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In molecular and atomic nanojunctions

Student: Yi-Ren Chen  Advisor: Yu-Chang Chen

Department of Electrophysics
National Chiao Tung University

Abstract

A field-theoretic theory combined with first-principles approaches is
presented for the thermoelectricity in molecular junctions formed by a single
molecule contact. The study compares the Seebeck coefficient in the
amino-substituted and unsubstituted butanethiol junction and observes
interesting thermoelectric properties in the amino-substituted junction. Due to
the novel states around the Fermi levels introduced by the amino-substitution,

the Seebeck coefficient could easily be controlled using gate voltages and



biases. When the temperature in one of the electrodes is fixed, the Seebeck
coefficient varies pronouncedly with the temperature in the other electrode, and
such dependence could be enhanced by varying gate voltages. At large biases,
richer features in the Seebeck coefficient are observed, which are closely related
to the density of states in the vicinity of the left and right Fermi levels. In addition,
we investigated the efficiency of energy conversion in nanojunctions, described
by the thermoelectric figure of merit ZT. We obtained the qualitative and

quantitative descriptions for the dependence of ZT on temperatures and lengths.

A characteristic temperature: T, = /% was observed. When T « T,, ZT « T2,

When T >» T,, ZT tends te‘a saturation value. The dependence of ZT on the wire
length for the metallic atomic chains is opposite to that for the insulating
molecules: for aluminum atomic (conducting) wires, the saturation value of ZT
increases as the length increases; while for alkanethiol (insulating) chains, the
saturation value of ZT decreases as the length increases. We show that the
thermoelectric quantities “ in. nanojunctions unnecessarily display material
properties. The Seebeck coefficient and the thermoelectric figure of merit are
shows that metallic atomic chains reveal strong junction properties while the

insulating molecular wires partially possess the material properties.
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tip-sample distance when a temperature differential AT= 20 K is applied (Au tip
at ambient and substrate at.ambient + 20'K). The blue curve is obtained when a
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Chapter 1 Introduction

Nanoscale thermoelectric devices may be considered as new types of
devices which may be embedded into integrated chip set to assist the stability of
devices by converting the accumulated waste heat into useful electric energy.
There has been ever increasing interest in the thermoelectric properties in
nanojunctions. In addition, the experimental measurements of Seebeck
coefficient in molecular nanojunction are presented recently, that is the principal

motive for our theory calculation’??

of molecular nanojunction. Because the
Seebeck coefficients are relevant not only to the magnitude but also to the slope
of density of states (DOSs), the Seebeck coefficients can reveal more detailed
information about the electronie ;structures of the materials in nanojunctions
beyond the conductance measurements.can provide. The Seebeck coefficients
have been applied te explore,the electronic structures of molecular junctions
using functional substitutions  for-the bridging molecules. Theorists have
proposed using the-gate fields and external biases as a means to modulate the

Seebeck coefficient.in'nanejunctions.

1-1 Thermoelectric effects

1-1-1 Thermoelectric figure of merit

In 1912, Altenkirch*® introduced the concept of thermoelectric figure of merit
when he showed that good thermoelectric materials should possess large
Seebeck coefficients, high electrical conductivity to minimize Joule heating and
low thermal conductivity to retain heat at the junctions that will help maintain a
large temperature gradient. loffe in 1957° described the quality the efficiency of
thermoelectric materials using the figure of merit as’



S%0
IT=———T, @Y
Kep + Kph

t3,8

where S is Seebeck coefficient™, o is the electrical conductivity, k¢, is electron

thermal conductivity, k,, is phonon thermal conductivity and T is average
temperature in the source-drain electrodes. The ideal thermoelectric material
would have a large S, a large o and a small k,, and K. Increasing the
electrical thermal conductivity usually leads to a simultaneous increase in the
electrical heat conductivity. Therefore, how to enhance ZT for thermoelectric

materials is a very challenging problem.

1-1-2  History of thermoelectric effects

There are three reversible thermoelectric effects in physics: Seebeck effect,
Peltier effect ands Thomson effect. The history of them was described
respectively as below.

When two ends of a wire are held at different temperatures, a voltage
develops across the two sides. This effect is known as the Seebeck effect ,
which was discovered by Seebeck in 1821 and published in 1822°.

The Seebeck coefficient can be defined as the temperature gradient of the
voltage:

S—AV 2

In 1834, the Peltier effect, a companion to the Seebeck effect, was
discovered'®. This effect occurs when a current passes through a wire. The
current will carry thermal energy so that the temperature of one end of the wire
decreases and the other increases. The Peltier coefficient [];, is defined as the
heat emitted per unit time per unit current flow from conductor 1 to 2. Therefore,
this heat is directly proportional to the current passing through the junction as



below:

dQ = []dI, 3)

where dQ is the heat current carried by current dI. The Peltier effect is often
overwhelmed by irreversible Joule heating, which also originates from electronic
current.

The Thomson effect was predicted in 1854 and found experimentally in
1856'". The Thomson effect occurs when a current flows across two points of a
homogeneous wire having a temperature gradient along its length and heat is
emitted or absorbed in addition to the Joule heat. The Thomson coefficient ..
is positive if heat is generated when positive current flows from a higher

temperature to lower temperature.

T
dQ =y dxdl 4)

The three thermal=electrical properties provide the basis for modern direct
energy conversion devices'.and their “exploitation has been the subject of
considerable research.

