified manner. Specifically, they concluded that by combining

calorimetric with scanning probe techniques it is possible to obtain important insights into

energy co!ersion, dissipation and transport in MJs.

We note that while some of the experiments discussed above focused on resolving heat dissipation

(temperature ris;in the molecular region others focused on studying heat dissipation in the
electrodes J. These two aspects do not necessarily contradict each other because the total
power, tha product of the current and applied voltage, must be dissipated in either the
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molecular region or in the electrodes. In general, for short MJs, given that electron transport across

the molecule is largely elastic, most of heat is deposited on the electrodes. However, due to the

relatively # heat capacity of a molecule, even a tiny amount of dissipation in the molecular
region cou ignificant increase in the local temperature.
H I

4. Thermoeélectric Properties of Molecular Junctions

[

Thermoele@tric maferials convert heat to electricity, enabling applications in energy conversion and

solid-state £60 The usefulness of a thermoelectric material is determined by two factors: Device

SC

efficiency figure of merit, ZT) and power factor (G.S%, where G, and S are the electrical

conductan ebeck coefficient of the material). Many studies have suggested that molecular-

Lk

scale therMioelectric materials hold great promise for improving device performance and creating

N

properties t not possible with bulk materials.™* > This research topic has therefore received

continuou ng attention in recent years. In this section, we discuss recent advances in

a

probin oelectric properties of MJs, including theoretical computations and experimental

observ

M

4.1. Theoretical studies

{

The first t | study of thermoelectric voltage of a MJ was performed by Paulsson et al. in

2003.7 Theif"Computational results suggested that the thermoelectric voltage of a BDT MJ is in

b

principle surable and somewhat insensitive to the molecule-electrode coupling at the contacts.

{

It is ne note that later theoretical and experimental investigations found that the

molecule-electrod® coupling has a measurable impact on the thermopower of molecular junctions.

Ul

Nevertheless, first theoretical work indicated that measuring thermoelectric voltage of

molecu ons provides valuable information on the location of electrode Fermi level relative

A

1631

to the frontier molecular orbitals. Similarly, Segal et a also suggested that thermopower
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measurements can complement standard /-V experiments with the advantage of their insensitivity
to the metal-molecule contact. Stimulated by these early works and with the excitement of

molecular-Based thermoelectricity applications, extensive efforts have been devoted to probe the

Ot

thermopo re of merit ZT of MJ systems and seeking strategies to enhance device

efficiena/. e note that due to technical difficulties in direct experimental quantification of single

1

molecule thermal conductance, the figure of merit ZT of a single molecule junction has remained

experimen cessible so far. Therefore, the ZT values of single molecule junctions discussed in

C

this sectiofll an€ offen based on computed results of the thermal conductance and may need to be

S

reevaluate uture if experimental techniques for thermal measurements become available.

U

Theoretical ions have shown that molecular length, contact chemistry and molecular

n

orientatio nificant impact on the thermoelectric properties of MJs. For example, using an

ab initio m€th user et al.® calculated the Seebeck coefficient of MJs featuring small saturated

a

and co lecular chains (alkane, alkene, and alkyne chains) of varying length wired to gold

electrodes vi rent binding groups (-SH, -NC and NH,). They found that for alkane chains, the

M

thermopower increases roughly linearly with length for all binding groups. The onset (the

thermopoweér at zero molecular length based on a linear fit to the calculated thermopowers at

I

different | however, is very different for the four binding groups, resulting in positive and

O

increasing t ower for -SH and negative and increasing thermopower for -NC. For -NH,, the

thermopower changes sign with increasing length. For alkene chains, the calculated thermopower

I

for -NHxgli all and has no linear dependence on molecular length. A different situation

L

occurs for alkeneNwith -NC linker: the thermopower has a large negative onset and decreases even

U

more with lengthalhe thermopower for alkene with -SH linker is again positive and increasing. For

alkyne veral different length dependence scenarios are observed: positive and increasing (-

A

SH), negative and decreasing (-NC) and changing sign from positive to negative (-NH,). Clearly, a
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simple assumption that the thermopower depends linearly on the length and that this dependence
is given by the nature of molecular backbone does not hold. In fact, this work points out that

transmissi* resonances near Fermi level, in particular the position and shape of the resonances, not

only deter ntact Seebeck coefficient but also can have a large influence on the length-
dependgn itself, suggesting that it is theoretically difficult to separate the end group from

backbone effects. In another study, using a combination of DFT and tight-binding calculations, Vacek
et al.®™ de ted that stretching or compressing a helicene molecule can dramatically change
the eIectrnWerties of the helicene, leading to a tunable switching behavior of the electrical

conductan:eebeck coefficient of the junction with on/off ratios of several orders of

magnitude? so showed that varying the helicene length and number of rings leads to more

than an or!er of magnitude increase in both the Seebeck coefficient and figure of merit, which is

mainly duem in the position of frontier molecular orbitals.

Recentl et al.®® a general rule for coherent quantum transport (electrical conductance

and Seebeck cient) in MJs by investigating a large set of molecules with symmetric and
asymmetric anchor groups. As shown in Figure 14, the molecules examined by this group have a
structure !X—B—Y, where B is the backbone of the molecule, while X and Y are anchor groups.

Assuming t sport takes place via coherent tunneling and that inelastic effects are negligible,

their rule hat the conductance Gxy of an asymmetric molecule is the geometric mean

1/GXXG“ s the conductance of the two symmetric molecules, and the thermopower Sxy of the
asymme‘HIe is the algebraic mean (Sxx + Syy)/2 of their thermopowers. Applying this

prediction to existihg experimental results of conductance and Seebeck coefficient, they show that

this rule agrees wih the statistically most probable values, suggesting it as a good first estimate for
the tran operties of unmeasured Mls.
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In addition to the above describe phenomena, bi-thermoelectricity effects in MlJs, that is, co-

existence or sign-switching of positive and negative Seebeck coefficients of the same MJ, has also

been rece*l orted. For example, Stuyver et al.””) recently explored the theoretical design of
reversible ectric switches, molecules which can be switched reversibly between a

positive‘ar@ve Seebeck coefficient through the application of external stimuli. They studied
heptaphyrins, a glass of expanded porphyrins that can be shifted between a Hiickel and Mobius
topology. uggested that these molecules can switch between the two m-conjugation
topologiesw the thermopower to change considerably from +50 pV/K to -40 uV/K,
respectivel ther work, Sangtarash et al®® studied the dependence of connection points at
which elec; injected into and collected from a molecule on the thermopower of a group of
polycyclic !romatic hydrocarbons (PAHs). They showed that by carefully choosing different

heteroatomnnectivity, the energy shift of anti-resonance can be controlled to be above or
e

below the rgy, thereby creating MJ devices with negative or positive Seebeck coefficients.

