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1. General introduction

1.1. Single-molecule junctions
Single-molecule junction is the system which single molecule bridging between the two metal

electrodes as shown in Fig.1-1. Much attention has been paid to single-molecule junctions since
establishment to measurement method of single-molecule conductance[1-5]. Single-molecule

junction has many distinctive characteristics.

Fig.1-1 . Schematic image of single-molecule junction. Single molecule binds to two metal

electrodes.

First, single-molecule junction is an ultra-small system in electronic circuits. The attempt to
develop molecular device have been paid to attention since molecular diode was proposed by
Aviram and Ratner[6]. Single-molecule junctions were consisted of single-molecule. The scale
of single-molecule junction is nanometer or sub-nanometer scale. Single-molecule junction is
smaller than the scale of current semiconductor process. The development of the electronic
devices caused the miniaturization and high integration of semiconductor process. The limit of
miniaturization is inevitable because of molecular or atomic size. Therefore, bottom up
approach is desired for development method of devices. If single-molecule has a function of
electronic components, we can utilize single-molecule junctions for devices. One of the most
important challenge in the field of single-molecule junctions is development of practical

molecular devices.



Second, single-molecule junction has two metal-molecule interfaces as shown in Fig.1-1 .
Unique behaviors are observed at surface. The properties of molecules at surface are different
from bulk or isolated molecules as represented by catalysis of chemical reactions. It is expected
that more distinctive features appear in the single-molecule junctions due to their two surfaces.
Single-molecule junction has attention from basic field.

Furthermore, measurement of single-molecule junctions is specific method in the aspect from
the number of target molecules. The ordinally measurement methods such as spectroscopy
measure the ensemble of molecules which number is in order of Avogadro number. The
behaviors of single molecules are observable in single-molecule junctions. This characteristic is
noted from application field as well as basic research. In single-molecule junction, we can
capture the molecular information from single molecule. Fig.1-2(a) shows schematic view of
DNA sequencer with single-molecule junctions[7-9]. Fig.1-2(b) shows tunneling current
through nanogap formed in RNA solution. The current depends on the base between two metal
electrodes. The bases of DNA are readable because the current through DNA is depend on its
bases. Single molecule measurement realizes rapid, low-cost measurements.

Single-molecule junctions have many attractive features and are investigated from both basic

and applicational aspects.
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Fig.1-2 . (a)Schematirc image of DNA sequencer with single-molecule junction. Single base
molecules on a DNA molecule in a solution are identified via a tunnelling current that passes
between nanoelectrodes. (b) Typical relative conductance (G) histogram, raw and smoothed
conductance-time profiles of randomly fragmented sequences from a 1.0 uM solution of
UGAGGUA with 100 mM phosphate buffer. The figures are from Ref.[8] with permission by the
author.

1.2. Fabrication method and conductance measurement of

single-molecule junctions
1.2.1. Mechanically Controllable Break Junction (MCBJ)

Mechanically Controllable Break Junction (MCBJ) method was developed to observe the
conductive properties of metallic atomic junctions[10-12]. The schematic image of the setup is
shown in Fig.1-3. Reed et al. succeeded to measure single-molecule conductance in 1997[13].

In this study, 1,4-benzenedithiol (BDT) single-molecule junctions are fabricated with MCBJ
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method. Fabrication of single-molecule junctions with MCBJ method is described as below. A
notched gold wire is mounted on an elastic substrate. The elastic substrate is strained and gold
wire are pulled to cut by pushing with piezo from backside. After breaking gold wire, nanogap
was formed. Single-molecule junction was fabricated when a molecule bridge between the
nanogap incidentally.

The substrates fabricated with lithography are frequently used for MCBJ research. The concept
to form single-molecule junction is same to the substrate at first[14]. MCBJ substrate fabricated

with lithography technique enable to form stable single-molecule junction.

— A<

A
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i e
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Fig.1-3 A schematic of the MCBJ with (a) the bending beam, (b) the counter supports, (c) the
notched gold wire, (d) the glue contacts, and (e) the piezo element.

1.2.2. Scanning Tunneling Microscope-Break Junction (STM-BJ)
Scanning Tunneling Microscope-Break Junction (STM-BJ) method was developed in 2003 by

Xu and Tao.[15]. They measured the single-molecule conductance of 4,4'-bipyridine using STM.
The STM-BJ method is a Break Junction method using STM. The STM tip is brought into
contact with the metal substrate to form a metal nanocontact. Thereafter, the tip is withdrawn
and the metal bond is broken. Similar to the MCBJ method, conductance of a single-molecule
junction is measured when a molecule bridge to a nanogap. This method is easy to obtain
statistically sufficient experimental results. MCBJ setup take advantage to STM-BJ method in
stability of the single-molecule junction. However, STM-BJ is easy to perform single-molecule
conductance measurement because STM is commercially available. Therefore, research on

single molecule conductance measurement widely spread by the STM-BJ method[16-21].
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1.2.3. Principle of break junction method

Fig.1.4 represents schematic image of conductance change in BJ method and schematic view
of changes of molecular junction corresponding with the conductance trace.

First, a metallic contact is formed by bringing two metal electrodes into contact. In this case,
corresponding to 1 in Fig.1.4, the conductance is saturated. Next, the two electrodes are pulled
apart at a constant speed. At this time, a metal single-atomic junction is formed. This
corresponds to 2 in Fig.1-4 and this single-atomic junction is confirmed by a conductance
quantum (1Go).