1-2 Experimental findings

Thermoelectric effects were observed long time ago. The macroscopic and
microscopic models have been well developed and have been able to
successfully explain the thermoelectric properties in the bulk materials. In the
past few decades, thermoelectricity has gained renewal interests due to the
progress in growing micro and nano structures, such as quantum well, super
lattice, and quantum dot. Small structure can significantly alter the features of
density of states by changing the dimensionality. Thus, it leads to novel
thermoelectric properties beyond the bulk materials. The efficiency of energy



conversion could be enhanced due to the enhancement of the Seebeck
coefficient by small structures in materials.

Although extensive researches have been made on electron transport in the
nanoscale junctions, the thermoelectricity in molecular junctions has never been
measured until very recent. In 2007, Prof. Majumdar’s'®™" group at UC,
Berkeley has measured the Seebeck coefficients in a single-molecule junction
and demonstrated the capability to fabricate the thermoelectric molecular
devices. These experiments open a new era to study the thermoelectric effects
at atomic level.

Majumdar’s experimental setup is shown schematically in Fig.1 [12].
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Fig. 1. Schematic description of the experimental set up based on an STM break
junction. Molecules of BDT, DBDT, or TBDT are trapped between the Au STM tip
kept at ambient temperature and a heated Au substrate kept at temperature AT
above the ambient. When the tip approaches the substrate, a voltage bias is
applied and the current is monitored to estimate the conductance. When the
conductance reaches a threshold of 0.1 Gy, the voltage bias and the current
amplifier are disconnected. A voltage amplifier is then used to measure the
induced thermoelectric voltage, AV, and the tip is gradually pulled away from the
substrate. [12]



The result they get was: Seebeck coefficients is independent of the number
of molecules is shown in Fig.2 [12], the length dependence of molecular junction
Seebeck coefficients is shown in Fig.3 [12], and Seebeck coefficients reveal
more detailed information about the electronic structures of the molecule
sandwiched in the nanojunctions beyond what the conductance measurements

can provide is shown in Fig.4 [12].
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Fig. 2. (A) A plot of the thermoelectric voltage measured as a function of the
tip-sample distance when a temperature differential AT= 20 K is applied (Au tip
at ambient and substrate at ambient + 20 K). The blue curve is obtained when a
Au-BDT-Au junction is broken. The red curve shows a control experiment
performed on a clean gold substrate. (B) Typical thermoelectric voltage traces
for tip-substrate temperature differentials of 0, 10, 20, and 30 K for Au-BDT-Au
junctions. [12]



In Fig.2 [12], blue curve, they observed a constant thermoelectric voltage of
about AV=-200 pV, which lasted until all of the molecules trapped in the junction

broken away, suggesting that the Seebeck coefficient is independent of the
number of molecules.
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Fig. 3. Plot of measured junction Seebeck coefficient as a function of molecular
length for BDT, DBDT, and:TBDT. [12]

In Fig.3 [12], the experiment seems to show a linear dependence of the

Seebeck coefficient on the molecularlength. The Seebeck coefficients increase
as the lengths of the molecules increase.
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Fig. 4. Relating theemeasured Seebeck coefficient of Au-BDT-Au junction to the
position of Fermi level. (A)theoretical prediction-of the transmission function of a
Au-BDT-Au junction plotted’as a function .of the relative position of the Fermi
level of the Au electrodes with respect to the HOMO and LUMO levels. (B) The
predicted Seebeck coefficient of'a Au-BDT-Au junction as a function of the
relative position of the Fermi level with respect to the HOMO and LUMO levels.
When the measured value of Saysprau= +8.71+2.1 pV/K (blue band) is shown, it
is clear that the Fermi level is ~1.2 eV above the HOMO level. At this energy

level, the transmission function is t(E)~0.01. [12]

Measurements of the Seebeck coefficient in nanojunctions can provide
insight into the electronic structure of the heterojunction. In Fig.4 [12], the
Seebeck coefficient can be related to the transmission probability15 according to

the following relation:

m2K4T dlnt(E)

S=- 3e aE E=Ep (5)




As shown in Fig.4 [12], the positive value of the Seebeck coefficient may
imply that the Fermi level of BDT is closer to HOMO.




Chapter 2 Theory

When the miniaturization of thermoelectric junctions reaches the atomic
scale, it indeed opens new field for the thermoelectricity due to the quantum
transport for electrons and phonons in atomistic system. Thus, the studies of
thermoelectricity in molecular junctions require the development of new theories.
Motivated by Majumdar’s experiments, we develop theories allied to
first-principles calculations to investigate the Seebeck coefficients and the

thermoelectric figure of merit in the molecular tunneling junction.

2-1  Current of atomic. wires ™

We started by a brief introduction of the DFT calculations for a molecule
sandwiched between two bulk‘electrodes with external source-drain
bias. The effective single-particle wave functions of the whole system in the
continuum states weré calculated in+ seattering approach by solving the
Lippmann-Schwinger equation”with" exchange and correlation energy included
within the local density approximation. Two planar metallic electrodes,
represented as a uniform-background (jellium) model.

The calculations proceeded in the following way: First, within the framework
of the density-functional formalism, the single-particle wave functions and
self-consistent density distribution were obtained by solving the coupled Poisson
equation and Shrodinger equation for the pair of bare metallic electrodes in the
presence of the bias voltage. Next, corresponding to each of these wave
functions, a Lippmann-Schwinger equation involving a Green’s function for the
biased bimetallic junction was solved to obtain an effective single-particle wave
function for the total system, consisting of the two electrodes plus a group of
atoms. From these wave functions, the charge density for the total system was
obtained, and the problem was solved self-consistently using a modified iterative
procedure. Atomic units were used here, with |e|=m=h=1.