A major focus eoretical investigations on thermoelectric properties of MJ has been to explore

the possibility of achieving high ZT in MJs. Towards this goal, several strategies have been
theoretica! proposed. Among the proposed approaches, harnessing quantum interference (Ql)
effects in been considered as one of most promising methods.™ For example, Bergfield
et al.** sh hat higher-order QI features in the transmission spectrum of polyphenyl ether
(PPE) MlIs gntaining n repeated phenyl groups give rise to giant enhancement in thermoelectric

performwe 15a). Specially, the figure of merit ZT was suggested to scale linearly with n,

exhibiting a peaESIue of 6.86 for n = 6, and the Seebeck coefficient S is also enhanced with a peak
value of 957 pV/kgfor the same value of n. In another work, using DFT method, Strange et al.!®”
investi eries of molecules featuring a quinoid core and showed that these molecules have

two distinct destructive Ql features close to the frontier orbital energies (Figure 15b). These Ql
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features, manifested as two dips in the transmission function, result in a very high thermoelectric
power factor G.S> and figure of merit ZT. They further demonstrated that these features can be
controlled! rying the electron donating or withdrawing character of the side groups as well as

the conjug of the molecule.

H I
Other straSﬁies to enhance the thermopower and ZT include carefully controlling the molecular

orientationffchemigal structure and electrode materials of the MJ. For example, Finch et al. %!

G

reported that coatrolling the angular orientation of the side group of a CSW-479-bipyridine molecule

S

leads to cr ng@f Fano resonance effect (Figure 16a). This effect, manifested as sharp transmission

peak near the Fefimi level, results in great enhancement in both the thermopower and ZT. To

Gl

improve th ignum thermoelectric power and the efficiency at maximum power, Karlstrom et

N

al” sho s possible to suppress parasitic charge flow near the Fermi energy and reduce

electronic [flea duction by carefully engineering electron quantum interference of a two-level

dl

system. ied a prototype Au-Zn porphyrin-Au molecular junction with two almost-

degenerate e levels E; and E, both located close to and on the same side of E. They found that
when the coupling strengths of E; and E, to the electrodes differ by a factor of @’, the transmission
function vSishes at Er while maintaining a large value for a finite energy window above E;. Such
feature of smission function leads to a large gradient at E; and finite energy width for
electron tr . They further demonstrate such transmission system can operate with large
power out!t and efficiencies close to the Curzon-Ahlborn limit. Noori et al.”" recently investigated
the ianLMtal ions on the thermoelectric properties of flat-stacked 5,15-diphenylporphyrins
containing@metal ions Ni, Co, Cu or Zn. Their calculations show that changing the metal atom
has little effect the thermal conductance due to the phonons, while the room-temperature

Seebec ents of these junctions are high, ranging from 90 uV/K for Cu, Ni and Zn-porphyrins

to -16 puV/K for Co-porphyrin. The figure of merit ZT of these junctions ranges from 1.6 for Cu
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porphyrin to ~0.02 for Ni-porphyrin. In another study, Al-Galiby et al.’? presented calculations that
showed that the thermopowers of porphyrin molecules with Mn(ll) or Fe(ll) metal centers are
negatithe range —280 to —260 pV/K. They also found that complexing them with Fe(lll)
and Mn(lllmanion changes both the sign and magnitude of the respective thermopower to
+218 and -Pﬂ (Figure 16b). Besides, Klockner et al.*? studied the thermoelectric properties of
MlJs with either @ C60 monomer or a C60 dimer connected to gold electrodes (Figure 16c). They
found thatucking two C60 molecules to form a dimer molecule increases the thermopower
of the MJ, Wransport completely dominates the thermal conductance in dimer junctions and
therefore e figure of merit as compared to monomer junctions. More recently, Jin et al”®
adopted t ging two-dimensional (2D) transition-metal dichalcogenides (MoO,, MoS,, MoSe,
and MoTe!as the electrode materials and investigated the influence of these 2D materials on the
MJ thermo ransport (Figure 16d). Their calculations reveal that the work function of these
2D materiam tuned across the entire molecular energy range at a relatively low bias with the
appropriat ice of electrode material. Specially, by using van der Waals contacts between a
molecu§ six-carbon alkyne chain) with anthracene linker groups and the 2D transition-
metal dichalcogenides electrodes, they found that the phonon contribution to heat transport can be

effectively suppressed while achieving high levels of electron transport and thermopower as the

molecular g¥tuned into near resonance. This suggests a promising strategy to enhance

thermofrmance of MJs.

The spierectrons have also been exploited to tune the thermoelectric properties of MJs.
Along thismang et al." studied the spin-dependent thermoelectric transport through a
magnetic molecule. Specifically, they found the intrinsic magnetic anisotropy of single molecule
magne can lead to oscillations of charge thermopower with gate voltage and a large

violation of the Wiedeman-Franz law. It was also found that the spin-Seebeck coefficient in SMMs
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can be greater than the charge-Seebeck coefficient, and even a pure spin thermopower can be
obtained accompanied by the charge thermopower vanishing. Furthermore, Ghosh et al.”® recently
computwlectric transport across a spin-crossover molecule (i.e., iron complex of 2-(1H-
pyrazol-1- azole-5-yl)pyridine). They showed that the spin-crossover process, that is,
transition m-spin (LS) state to high-spin (HS) state with the increase of temperature, can
modulate the thermoelectric entities. They observed an increase in thermocurrent by 4 orders of

magnitude nhancement by 4 times upon spin-crossover.

Taken tog ,@eoretical studies have suggested that it is possible to achieve high-efficiency

thermoelectric esrgy conversion (i.e., high thermopower and ZT) in MlJs. The thermoelectric

performanﬁ enhanced or controlled in various ways, including quantum interference effect,

molecular and orientation, molecule-electrode contacts, and spin effects. However, to test

the vaIidiMese theoretical proposals, experimental techniques that are capable of

simulta ntifying electrical conductance, thermopower and thermal conductance of MJ

are urgently n . So far, despite that electrical conductance and thermopower measurements in
MJs have become routine, the thermal conductance of single MJs has remained challenging due to

limited th#al resolution for existing temperature sensing techniques. In what follows, we discuss

recent adv, i experimental investigations of thermoelectric properties of MJs with special
focus on th rement of thermopower of MlJs.
4.2, Ex tudies

-

4.2.1. ExpejMethods

Direct experim characterization of the thermoelectric properties of a MJ requires measurement
of the t oltage induced by the temperature difference at the two terminals of the junction.
When a temperature difference is established across the junction, this thermo-voltage can be
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obtained in three ways: 1) Direct measurement of the voltage across the junction (thermo-voltage)
in an open-circuit configuration;”® 2) Measurement of the junction current at zero external bias
foIIowe(Hsion to thermo-voltage using the electrical conductance of the junction.”” 3)
Measurem junction -V characteristics followed by analyzing the voltage offset at zero

[ |
current, | etnevol tage necessary to suppress the current).”®

[

The experiffientalfiechniques employed to measure the thermopower of MJs were derived from

those developed.to probe their electrical properties, because the electrical signals (i.e., current or

oG

conductan f junction are usually leveraged as signature of the formation of a MJ. The circuit

diagram and expefimental schematics of commonly used techniques are illustrated in Figure 17. To

Ul

measure t opower of a single molecule connected between two metal electrodes,

A

) [76, 79]

researcher employed scanning tunneling microscope break junction (STM-BJ

)[Gb]

mechanica lled break junction (MCBJ),®® and electromigrated break junction (EMBJ

dl

based Thermopower or the thermovoltage at a given temperature difference, of a

molecular juncti@®¥is independent of the number of molecules participating in a molecular junction.
This can be understood by considering N identical molecules in parallel in a junction. Assuming the
interferen! effects are negligible, the total transmission 1 of the junction will be T, = N1, where
T, is the tr ion of one molecule, applying equation 5, one could obtain the thermopower of
the junctio S1, where S; is the thermopower of a single molecule. Given that the thermo-
voltage is igependent of the number of parallel molecules in the junction, conductive atomic force
microscw) technique, which creates monolayer junctions that consist of many molecules
ina junctio@anoparticle array method, which forms networks of MJs, have also been used for

thermopower m urements.[81]

This article is protected by copyright. All rights reserved.

32



WILEY-VCH

It is important to note that the formation of the junction can be either dynamic or static, depending
on the specific technique chosen. For example, STM-BJ, MCBJ and C-AFM techniques facilitate
dynami(H of the junction. The measurements using these techniques often rely on
repeated f the junction and the following data processing is heavily statistical. Whereas,
the EMB) imWrticle array-based techniques involve nanofabrication of the junction and the
measuremept isgperformed in a static manner. While MJs formed by STM-BJ, C-AFM and MCB)J
techniques cally two-terminal devices, a third gate electrode can be incorporated in an EMBJ
setup to We—terminal structure for molecular orbital gating. More details about these
technique found in other literature.™ 9 |n the following, we will discuss key insights

obtained u above-mentioned techniques.

4.2.2. Expec Results

The first ment of the thermopower of MJs was reported in 2007 by Reddy et al.”® The

measur was performed under ambient conditions by modifying the STM-BJ technique, which
was fir ed by Ruitenbeek’s group® to measure electrical conductance of atomic wires and
further developed by Xu and Tao®™ for studying the electrical properties of MJs. Specifically, a

temperatuhnce AT is established between the Au STM tip and a Au substrate by heating the

substrate ntaining the tip temperature close to ambient. To measure the thermo-voltage
of the junctj switched between a standard STM current mode, where a current amplifier was
used tﬁve current flow through the junction under an external bias, and the voltage
mode, whére a voltage amplifier is used to measure the voltage across the junction under zero

external bias (Figdfe 18a). In the current mode, the STM tip approaches the substrate until the
current si es a preset setpoint, indicating the formation of MJs. Then, the external bias is
immediately off and the measurement switches to the voltage mode to record the junction’s
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thermo-voltage which is brought about by the temperature difference AT across the MJ. Upon tip
retraction, the thermo-voltage vs tip distance curve shows a steady thermo-voltage signal until the

last juncti eaks, indicated by a sudden vanish of the voltage signal. The junction Seebeck

pt

coefficient ined by measuring the thermo-voltage of the MJ under different AT (Figure
18c). Th-eir measurement results show that the room temperature Seebeck coefficients of 1,4-

benzenedithiol (BDT), 4,4’-dibenzenedithiol (DBDT), and 4,4’-tribenzenedithiol (TBDT) covalently

Cl

bonded to rodes are 8.7 (£2.1) uV/K, 12.9 (+2.2) uV/K, and 14.2 (+3.2) uV/K, respectively

(Figure 18dl}. relimportantly, the positive sign of the Seebeck coefficient unambiguously indicates

S

hole (p-ty MO) conduction in these MJs, which was not accessible with other electrical

U

measurem .

1

To avoid s between the current mode and voltage mode, Widawsky et al.®* modified the

STM-BJ tedfini y directly measuring the thermo-current of the junction under zero external bias.

€O

The th is then obtained by dividing the thermo-current with the electrical conductance

measured for me junction. This method enables simultaneous characterization of the electrical

conductance and thermopower of the same MJ. Using this approach, they showed that the Seebeck

coefficients negative for pyridine-Au linked junctions, confirming the electron (n-type or LUMO)

conductionQism, and positive for amine-Au linked junctions, confirming the hole (p-type or
n

HOMO) co mechanism.