2-1-1 Bimetal junction

Her Hpg

Vg

Fig. 5. The schematic of bimetal junction with external source-drain bias.

Two bulk electrodes are modeled as two semi-infinite bulk metals described
by Jellium model. The wayefunction of the bare electrodes can be obtained by
solving the Shrodinger equation.and.Poisson,equation. Electrons incident from
the left hand side. can be-partial| transmitted and partially reflected. The
unperturbed wavefunctions tJJE’IK"_(r) of the electrons satisfy the boundary

condition as shown'in Eq. (7);i.e.,

Wik, - (1) = iR upe = (2)), (6)
where
1 —ikgrz ikrz
e + Re'®R% 7 >
Uiy (2) = — kg X { Ttz oy 7)
(2m)2 '

We first note that W (r), the superscripts M refer to the pair of bare biased

metal electrodes, has the form e“‘"'RuEKII (z), where R is the coordinate parallel

to the surfaces and z the coordinate normal to them. Deep in the positively

biased electrode (which we will take henceforth to be the left electrode), ugk,(z)
has the form of a linear combination of left-moving and right-moving plane waves

with wave vector k;. Here, the energies of electrons are conservative as

described by %kLZ =E-— % |K"|2 — uM.(—=), where E is the energy eigenvalue

10



in the single-particle equations for the pair of biased electrodes and uerf(z) is
the total effective potential (electrostatic plus exchange correlation).

Next we will specify the character of ugg,(z) by an additional subscript a:
ugk,q(z). For propagating states, we will replace a either by “+,” which will
correspond to a wave incident from the left (together with its reflected and

transmitted parts) or by “—,” which will correspond to a wave incident from the
right and thus kg is defined as %kRZ =E - % |K"|2 — UM (). The coefficient has

been chosen to accord with the continuum normalization which we impose on

the wave functions WM, specified by

f d3r [wg,(ﬁa(r)]* WEk,a(®).= 8(E — E)3(K; — K]). (8)

2-1-2 Metal-molecule-metal junction

We investigate “.the “electron transport, phonon transport, and
thermoelectricity of molecules wire-and atomic wires' sandwiched between two
bulk electrodes with finite external source-drain bias and finite temperature

difference as shown in Fig. 6, where the bias is given by Vg = @

Hrp, Hrg
T T

Vg

Fig. 6. The schematic of aluminum atomic junction: the atomic size conductors

where both chemical potential and temperature gradients are present.

11



The continuum wave functions Y™, the superscripts MA refer to the
complete system consisting of the metal electrodes and the group of atoms
between them, are solved in scattering approaches. The continuum wave

functions WYM* are solved by the Lippmann-Schwinger equation, where WM will
have the same labeling (E Kj, a), even though K; no longer refers to a
conserved quantity. These solutions will also have the same normalization as the

‘PM, a fact that facilitates the calculation of the electron density distribution and
the current. For Ep, < E < Egg, Where Eg, is the Fermi level in the left electrode
and Epg = Ep, + Vg is the Fermi level in the right electrode (bias Vg taken
positive), we occupy only states corresponding to a wave incident from the right,
i.e., only LIJE/[,%_ and not LIJEA,?”Jr.

The Hamilton of complete system can be put into Lippmann-Schwinger form :
WMA (R = WwM(p) ¢ ] &Br’ S Me, vV, r Y ), (9)

this equation embodies the motion that electrons in states of the electrodes
impinge on and are scattered  elastically by.the potential &V(r,r’), which
describes the difference in‘potential-between the complete system and the bare

electrodes. It can be written

OV(r,r') = ups(r,1’)

on(r'")

=] o(r—r'), (10)

+ [uxc (nMA()) = uye (M) + f d3r”

the term u,s(r,r’) is the sum of the (nonlocal) pseudopotentials representing
the atomic cores, u,.(n(r)) is the exchange-correlation potential, n™M(r) is the
electron number density for the pair of biased metal electrodes, nMA(r) is the
density for the complete system, and &n(r) = nMA(r) — n™M(r). We will use the

atomic pseudopotentials introduced by Hamann'’.

12



2-1-3 Current in nanojunction

First, we calculate the current with left/right electrode temperature at OK,
Fermi-Dirac distribution equal to 1. The electron number density is given by the
sum of squares of the occupied states W%’ﬁéla, with a factor 2 included for spin
degeneracy (we take the system to be unpolarized) the electric current density in

the full system is given by

e =2 [ "

ErL

dE J 2Ky Im {[WEi,- (0] VWHG_ (1], (11)

where the integral over K, is restricted by |K;| < \/Z[E — uMe(«)]. Now let jM

be the current density‘for the pair of biased electrodes in the absence of the

group of atoms. Then the quantity of interest to'us is
[ = f d?RZ - [jMA =M, (12)

which is independent of z since our system has no current sources or sinks.
Here Z is the unit vector point to the right and perpendicular to the surfaces of

the electrodes. If we write M4 = yM 4 oW, then

Err « d « d
[=-2 JE dE j d’K, j dZRIm{[wg“K“_(r)] =+ W¥ei- (1) +6LIJEK"_(r)ELIJ¥[K"_(r)

FL

d
+ 8%, (1) 3 W) (13)

where the integration range for K, is the same as in Eq. (11).
Next, we calculate the current trough the tunnel junction where the

temperatures and chemical potentials in source and drain electrodes can be

13



different, Fermi-Dirac distribution not equal to 1 or 0.