Therm£urement from junctions featuring multiple molecules was performed by Tan et

al. B n tleir study, a Au coated conducting AFM probe was brought into contact with a monolayer
of molecules covaléntly bonded to Au substrate. The thermo-voltage was directly measured using a

voltage a upon formation of large number of junctions. The junction formation is pre-

determine current across the junction. This technique therefore still requires switching
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between the current mode and voltage mode. In order to measure the thermopower using a MCB)J

/ [80]

technique, Tsutsui et a integrated a nanofabricated microheater into one of the metal wire

eIectrodes!n uccessfully created temperature differential across the junction. The thermo-voltage

measurem equently performed in a fashion similar to those performed by Reddy et al.

H I
Using the t€chniques described above, a variety of interesting thermoelectric properties have been

1

experimeng@lly ob8erved in different MJs, including length dependence, temperature dependence,

G

molecule-electrade contact effect, sign-switching of thermopower, quantum interference effect and

S

gating effe following, we will present recent experimental observations on these topics.

U

Length De

The dependence of thermopower on molecular length has been experimentally investigated in

)

various m systems. It has been found that the variation in magnitude and sign of the

d

Seebeck coefficient with increase of molecular length is closely related to the structure of molecular

core and m -electrode contact. For example, Malen et al” showed that the Seebeck

\1

coeffici linearly with molecular length in aromatic MJs, such as Au-phenylenediames-Au

and Au-phenylenedithiols-Au junctions, while it decreases linearly in saturated MJs, like Au-

§

alkanedithiols=Au junctions (Figure 19a). This observation agrees well with the results of the first

).

/ [77]

measurem ddy et al. However, Widawsky et a observed a nonlinear increase in Seebeck

coefficient@With length for aromatic oligophenyls molecules connected to Au electrodes through Au-

i

C bond (Figeire 19ky. Further, they also showed that the Seebeck coefficient of alkane MJs with Au-C

bond is ne endent of molecular length.

U

[85]

Recently, Dell reported that the Seebeck coefficient of molecules can also switch its sign

when m length increases, indicating an alteration of dominant charge carriers. Specifically,

A

as shown in Figure 19c, the measured Seebeck coefficient of a family of thiophene-1,1-dioxide
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(TDO), molecules changes its sign from positive to negative as the number of TDO units is increased.

The transition occurs at TDOs. This clearly indicates that that the dominant charge carriers change

from holeslo ctrons with the increase of molecular length.

The Iengthg of thermopower in DNA-based MJs has also been studied. In a recent work,
H I

Li et al’®

réport that despite the linear decrease in conductance with length, the Seebeck coefficient
of 5’-A(CG)fT-3’ DINA molecules is small (<2 uV/K) and insensitive to of molecular length. This is

attributed to t ﬁominant hopping transport in GC rich DNA sequences. In contrast, for AT rich DNA

sequences T)GCGT and 5’-ACGC(AT),,.;/AGCGT-3’), they found that when the inserted AT
block is shorter than 4 base pairs, it serves as a tunneling barrier with conductance decreases
exponentia eebeck coefficient increases linearly with the block length. However, when the
inserted A is longer than 4 base pairs, the charge transport mechanism switches from
tunneling g, leading to a conductance that is weakly length-dependent and a small Seebeck
coeffici issigsensitive to molecular length. These observations suggest that the thermopower

of DNA mole s not only dependent on molecular length, it is also closely associated with the

sequence and the transport regime.
Mo/ecule-lLContact Effect:

The molec

O

ode contact interface has been reported to play a significant role in determining
charge tra‘port in MJs.®® Similarly, recent thermopower measurements reveal that the contact
effect aIsoFas a "ucial impact on thermoelectric properties of MJs. For example, experimental

studies ha: that oligophenylene MJs with Au-thiol (SH) and Au-carbon (C) contact have

positive Se efficient, whereas the same MJs with Au-isocyanide (NC) contact show a negative

er Seebeck coefficient (Figure 20a, b and c).”””® In addition, despite the same sign,

the oligophenylengé MlJs with Au-C contact usually reveal higher Seebeck coefficient values than
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those with Au-S contact, especially when molecular length is increased. This enhancement in Au-C
linked MJs is attributed to a gateway state induced by the Au-C bond that modifies the transmission
functionﬁthe MJs.”” Further theoretical investigation suggests that, when coupled to Au
electrodes NC), nitrile (CN) and amine (NH,).anchored junctions, with electron transfer
out of ﬂme*!:oecule, exhibit a strong down-shift in the energies of frontier molecular orbitals,

whereas -S -OH anchored molecular junctions, with charge transfer into the molecule, exhibit a

smaller do ifit” These studies suggest that the sign of the thermopower of molecular junctions is

closely reldfedifo the HOMO-LUMO energies and electronegativity of isolated molecules.!®”!

S

Temperature Depéehdence:

b

Kim et a recently investigated the influence of average ambient temperature on the

M

thermopower of MJs. Using temperature variable STM-BJ technique, they measured the Seebeck

coefficient Qan ectrical conductance of Au-benzenedithiol-Au junctions over a range of

a

temper — 300 K). Their results reveal that the Seebeck coefficient increases linearly with

temper igure 20d, e and f), while the electrical conductance is independent of temperature.

M

This work confirms the predictions of the Landauer theory that the thermoelectric properties of Mls

[

depend lin mbient temperature.