[= —idedeRdeK" (FrIkk + fRIBR), (14)
where

IlisjE’ = [w}s(F,K||)]*VqJL'(l‘;K||) - V[LIJ}E(I',K")]*LPL'(I',K") ’ (1)

where i,j = L,R. ‘-PE(R)(I',KH) is the single-particle wave function incident from
the left (right) electrode with energy E and component of the momentum K,
parallel to the electrode surface’®', and d°R represents an element of the
electrode surface. We assume that the left/right electrode serves as the electron
and thermal reservoir with the electron population described by the Fermi-Dirac

distribution function

1

L(R) _
fg (“L(R)’TL(R)) - ( E-lp R )

(16)

eXBTL®) 11

where MLr) and TRy are the:chemical potential and the temperature in the left

(right) electrode, respectively, and kg is the Boltzmann constant. For simplicity,
we define the transmission probability of electron with energy E incident from the

left (right) electrode as
Tt®(E) = —in f d?R f 42K, IR (r K )) (17)

By using the relation t(E) = tR(E) = t*(E) , a direct consequence of the

time-reversal symmetry, the current in Eq. (14) can be rewritten as

1
I(UL ’ TL ) “R ’ TR) = EJ‘ dE [fé{(”R ) TR) - f]%(pL ) TL )]TR(E) ) (18)

14



where the left and right electrode have different chemical potentials given by the

bias (the source drain bias is Vgp = “R;“L ) . We also assume that the left/right

electrode can be connected to its own heat bath such that T; can be different

from Tg.

15



2-2 Thermoelectric figure of merit

Molecular tunneling junctions consist of source-drain electrodes as
independent electron and heat reservoirs with distinct temperatures T r) and
chemical potentials pr). The efficiency of energy conversion depends on
several factors: the electrical conductance (o), the Seebeck coefficient (S), the
electron thermal conductance (k) and the phonon thermal conductance (Kyp).
The efficiency can be described by the dimensionless thermoelectric figure of

merit:

S%o
i (19)
Kep + Kph

where T = (T_ +TRr)/2 is'the average:temperature in the source-drain electrodes.
The ideal thermoelectric molecular junction would have a large S, a large o and
a small combined thermal conductance (k. + K, ). Thermoelectric materials with
a large o are usually® accompanied by a large k., which makes the
enhancement of the thermoelectric figure of merit a challenging task.

We reported theoretical calculations of the thermoelectric figure of merit in
nanojunctions. It aimed to obtain a qualitative and quantitative descriptions of ZT
for temperatures and lengths of the nanojunctions. The self-consistent density
functional theory (DFT) was performed together with the derivation of an
analytical expression for ZT to investigate its dependence on the temperatures
and lengths of nanojunctions. The thermal current carried by electron transport

and phonon transport were considered.

In the following subsections, we briefly introduce the Seebeck coefficient, the
electrical conductance, the electron thermal conductance, and the phonon
thermal conductance, respectively.
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2-2-1 Seebeck coefficient”?

Consider a tunnel junction (as mention above) that may have different
temperatures in the source and drain electrodes, a small thermoelectric voltage
(AV) in the junctions can be induced by an additional temperature difference (AT)
applied in the electrodes. The ratio of the thermoelectric voltage to the

temperature difference is defined as the Seebeck coefficient.
S=—. (20)

From Eq. (18) and (20) when the system comes to equilibrium, the electric
current generated by an _additional infinitesimal temperature AT across the
electrodes is compensated by an induced small voltage AV across the junction.
For simplicity, we assume_that-the additional temperature and the induced

voltage are distributed symmetrically in the left/right electrodes, that is,

AT AT eAV eAV
I(ULrTL t— o Hro Tr —7) t1 (“L"'T'TL'“R_T'TR)

= ZI(UL,TL,”R,TR), (21)

where the electric current is given by Eq. (17) and (18). We can expand the

Fermi-Dirac distribution function to the first order of AT and AV
0 d
f(E,u +eAV,T + AT) = f(E,u, T) + @f(E, M, T)eAV + ﬁf(E, b, T)AT, (22)

and then obtain the Seebeck coefficient in the linear response regime.

Ki , Kf
1T, " T,
eKy + KR’

S(UL, UR; TL! TR) = - (23)
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where

L(R) nd E(R)
KR = f dE (E - ) ——(E). (24)

We can rewrite the above equation in a specific form

S(“Lr UR; TL! TR)

J <(E ) 2t ) | (E o) Ofc (SER' TR)) T(E)dE

T, o Tx
=_- : (25)
e oft(p,, T.)  ofR(ue, T

In the low temperature regime; where we neglect the higher order terms in

the temperature, the above equation can_ be simplified using Sommerfeld

expansion®'%?,

dt(E
ki To 6(E )| g=y, T TR

S e T T ) 52555 (u,) + (k)

0t(E) |
0E ' E=Hg

, (26)

which implies that the Seebeck coefficient is closely related to the slope of the
transmission probability at Fermi level. When S>0, the carriers are p type. In this
case the direction of electric current is the same as the direction of thermal
current. When S<O0, the carriers are n type. In this case, the direction of electric

current is opposite to the direction of thermal current.