O

Fullerene Junctions:

Fullerene (€60) and its derivatives have been considered as promising candidates for molecular-scale

q

electro moelectric applications due to their efficient charge transport and interesting

{

thermoelectric trafisport properties. The thermoelectric properties of C60 MJ was recently explored

U

by Evangeli et In their measurements, STM imaging was employed to locate C60 molecules on

aAu(l e prior to thermopower measurement. By doing so, they were able to construct C60

A

dimers via trapping one C60 on the tip and subsequently stacking it onto a C60 on the substrate
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surface. The thermopower measurements reveal that the Seebeck coefficient of C60 dimers is -33

uV/K, which is almost double that of a single C60 base junction, which has a Seebeck coefficient of -

{

18 uV/K ( 21a). The thermopower enhancement in the dimer configuration is attributed to
intermolec ion between the two C60 molecules.
H I

[90]

In additiongilLee et al.”" studied the thermoelectric properties of three fullerene derivatives (C82,

Gd@C82 afid Ce@€82). They found that the Seebeck coefficient for all three fullerene derivatives is

G

negative (electrgn-conduction). The Gd@C82 and Ce@C82 junctions yield a large Seebeck coefficient

S

of -31.6 u n@”30.0 pV/K, respectively. However, a smaller Seebeck coefficient of -22.7 uVv/K is

observed for C82 j@inctions. Their electrical conductance, on the other hand, remains comparable for

Ul

all three ju Their work hints that, although not contributing to transport, the encapsulated

n.

metal ato the fullerene cage could substantially change the electronic and geometrical

structure @ w ule. More recently, Rincon-Garcia et al?¥ experimentally investigated the

al

influen pressure on the thermopower of the endohedral fullerene Sc3AN@C80 between

gold electrod ing an STM based technique, they applied pressure to an isolated Sc3AN@C80

N

molecule by compressing the molecule with a STM tip. Upon compression, the electrical

conductan@é of ScC3AN@C80 increases, whereas the Seebeck coefficient switches from positive side

[

towards n ide with both its sign and magnitude changed. This process is reversible and the

0

detailed Se oefficient values vary from molecule to molecule. The group was further able to

show that§i this phenomenon is not present in C60 MJ. Therefore, this work successfully

q

demons bi-thermoelectricity effect in ScCAN@C80 MJ system, in which the sign and

{

magnitude of t ermopower of a given material can be tuned by external stimuli. The physical

U

mechanism of thes observed bi-thermoelectricity is attributed to the fact that the transmission

resona e junction is very close to the Fermi energy and it can be tuned to cross the Fermi

A

energy via external pressure or varying the molecular orientation.
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Quantum Interference (Ql) Effect:

Quantum 'lterferrce (Ql) effect in MJs has been proposed as an avenue for highly efficient

thermoelemonversion at room temperature.“gbl Toward this goal, Miao et al?? recently

studied th f Ql on the thermopower of OPE molecules (Figure 22a and b). Specifically,
H I

they showWhat the Seebeck coefficient of meta-OPE junction is ~20 puV/K, doubling that of a para-

OPE juncti@V/K. This enhancement is mainly because the meta configuration of the central
QP

ring of the olecule induces destructive m-interference which leads to a steeper slope of the
transmissimo

n at the Fermi energy. Similarly, a recent study by Garner et al.®® reports that
this conce@so be applied to destructive o-interference in a o-orbital system (Figure 22c).
Specifically emonstrate that a saturated silicon-based molecule with a functionalized
bicyclo[Z.Zcj

ane moiety (Si2-Si222-Si2) can exhibit strong destructive Ql in its o-system. Such

destructiv to an extreme suppression of the electrical conductance of the junction and a

ficient of ~ 1mV/K. However, despite the contribution to the enhancement in

thermopower bvious drawback of the destructive Ql effect is that the electrical conductance of
the MJ is greatly reduced, which eventually leads to a low power factor (G.S°). Recent studies have

suggested SHat constructive QI effects that help improving both electrical conductance and

thermopo Id offer unique opportunity to achieving high-efficiency thermoelectric energy
conversion 1 Euture investigations along this line are therefore needed and expected.
Electro£:

Key to opt he thermoelectric performance of MJs is the ability to manipulate their charge
transmissi e near the Fermi energy (E;), as their thermoelectric properties are determined by
the ma nd the derivative of the transmission at Eg. It has been shown that tuning of the

position of frontiemolecular orbitals relative to Er can be achieved in a three-terminal configuration
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constructed with EMBJ based technique.® ) To create a three-terminal device using the EMBI

setup, a gold wire was first fabricated with e-beam lithography on a doped Si layer coated with thin

t

P

dielectric materjal. Then, a nano-gap can be created by passing large current through the wire to
cause mig tal atoms and eventually break the wire. The two sides of the broken wire

serve adthe source and drain electrodes with the Si back gate acting as the gate electrode. However,

1

past efforts_in thermoelectric measurement using such method were limited due to difficulties in

G

establishin rature gradient across the nano-gap. Recently, Kim et al®™ showed that an
extremely Mlar, mperature difference can be achieved in the nano-gap by introducing a

microheat side of the nano-gap. Using their three-terminal platform, they successfully

US

demonstra he thermopower of MJs can be greatly enhanced via electrostatic gating (Figure

23). Specifigally, in their measurements, the magnitude of Seebeck coefficients of both Au-BDT-Au

A

junction a -Au junction show a strong dependence on the gate voltage. For C60 junctions,

d

the largest Seée coefficient of ~60 uV/K is achieved at a gate voltage of -2V. The gating effect is

well corre ith the shift of the transmission characteristics with respect to Er under a certain

M

gate v fore, this work proves the feasibility of using electrostatic gating to tune

thermoelectric properties of MJs.

[

5. Conclusi Perspectives

G

The past t des have witnessed remarkable advances in understanding how energy is

n

transp ated and converted in MJ devices. In this review, we have systematically

|

discusse cent progresses made in probing thermal and thermoelectric properties of MlJs from

both experimen and theoretical perspectives. Research into thermal and thermoelectric

U

properties r with the charge transport studies have offered much deeper insights into the

fundamenta lation between the electronic structure of MJs and their functionality and

A
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performance. More importantly, promising transport characteristics, such as high thermal

conductivity, large thermopower and figure of merit ZT, have been theoretically predicted or

t

experimentally_observed in carefully designed MJs. Concepts and ideas borrowed from charge
transport @h as quantum interference effect, also continue to inspire new design
strategigs allor the thermal and thermoelectric transport in MlJs. Further, thermoelectric

4

functions bgyo those achievable with conventional semiconductor materials, such as bi-

thermoele ave also been demonstrated in specific MJs. We expect that this newly gained

C

knowledgefan@ obServed phenomena will inspire new research that may eventually lead to novel

applicatio ronics and energy conversion.

UsS

Despite th otential of MJ devices in a wide range of thermal applications, studying thermal

1

and therm properties of MJs in a more reliable and controlled manner poses significant

challengesffor @ experimentalists and theoreticians. From the experimental point of view, there

are af ng hurdles in the field that need to be overcome. First, the thermal conductance

of single mo junctions was inaccessible due to difficulties in sensing small temperature

M

changes induced by heat flow through a single molecule. This challenge has very recently been

[43]

overcome® by employing custom-fabricated scanning thermal probes®?. We expect that these

§

advances the door for testing heat transfer laws at molecular scale and systematically

O

exploring t cal proposals in optimizing thermal transport in Mls, especially strategies to

suppress pRlononic contributions.

th

The key ch@llenge in thermoelectric applications of Mls is to demonstrate high efficiency (i.e., high

Ll

power factor G.S&¥and figure of merit ZT). This requires appropriate designs to enhance both

electrical ance and thermopower of a MJ while suppressing its thermal conductance.

A

However, fr experimental measurements, the electrical conductance and thermopower of a
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MJ are often negatively correlated, meaning enhancements in thermopower are accompanied by

decreases in electrical conductance. Although the ideal approach to the molecular design of Mls

t

P

remain eluSive at this point, introducing constructive quantum interference has been proposed as
one of the chanisms to significantly enhance electrical conductance and thermopower at

the sam-e me. In addition, the development of three-terminal MJ devices also deserves more

£

attention as_t has been proven to effectively tune the location of transmission of a MJ.

Experimentally probing local heat dissipation and temperature change in the molecular region is also

5C

of paramo rtance for both validating existing theoretical models and offering insights into

the operation limit§ of MJ devices. Given the tiny size of the molecular region and flexible molecular

Ul

orientation t experimental techniques are not capable of directly measuring local

1

temperatu molecular region and experimental results based on indirect measurements

often sho ariations. Therefore, experimental techniques that have both high thermal and

spatial & e required.

From a ical standpoint, the development of accurate computational tools is urgent. Existing

M

calculation methods have difficulties in precisely determining the location and magnitude of

[

transmissi teristics with respect to Fermi energy. This makes it challenging to provide a
QUantitatiation for experimental observations and often leads to overestimation or
underestim the device performance.

Finally, wegnote tliat key to progress in the multi-disciplinary area is harnessing expertise from

th

chemistry, ring, and physics, to both establish the mechanisms of transport in single

U

molecule j and to employ insights from single molecule studies to develop materials and

devices n molecular junctions for energy conversion and electronics. Given recent advances

A
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there is no doubt that the field will continue to progress and achieve important scientific and

economic impacts.

{
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Figure 1. Ekrgygnd diagram of A) metal, B) semiconductor and C) molecular orbitals. The
isosurf and LUMO of 1,4-benzenedithiol molecule is shown on the right panel in (C).
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A 7
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Figure 2. M&ecularjunction schematics (upper panels) and the corresponding energy profiles (lower

panels) ree scenarios: A) heat dissipation in current carrying molecular junctions with no
temperature nt across the junction (arrows indicate heat dissipation). When current flows
across jon, two situations may occur: 1) Peltier cooling on one electrode and Joule heating

on the other electrode, and 2) Joule heating on both electrodes. Under small external biases, when
[V[<2[ST| (V is the applied bias, S is the Seebeck coefficient of the junction, and T is the ambine
temperatu ing is expected to occur on one of the electrodes when SV, the product of

Seebeck coeffigient and the applied bias, is negative. For the rest situations, Joule heating occurs on

both electfo B) Thermoelectric transport across the junction with presence of temperature
difference (T9jgmP¢,4) due to Seebeck effect. Under open-circuit setup (no external applied bias), the
thermovol rated due to temperature difference across the molecular junction, i.e., Seebeck
effect, dri current flow through the junction. C) Thermal transport (contributed from both

phonons apd elegtrons) when a temperature difference is applied across the junction. Thermal
transpor molecular junction is predominantly facilitated by heat conductions via phonons.

The heat ¢ n via electrons is usually very small. Heat conduction via phonons will occur as
long as a re difference is present no matter whether an external bias is applied or not.

Note that the frop#ier molecular orbital (FMO) is shown in the energy profile of each scenario.
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Figure 3. thermal conductance of single molecule junctions. A) Thermal conductance of
alkane m s a function of chain length at different temperatures. Reproduced with
permissj yright 2003, AIP Publishing. B) Room temperature (T = 300 K) phonon thermal
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2015, Ame
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mical Society.
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Figure 4. C thermal conductance of m-congugated molecular junctions and the influence of
guantum ifite ce. A) Structure of meta- and para-OPE3. B) Phonon transmission functions for
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motion conductance vs. temperature for meta (red) and para-OPE3 in the two cases of
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(A=C) uced with permission.®?” Copyright 2013, AIP Publishing. D) Schematics of Au-
benzenediamine-Au junction, with one H atom of the benzene molecule substituted by a halogen
atom (X = F, Cl, Br, 1) E) Phonon transmission as a function of energy for junctions with different
substituen The corresponding phononic thermal conductance as a function of temperature for
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nzenediamine derivatives. The inset shows the room-temperature cumulative

e as a function of energy for the junctions with X = H, Br, I. (D—F) Reproduced
Copyright 2017, American Physical Society.
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Figure 5. m thermal conductance of self-assembled monolayer (SAM) junctions. A) Thermal
conductance of Au-alkanethiol-Au junctions in different lengths as a function of temperature.