2-2-2 Electrical conductance

The electrical conductance, typically insensitive to temperature in cases that

the direct tunneling is the major transport mechanism, may be expressed as

18



o= dd—‘ll. Using Eq. (18), add e and h because we use atomic units before, and

Eq. (22) we can get

262 L(R) Ze L(R) AT
1= g®py 4 SO 27
hoo VTR 27
LR) _ o™
where KX® = — [dE (E—pL(R)) E1(E).

In fact, here K, is the temperature dependent transmission function of the

system. So the conductance with finite temperature is given as

f Z fE(l (E)dE (28)

i=LR

2-2-3 Electron thermal .conductance

The thermal current conveyed by.the transport electrons ]L( ), via the
following expressions:

JE® j dE[ E pL(R)) (£} — fg)r(E)]. (29)

AL

—2L) can be calculate

The electron thermal conductance (defined by k¢ = AT

by Eq. (29) and (22), in the linear response regime and T = Tr approximation.
2 K,
Kel = H (KleS + T), (30)

afE

where K, = — [ dE(E — W" 2 T(E).
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2-2-4 Phonon thermal conductance

So far, the physical quantities that have been discussed have been related to
the propagation of electrons. However, in most cases, the thermal current is
dominated by the contributions from phonon transport. In the absence of the
phonon thermal conductance, the research on ZT is incomplete. To consider the
phonon contribution to ZT, it is assumed that the nanojunction is a weak elastic
link, with a given stiffness that may be evaluated from total energy calculations,
attached to the electrodes modeled as phonon reservoirs. We estimate the
contribution of the thermal current from phonon scattering (J,,), following the

approach of Patthon and Geller*'.

Fig. 7. Weak link model. Two macroscopic dielectrics, at temperatures T, and Tg,

are joined by a harmonic spring of stiffness K. [21]

The model we consider is shown in Fig.7 [21]: Two macroscopic solids L and
R are held at fixed temperature T, and Tg, each in thermodynamic equilibrium,
and joined by a weak mechanically elastic link: a harmonic spring of stiffness K.
The two bodies are assumed to be electrically insulating, so that thermal energy
is carried only by phonons. In Patthon and Geller's paper we can get the
formulation of the thermal current from phonon scattering (J,p).
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ph = I, (31)
where ny g, E+ and Npg)(E) = CE is the Bose-Einstein distribution
eXBTL(R) _1

function and the spectral density of phonon states in the left (right) electrode,
respectively. After expanding the Bose-Einstein distribution function to the first

order of AT in the expression of phonon thermal current, the phonon thermal

]ph)

conductance (defined by k,, = is obtained

deE NL(E) Ng(E) z ‘(E)(l +n (E)) (32)

i=L,R 1

where the stiffness of-the bridging naho-stricture is: K = %, where Y is the

Young’s modulus and A ({) is its cross-section (length). In the linear response

regime and the T ~Tgr approximation we can rewrite Eq. (32) as

8m°K§C2A%Y?

Kop = Y(OT2, here y(f) =

(33)

2-2-5 ZT at linear response regime

In this subsection we aimed to obtain a qualitative and quantitative
descriptions of ZT for temperatures and lengths of the nanojunctions in small
bias and low temperature regimes. The results of this study may be of interest to
experimentalists attempting to develop thermoelectric nanoscale devices.

The Seebeck coefficient and the electron (phonon) thermal conductance can
be characterized by the power low expansions: S = aT, Kg = B[T + r]T3] ~ BT
and Ky =y(lZ)T3 in the common range of temperatures(T. = TR =T) and in

21



TIIZK%m 2 2K2
i i ~ — — _ 9E . p _ 2mKgT(W),
the linear response regime (Y, = Pg = W), Where a = o) B="—"
T

_ (mke"E) _ 8moKgC?A?y? _ o

=Sz~ and y() = =2 Consequently, ZT in the nanojunctions
have a simple form

a2oT?

BT +y(®T?

which is valid in small bias and low temperature regimes.
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Chapter 3 Result and Discussion

3-1 Seebeck coefficient of Alkanethiol junctions®

3-1-1 Amino-substituted and unsubstituted butanethiol junctions

Alkanethiol [CH5;(CH,),_1SH, denoted as C, ]-related molecules are a good
representation of reproducible junctions that can be fabricated®*?°. It has been
established that nonresonant tunneling is the main conduction mechanism as
Fermi levels of the two electrodes. lie within the large HOMO-LUMO gap.
However, functional group substitution may have significant effects on the
electronic structures«of alkanethiols. New states around the Fermi levels are
produced when —NH; is 'substituted for —H in_bridging butanethiol (C4). The
Seebeck coefficient-as a function of the gate voltage for various temperatures in
the amino-substituted and unsubstituted butanethiol junctions is presented in Fig.
8(a) [3]. The results show that the characteristics of the Seebeck coefficient are
sensitive to the gate voltages in the amino-substituted butanethiol junction. The
most striking feature is that the molecular transistor can be converted from n
type to p type by applying the gate voltages. The Seebeck coefficient is close to
zero at Vg = —2.6 V. As the gate voltage further decreases, the sign of the
Seebeck coefficient becomes positive (p type). For the butanethiol molecular
junction, the characteristic of the carrier remains n type all the time because the
sign of the Seebeck coefficient is negative.