Thermal cond ce across Au-alkanethiol monolayer interface as a function of molecular length

Reprod ith permission.®® Copyright 2010, American Society of Mechanical Engineer. B)
calcula i nt groups. Reproduced with permission.*** Copyright 2009, American Society of
Mechanical Engineers; Reproduced with permission.®* Copyright 2007, American Association for
the Advangement of Science; Reproduced with permission.*>*? Copyright 2011, AIP Publishing. C)
Thermal che of SiO,-SAM-water junctions as a function of temperature. The SAM are
ilanol (-Si(OH),-(CH,),-OH). Reproduced with permission.®® Copyright 2011,

‘ @ Mechanical Engineer. D) Interfacial thermal conductance (ITC) as a function of

adhesion energy for water contacting Au surfaces functionalized with different

molecules. interfacial adhesion energy leads to larger ITC. The dashed line is a linear fit.
Reprod i rmission.*® Copyright 2018, American Chemical Society.
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Figure 6. al proposals for tuning thermal transport in molecular junctions. A) Thermal

rectificatio b a two-level phonon model as a function of the cold reservoir temperature T,
when the hot reservoir temperature T, is constant. Reproduced with permission.*®” Copyright 2005,
ociety. B) Thermal conductance as a function of externally applied electric field.
The electric fi dulates the dipole moments of the monomers. Reproduced with permission.>”!
merican Physical Society. C) Thermal conductance of a Christmas tree-like
molecular junction as a function of temperature. Phonon transport along the trunk is suppressed by
Fano resonances associated with internal vibrational modes of the branches and that thermal
conductanh}ressed most effectively in molecules with pendant branches of different lengths.
Reproduced aiiimpermission.'*" Copyright 2017, Wiley-VCH D) Thermal transport through an alkane
chain bridg @ een graphene electrodes under mechanical compression (blue) and extension
(red). The conductance of the compressed junction drops by half in comparison to the

extendedjﬂleproduced with permission.®® Copyright 2015, American Chemical Society.
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Figure 7. d thermal conductance of self-assembled monolayer junctions. A) Room

temperatu hermal conductance of Au-alkanedithiol-GaAs junctions as a function of molecular
length. Inset: sample schematic. Reproduced with permission."”* Copyright 2006, American Physical
Society. B)my time, that is, the time for the heat burst to travel across the Au-alkanethiol
junction an he methyl head group, as a function of molecular length. Inset: schematic of the
experi . Reproduced with permission.**”! Copyright 2007, American Association for the
Advanceme cience. C) Thermal conductance of metal-SAM-dielectric junctions measured with
TDTR technpigw®™Tnset: schematic of time-domainn thermal reflectance (TDTR) setup. Reproduced
with p I8 Copyright 2012, Springer Nature. D) Thermal conductance of alkane based

molecular junctions with different molecule-electrode interfaces (covalent bond or van der Waals
interactior; Reproduced with permission."””? Copyright 2012, Springer Nature. E) Impact of vibration

mismatch
016, )
L rep

bduced with permission.”” Copyright 2015, American Chemical Society. F)

al conductance of SAM junctions. The vibrational mismatch is induced via using

metallic e (Au, Ag, Pt, Pd) with different Debye temperatures (i.e., cutoff phonon

frequencie
Thermal conductance of Au-alkanedithiol-SiO, junctions as a function of molecular length measured
with scannfihg thermal probe technique. Reproduced with permission.”® Copyright 2014, American
Physica
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Figure 9. Thermal conductance measurements of single Au-alkanedithiol-Au molecular junctions. A)

Schematic alorimetric scanning thermal microscopy (C-SThM) setup. A single molecule is
trapped be a8 Au-coated tip of the C-SThM probe, which is heated to temperature (TP) by
inputti rrent (Q) via an embedded Pt heater-thermometer, and a Au substrate at
temperatur hat is equal to ambient temperature (Tamb). B) Schematics of alkanedithiol
molecule udied in this work, n=2, 4, 6, 8, 10 denotes the number of carbon atoms in the
molecule? mental protocol for measuring the thermal conductance of a single-C6 junction.

The electrical conductance trace (upper panel) corresponds to the rupture (at t = tb) of a single-
molecule jSCtion, indicated by a sudden drop of the measured electrical conductance Gel value.
The therm

(ATP, right ere the small effects of Joule heating are already accounted for, are shown in the

tance change (AGth, left axis) and the related temperature change of the probe

bottom p n be seen that, unlike the clearly identifiable electrical conductance change

associated i::f :Ef breaking of the junction, the corresponding thermal conductance change is not
discerniblefin the noisy signal. D) An improved signal-to-noise ratio is obtained upon aligning via Gel
and av hermal conductance traces. A clear thermal conductance drop can be seen after
averagi red electrical (blue square, right axis) and thermal conductance (red triangle, left
axis) as a f i f the molecular length, as given by the number of CH2 units in the alkanedithiol
junctions. The soli@blue line indicates a linear fit to the electrical conductance data on a logarithmic

scale. The d thermal conductance data is fit by a linear curve (green line) on a linear scale,

with the regig aded in light green representing the 95% confidence band. Error bars represent

one stdfi€a Jeviation of the data. Reproduced with permission.lsz] Copyright 2019, Springer

Nature.
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technique:
model whi
with p

rature is estimated from the junction stretching length measured using STMB)J
olid lines are the fitting of the experimental data to a hydrodynamic theoretical
es both the electron-phonon and electron-electron interactions. Reproduced
Copyright 2007, Springer Nature. B) Local temperature of benzenedithiol (red)

molecular junction and Au (blue) atomic junction. The local temperature is estimated from
measured genction lifetime. Reproduced with permission.®® Copyright 2008, American Chemical
of an 'on-edge' junction under the Raman setup. Inset: measured effective

Society. C)

optical meas

function of bias voltage for biphenyldithiol (BPDT) molecular junctions.
ermission.® Copyright 2008, Springer Nature. D) Schematic of electrical and
ents with integrated SERS (left) and measured effective vibrational temperature as

a function 1as voltage for three OPV3 modes (right): 1815 cm™ (black), 1480 cm™ (red) and 562
cm™ (bl ced with permission.[61] Copyright 2011, Springer Nature.
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Figure 12. Rir easurement of heat dissipation in single molecule junctions. A) Schematic of a
molecular junction created between a nanoscale thermocouple probe (cross-section view) and a Au
EM image of the nanoscale thermocouple probe. C) Schematics of a Au-Au atomic
junction and le-molecule junction. D) Measured time-averaged temperature rise (ATrc avg) Of
the th probe vs the time-averaged power dissipation (Qrotal, avg) in the probe under
different bias polarities for Au-benzenediisonitrile (BDNC)-Au junction. Inset: measured ATrc, agas a
function o!ipplied bias. E) Calculated zero-voltage transmission function of Au-BDNC-Au junction.