To arrive at the physical reason why the gate voltage can efficiently modulate
the Seebeck coefficient, the densities of states (DOSs) (transmission functions)
are plotted as a function of energy for the various gate voltages in Fig.8(b) [3]
(inset of Fig.8(b) [3]). We observe that the positive (negative) gate voltage shifts
the LUMO peak toward higher (lower) energies. At V; = —2.6V, the peak
position of the LUMO and transmission function align with the Fermi levels

implying that %t . ~ 0. Hence, the Seebeck coefficient is close to zero at
=LF
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the gate voltage around V; = —2.6 V. When the gate voltage is tuned at around

Ve = 1.72V, the Seebeck coefficient is negative because %L . >0.
=EF
Conversely, the Seebeck coefficient is positive because ah:E(E) e <0 at
=EFf

Vi = —3.65 V. Thus, the characteristic of the carrier type of a certain molecular
junction can be converted from n type (closer to LUMO) to p type (closer to
HOMO) by tuning the gate voltage. In the unsubstituted butanethiol junction as
shown in the right plane of Fig.8(b) [3], it is observed that the electron
transmission function is always small because the location of the Fermi levels

lies within the large HOMO-LUMO gap. We also note that the Seebeck

dlnt(E)
0E  |g=gg

coefficient has a negative value due to > 0. When the gate voltages

are further decreased, the absolute value of the Seebeck coefficient becomes
bigger even in the unsubstituted butanethiol junction because the negative gate
voltage shifts the LUMO peak-toward the:.low-energy region.

The Seebeck coefficient is relevant to the temperatures of the electrodes.
This property may be applied to the'design of a molecular thermometer. To show
this, we investigate the Seebeck coefficient of the amino-substituted butanrthiol
junction at Vgp=0.01"V as*afunction of temperature of the left electrode (T,)
while keeping Tr=0 K*as 'shown in Fig.8(c) [3]. The results show that the
dependence of the Seebeck coefficient can be well described by Eq. (26), where
Tr=0 K. As the temperature T becomes large, the approximation of Eq. (26)
turns out to be inappropriate and the Seebeck coefficient shows nonlinear
behavior. We further observe that the sensitivity of the Seebeck coefficient
versus T_ can be amplified by applying gate voltages. At Vg = -2.6V, the
Seebeck coefficient has a very small value insensitive to T, because the peak of
the transmission function lies between two Fermi levels. When the gate voltage
is tuned to V; = —3.38V, the Seebeck coefficient can be enhanced to around 38
MV/K at T.=300 K. The other interesting phenomenon observed is the possibility
to change the sign of the Seebeck coefficient by applying the gate voltage. When
the gate voltage is tuned to V; = 1.72V, the Seebeck coefficient becomes
around —42 yV/K at T ;=300 K. The results show that the amino-substituted
butanethiol may be an effective thermoelectric material applicable to the design
of molecular thermoelectric devices such as thermometer.
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Fig. 8. The Seebeck coefficient S'in'a three-terminal geometry with Vgp=0.01 V:
(a) S versus Vg where T =Tr=T for the amino-substituted [black (thick) lines] and
unsubstituted [red (thin) lines] butanethiol for T=50 K (solid line), T=100 K
(dashed line), and T=150 K (dotted line). The inset shows the schematic of the
three-terminal junction. The gate field is applied in a direction perpendicular to
the direction of charge transport. (b) The density of states and the transmission
function (inset): the left panels for the amino-substituted butanethiol junction at
Ve=-3.65, -2.60, and 1.72 V; the right panels are for the unsubstituted
butanethiol junction at Vg=-1.76, -0.58, and 2.92 V. (c) S versus T_ for an
amino-substituted butanethiol junction for Vg=-3.38, -2.60, and 1.72 V, where
Tr=0 K. [3]
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3-1-2 Seebeck coefficient in the nonlinear regime

The Seebeck coefficient of the amino-substituted (unsubstituted) butanethiol
molecular junctions as a function of Vg is plotted in Fig.9(b) [3](inset of Fig.9(b)
[3]). At large Vsp, the difference between the left and right chemical potentials
becomes significant. Thus, the transmission functions in the vicinity of both the
left and right Fermi levels have important contribution to the Seebeck coefficient.
In Fig.9(b) [3] we plot the DOSs and transmission functions as functions of the
energy for various biases. For Vsp > 0, the states between the left and right
Fermi levels are developed into a resonant peak similar to what is found in the

elongated silicon point contact*

. At large Vsp, the transmission functions around
the left and right Fermi levels are equally important to the Seebeck coefficient
[see Eq. (26)]. When T =Tr=T, we explain the Seebeck coefficient in Fig.9(a) [3]
by considering the source-drainbias. Vsp at 0.8, -0.3, and -0.5 V, respectively.
For these biases, the contribution to the Seebeck coefficient is dominated by the
transmission functionsin the vicinity of the left Fermi level. Thus, Eq. (26) can be

m2KET dlnt(E)

further simplified as.§ = ==——,—= e

. The Seebeck coefficient is (negative;

zero; positive) at Vsp = (0.8; =0:3;"=0:5)V because % . is (>; =; <0).
=“L

We also observe that there are more zeroes in Seebeck coefficient as a function
of Vsp in Fig.9(a) [3]. For example,at Vsp = 0.2 or —0.9 V, the peak position of
the transmission function is located in the middle of the left and right Fermi levels

such that 9t(E) ~ =26

= . Consequently, the Seebeck coefficient is
0E E=p, 0E E=pg q y

close to zero at Vs =0.2 and —0.9 V according to Eq. (26). In the
unsubstituted butanethiol junction, the Seebeck coefficient as a function of Vgp
is shown in the inset of Fig.9(a) [3]. The results show that the Seebeck
coefficient remains a negative value in the whole bias regime owing to the fact
that the Fermi levels are located between the large HOMO-LUMO gap.
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Fig. 9. (a) The Seebeck coefficient S as a function of source-drain biases in a
two-terminal geometry for amino-substituted (main graph) and unsubstituted
(inset in the upper right corner);butanethiol for T=50 K (solid lines), T=100 K
(dashed lines), and T=150 K (dotted lines). (b) The density of states and the
transmission function(inset) for various source-drain biases (Vsp = —0.9, —0.5,
—0.3, 0.2, and 0.8 V) in the amino-substituted buanethiol junction. [3]
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3-2 The comparison between Aluminum atomic

junctions and Alkanethiol junctions'”

In the followings, we investigate the thermoelectric figure of merit ZT in
relation to the length characteristics of the junctions for metallic atomic wires and
insulating molecular wires. We obtained the qualitative and quantitative

descriptions for the dependence of ZT on temperatures and lengths.