Reproduce g rmission.!?! Copyright 2013, Springer Nature.
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Figure 13. Experimental demonstration of Peltier cooling in molecular junctions. A) Schematic of the
SAM mole junctions created by placing a Au-coated AFM probe in contact with a SAM formed
on a Au-coatgemealorimetric microdevice. B) SEM image of the calorimetric microdevice. C) Chemical

structures @ molecules studied. D) Measured voltage dependent thermal power for
biphenyldit PDT) junctions. Shaded blue region indicates the net cooling (refrigeration)

observed. | range data from -9 mV to 9 mV. E) Calculated heating and cooling power at
different valtages for BPDT. Reproduced with permission.[l‘r’b] Copyright 2018, Springer Nature.
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Figure 15. ted quantum interference effect on thermoelectric transport in molecular
junctions. Calculated supernode enhancement of ZT and thermopower S for polyphenyl ether
(PPE) mole ctions with n repeated phenyl groups, shown schematically above the top panel.
Reproduce permission.™ Copyright 2010, American Chemical Society. B) Upper-left:
schematic oid molecule sandwiched between metal leads. Upper-right: power factors G,S>

for a quinoid strlicture (green) and benzene connected in ortho (black) and meta (red) position.
Lower-I| ansmission function of the molecules. Lower-right: thermopower of the molecules.
Reproduced wi rmission.® Copyright 2015, AIP Publishing.
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permis = yright 2009, American Physical Society. B) Calculated Seebeck coefficient of

porphyrin molecules with different metal centers. Reproduced with permission.”? Copyright 2016,
Royal Socieiy of Chemistry. C) Calculated thermopower of the C60 monomer (black) and C60 dimer
(red) juncthunction of temperature. Inset: schematic of C60 monomer and dimer junctions.
Reproduced permission.”” Copyright 2017, American Physical Society. D) Calculated
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right 2018, American Chemical Society.
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ntative experimental techniques for thermopower measurement in molecular
diagram for thermopower measurement. B) Schematic of scanning tunneling
micros junction (STM-BJ) based setup. C) Schematic of conductive atomic force
microsc -AFM) based setup. D) Schematic of mechanically controlled break junction (MCBJ)
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Figure 18. Birs mopower measurement in molecular junctions by Reddy et al. A) Schematic of

the experiméntal®setup based on STMBJ technique. B) Plot of the measured thermovoltage as a
functio ple distance. C) Plot of thermovoltage as a function of the temperature
differential A u-benzenedithol (BDT)-Au junction. D) Measured junction Seebeck coefficient S
as a f of molecular length for BDT, DBDT and TBDT. Reproduced with permission.”®
Copyright 2007, American Association for the Advancement of Science.
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Figure 19. Ex ental measurements of thermopower as a function of molecular length. A)
Measu ower S as a function of molecular length for N-unit phenylenedithiols,
phenylenediamines, and alkanedithols. Reproduced with permission.”® Copyright 2009, American
Chemical Siciety. B) Thermopower determined from experiment, tight-binding model, and DFT as a

function umber of phenyl units for junctions with Au-C bond. Reproduced with

[77]

permission. gpyright 2013, American Chemical Society. C) Measured thermopower S as a
function o @ lar length for Au-oligothiophene-1,1-dioxide(TDO),-Au junctions. Reproduced
with permi ¥ Copyright 2015, Springer Nature. D) Measured thermopower vs molecular length

for single cules with different sequences. Reproduced with permission.”gl Copyright 2016,
Springer Nagure.
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Figure 20. imental measurements of thermopower as a function of contact chemistry and
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aromatic e . B) Measured thermopower of dithiol and monothiol junctions along with
compu r dithiol junctions. C) Measure thermo-voltage as a function of temperature
difference -NC3-Au junctions. (A-C) Reproduced with permission.®™ Copyright 2011,
America cal Society. D) Schematic of a Au-benzenedithiol (BDT)-Au junction. E) Measured
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F) Measured thermopower as a function of average ambient temperature for BDT molecule. (D—F)
Reproduce@ with permission.® Copyright 2016, American Physical Society.
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Figure 21. Thermopower measurements of fullerene C60 and its derivatives. A) Measured

thermopower C60 monomer junctions (upper panel) and stacked C60 dimer junctions,
schematically s in the left panel. The thermopower of stacked C60 dimer junctions doubles that
of the unctions. Reproduced with permission.® Copyright 2013, American Chemical

Society. B onse of electrical conductance G, thermopower S, and power factor GS® of Au-
ScsN@C8 nctions to external pressure (mechanical compression and extension). The
magnit

M

of the thermopower depend strongly on the orientation and applied pressure.
Reproduced with permission. Copyright 2015, Springer Nature.
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Figure ental investigations on the influence of quantum interference (Ql) on
thermopower of molecular junctions. A) Measured thermopower of Au-para OPE-Au junction. B)
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Copyrlght erican Chemical Society. C) Left panel: structure and transmission function of a
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Figure 23.
electromiggate

ermopower of molecular junctions via electrostatic gating. A) Schematic of the
ak junction (EMBJ) setup with integrated heater (red) and gate electrode (blue).

B) Molecular junctions studied. C) Measured Seebeck coefficient as a function of gate voltage V¢ for

Au-bip PDT)-Au (upper) and Au-C60-Au (lower) junctions. D) Calculated transmission
function of the Jfimction under different gate voltages. The gate voltage shifts the position of the
transmi eak relative to the Fermi energy, leading to changes in the Seebeck coefficient of the

junction. Reproduced with permission.®™ Copyright 2014, Springer Nature.
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Probing thermal and thermoelectric properties of molecular junctions is key to the development of
robust mo @ ale circuits and high-efficiency energy conversion devices. Recent theoretical
investigatioQseand’experimental efforts in understanding thermal and thermoelectric transport in
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