3-2-1 Thermoelectric figure of merit

The properties ofsZT now,can be discussed using Eq. (34). There was a

characteristic temperature, Ty = f% for ZT= in the nanojunctions. When

T « Ty, the thermal.current was‘dominated by the contribution from the electron

transport (Kpn < Kg), "Which*led to"ZT-increasing as the temperature increased:

. 032T
Kel

2
ZT ~ [%] T2, Similarly, when T > T, the thermal current was dominated

by the contribution from the phonon transport (kg > K¢ ), which led to a

saturation of ZT at a constant value related to the length of the junction:

s2T 2 . . )
ZT~2—~Z2 . To increase ZT it was first necessary to reduce Kk, by
koh YD P

choosing low-elasticity bridging wires or creating poor thermal contacts in the

oS°T

nanojunctions, such that ZT = . It is worth noting that o and kg roughly

Kel
canceled each other out in the contribution of ZT because both were proportional
to t(u) . It then followed that ZT « s? and, thus, that the material with a large
Seebeck coefficient was of key importance to increasing ZT. In addition, it was
noted that a and o depend on the length of the junction in a way related to the
material properties of bridging wires, which is reflected in the distinguished
features of ZT on the length dependence. This point was explained using two
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catalogs of nanojunctions: the aluminum atomic (conducting) wires and the
alkanethiol (insulating).

— 1AL
- =2AL

1E-5 ey

4AL

Log(ZT)
\

40 80 120
T(K)

Fig. 10. Aluminum atomic junctions:at Vg =0.01V and T, = TR =T : Log(ZT)
versus T (Y = 1.2 x 10" dyne/cm?). [1]

Fig.10 [1] shows ZT with Ky, -calaulated using Y = 1.2 X 10" dyne/cm?
from the total energy calculations. The increase in the number of Al atoms
sharply increased the saturation value of ZT because of the sharp increase in

Seebeck coefficient "by- the:humber of Al atoms according to ZT « S2. ZT

2
reached the saturation valte, ZT = % when T > T,.

W —c,

l - =C,
5.0x107 —==Cy

i Stttk

f 80 | 120
T(K)

Fig. 11. Alkanethiol junctions at Vg =0.01V and Tr= T =T : ZT versus T
(Y ~ 2.3 x 10" dyne/cm?). [1]
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Due to the small transmission probability for the insulating alkanethiol chains,
the electron thermal conductance (note: kg « o) was much suppressed so that
Ket < Kpn , as shown in Fig.17 [1] and Fig.19 [1]. Consequently, the

characteristic temperature T, was low in the alkanethiol chains, and the T?
regime for ZT was significantly suppressed. As shown in Fig.11 [1], ZT

decreased as the number of carbon atoms increased for T > T,, due to the

2
saturation value of ZT ~ % x e ¥,

3-2-2 Seebeck coefficient

O—-—-—-—._._. =

<
>j_ — 1AL
Pr e - 2AL
w 20 e AL
4AL
0 40 80 120

T(K)

Fig. 12. Aluminum atomic junctions at Vg =0.01V and T = T =T : Seebeck
coefficients S versus T. [1]

As shown in Fig.12 [1], the magnitude of the Seebeck coefficient was linear in
temperature, S =~ aT, with the negative sign showing that the carrier was n-type.
At a fixed temperature, it was observed that the magnitude of the Seebeck
coefficient increased considerably as the number of Al atoms increased. The
increase of the Seebeck coefficient was due to the increase of the slope in the
DOS at the Fermi level. These features may be related to the fact that the Fermi
level was close to the LUMO in the Al wires.
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Fig. 13. Alkanethiol junctions at Vg =0.01V and Tr= T =T : Seebeck
coefficients S versus T. [1]

As shown in Fig.13 [1], the magnitude of the Seebeck coefficient was linear in

2,,20t(W)

temperature as S = —%%T, and its dependence on the number of carbon

at(y)

atoms was canceled"due to the same scaling factor e~% for both t(p) and =

3-2-3 Electrical conductance
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a):: 80 e " T el o « 8
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Fig. 14. Aluminum atomic junctions at Vg =0.01V and T = TR =T : Electric
conductance o versus T. [1]

As shown in Fig.14 [1], the conductance was relatively insensitive to the
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2

2
chain length (typically around 1G, = % ~ 77uS) apart from the possible 4-atom

periodicity due to a filling factor of 3—1 in the 1 orbitals®.
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=Tl 6
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00 ==+ == ¢« c=m ¢ o= ¢ == o — - -
40 80 120
T (K)

Fig. 15. Alkanethiol junctions at Vg =001tV and Tr=T_ =T : Electric

conductance o versus T. [1]

In contrast to the conductor-behavior of aluminum wires, alkanethiol chains
are insulators. It has*been established that.non-resonant tunneling is the main
conduction mechanism ‘in alkanethiol junctions. Consequently, the conductance
is small and decreases exponentially with the length of wire, as o = cge™¥
where { is the length of alkanethiol chain and ¢ = 0.78A‘126'27’28'29’30, as shown
in Fig.15 [1]. By exploiting the periodicity in the (CH,), group of the alkanethiol
chains, the wave functions of the C, junctions were calculated by a scaling
argument, which led to exponential scaling in the transmission function t(p).
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3-2-4 Electron thermal conductance
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Fig. 16. Aluminum atomic junctions at Vg =0.01V and T_ = TR =T : Electron
thermal conductance kg versus T. [1]

As shown in Fig.16 [1], the magnitude of electron thermal conductance was
linear in temperatures, K.~ B1 . At afixed temperature, the dependence of the
magnitude of kg onthe number of Al atoms was.the same as that of o, owing to
the fact that both o=and kg were.proportional to' t(u).
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> x
N Y
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O
o

Fig. 17. Alkanethiol junctions at Vg =0.01V and Tr=T =T
thermal conductance kg versus T. [1]

. Electron

As shown in Fig.17 [1], the magnitude of electron thermal conductance was

linear in temperatures, kg = BT. At a fixed temperature, the magnitude of kg

decreased exponentially with n, the number of carbon atoms in C, , owing to
the scaling behavior of t(p).
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3-2-5 Phonon thermal conductance

k_(erg s’ K'1)

ph

Fig. 18. Aluminum atomic junctions-at Vg =0.01V and T, = TR =T : Phonon

thermal conductance Ky versus T (Y =1.2:x 10" dyne/cm?). [1]

Fig.18 [1] shows the phonon “thermal* conductance: Ky =y(E)T3, for the

Young modulus wusing Y = 1.2:X iy dyne/em? from the total energy
calculations. As seen, K, »> kg “Was due to thelarge Young modulus.

=~ 1.2x10%
o

w 5
> 8.0x10°
o

2~ 4.0x10°

0.0
40 80 120

Fig. 19. Alkanethiol junctions at Vg =001V and Tgr=T_ =T : Phonon
thermal conductance k,, versus T (Y =~ 2.3 X 102 dyne/cm?). [1]

As shown in Fig.19 [1], thermal conductance increased as the temperature
increased as Ky, = y(L’)T3 for the Young modulus calculated with total energy

calculations. At a fixed temperature, K, decreased as n~2 dueto y() o« {72,
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The relation between ZT and the wire lengths depended on the material
properties: for aluminum atomic (conducting) wires, the saturation value of ZT
increased as the length increased; while for the alkanethiol (insulating) chains,
the saturation value of ZT decreased as the length increased.

The insulating molecular junctions reveal partial material properties, where
the thermoelectric physical quantities are irrelevant to the sizes and shapes of
materials. For example, the Seebeck coefficient is insensitive to the length of
junction and show material properties. The thermoelectric figure of merit
possess partial material properties since ZT depends on the lengths of
nanojunctions: ZT « ?e~% while the dependence of ZT on length characteristic
in nanojunctions could be frustrated in case that the phonon thermal
conductance is absent. i.e., K;, = 0. In any case, the metallic atomic junctions
show strong junction properties, which could be in credited to the strong
hybridization between the electronic. structure of metallic chains and the
electrodes. We believe it is a substantial step forward to illustrate that
thermoelectric nanojunctions-maintain junction properties and hope that our
results will generate more.experimental and theoretical explorations on the
junction properties of the thermoelectric nanojunctions.
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Chapter 4 Conclusion

First, we have investigated the thermoelectricity in the molecular junctions in
both linear and nonlinear regimes. The Seebeck coefficients are studied using
first-principles calculations. The general properties of the Seebeck coefficient
effects can be very different for the unsubstituted and amino-substituted
butanethiol junctions in the two-terminal and three-terminal molecular
geometries. The research illustrates that the gate field is able to modulate and
optimize the Seebeck coefficient. Another interesting phenomenon is the
possibility to change the signs of the Seebeck coefficient by applying the gate
voltages and biases in amino-substituted butanethiol junction. It is observed that
the Seebeck coefficient is relevant to_the temperatures of the electrodes that
may be applied to the design of a molecular. thermometer and its sensibility can
be controlled by gatesvoltages:\We also extend:the investigation of the Seebeck
coefficient to molecular tunnel junction, at finite biases. As the biases increase,
richer features in the Seebeck coefficient are observed, which are closely related
to the transmission functions.in the vicinity of the left and right Fermi levels. All
results show that the*molecular tunneljunction’based on alkanethiols may be a
promising candidate forthe design of novel thermoelectric devices in the future.

Second, we have investigated (metallic) aluminum atomic junctions and
(insulating) molecular junctions at very low source-drain bias (in the linear
response regime), and temperature Tgr, T, (Tg = T, = T) in both electrode. We

can get some conclusion as below:

For TK Ty, ZT - (G%O)Tz; for T > Ty, ZT trend to a saturation value, %
And the key importance to increase ZT is using material with large Seebeck
coefficient. Such materials are characterized by a sharp peak around the Fermi
levels.

The relation between ZT and the wire lengths depended on the material
properties: for aluminum atomic (conducting) wires, the saturation value of ZT

increased as the length increased; while for the alkanethiol (insulating) chains,
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the saturation value of ZT decreased as the length increased.

We show that the thermoelectric quantities in nanojunctions unnecessarily
display material properties. The Seebeck coefficient and the thermoelectric
figure of merit are shows that metallic atomic chains reveal strong junction
properties while the insulating molecular wires partially possess the material

properties.
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