By further separating the two electrodes, the metal single-atomic junction breaks. Then, a
nanogap formed between the two electrodes. An abrupt decrease in conductance is observed. If
molecules crosslink into this gap, the conductance of the single molecule is measured. Since the
electrodes are further withdrawn, the number of bridging molecules becomes 1, and
single-molecule conductance can be measured at this time. In Fig.1-4, corresponding to 3, the
conductance of a single molecule is measured and a plateau is observed in the conductance trace.
By further separating the two electrodes, the single molecular junction breaks. Corresponding to
4 in Fig.1-4 , a decrease in  conductance is seen. Repeat this process to statistically determine

the conductance of the molecule.
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Fig.1-4 (a) Schematic image of rupture process in BJ method. (b) schematic view of conductance
trace of BJ method. (1) First, metallic wire becomes narrow. (2) single-atomic junction formed
before breaking metal wire. Forming single atomic junction is confirmed the plateau at 1 Go. (3)
Single-molecule junction formed incidentally. A plateau appears in conductance traces. (4)

Single-molecule junction break by further stretch. The conductance abrupt decrease to 0.

1.3. Molecular electronics

As mentioned above, Single-molecule junctions are investigated for development of molecular

devices. Molecular diodes[22-30], transistors[31, 32] and switches[33-36] have been reported.
1.3.1. Molecular diodes

First research of molecular device is single-molecule rectifier reported by Aviram and Ratner
in 1974[6]. Aviram and Ratner proposed molecular diode in Fig.1-5 theoretically. This molecule
is consisted from accepter part of tetracyanoquinodimethane (TCNQ) and doner part of
Tetrathiafulvalene (TTF) and spacer of saturated carbons to separate delocalization of TCNQ
and TTF. Energy levels are different between donor site and acceptor site. When the bias voltage

applied to electrode binds to the donor, electrons injected into the molecule from electrode



easily, because the energy difference between the acceptor and the donor is small. As a result,
large current passes. On the other hand, when a bias is applied in the opposite direction, the
energy difference between the electrode and the donor molecular orbital becomes large, so that
the current hardly flows. Therefore, it was expected that the conductance of the molecule shown
in Fig.1-5 was different between direction from the acceptor to the donor and direction from the
donor to the acceptor.

More than 40 years have passed since the theoretical prediction of the rectifying property of
this molecule. However, this molecule has not been synthesized yet. The rectifying property of
this molecule has not been confirmed[22-30]. However, it is possible to form single-molecule
junctions and to evaluate conduction with the development of experimental techniques[13, 37].

Molecules with expected rectifying properties are expected to be used as diodes in
single-molecule. High integration is expected for molecular devices in which such a molecule
plays a role in current circuits. To realize a molecular device that operates only one functional
molecule in a circuit, it is required to study the physical properties including the conductance of
single molecules.

The development of measurement method of single-molecule junction enables to realize the
molecular rectification. Experimentally, some previous research reported single-molecule diodes.
Many of molecular junctions reported as molecular rectifier have asymmetric molecular
backbones. Some studies have reported of molecular diode is originated from difference of

anchoring groups[26, 30].

Acceptor Donor
TCNQ TTF
NC\/CN
|
S S
| MSHJ
NC” CN

Fig.1-5 Molecule with a function of single-molecule diode proposed by Aviram and Ratner in
Ref.[6].



1.3.2. Molecular transistors

Fig.1-6 shows schematic view of molecular transistor[32]. It was confirmed that the current
increased by applying the gate voltage. This represents the possibility that a single molecule can
be used as a transistor. Transistors are extremely important in the industry. If a single molecular
junction has a function as a transistor and is put to practical use, it greatly contributes to high

integration. It is expected to miniaturize the element and improve the calculation capability.

07 05 03 -01 0.1
Vg (V)

Fig.1-6 (top)Schematic of a single molecule transistor with an electrochemical gate (Ag wire
reference electrode in 0.1 M NaClO4). The gate and the source-drain bias voltages are controlled
with a bipotentiostat (a Pt counter electrode not shown for clarity). (a) Source-drain current (Isd)
versus gate voltage (Vg) for a single perylene tetracarboxylic diimide (PTCDI) molecule transistor.
The open squares were obtained from the peak position of the conductance histograms. The solid
lines were obtained by directly recording the source-drain current while sweeping the gate voltage.
From Ref.[32] Xu B, Xiao X, Yang X, Zang L and Tao N 2005 Large gate modulation in the current
of a room temperature single molecule transistor J. Am. Chem. Soc. 127 2386 Copyright (2005)
American Chemical Society.

1.3.3. Molecular switches
A molecular junction of diarylethene which is famous as photochromic molecule work as



switch[34, 35, 38]. The conductance of the molecular junction decreased to 1000 times smaller
by visible light irradiation. Molecular switches induced by mechanical force also have been
reported[33].

In these molecular devices, the electronic structures of single-molecule junction are important
idea to tune conductive properties of molecular junctions. For example, in molecular switch
induced by light irradiation, the photochromic molecule changes structures from closed from to
open form by light irradiation[34]. Decreasing of the conductance is caused by delocalization of
n-conjugation broken with opening of the ring. In molecular transistor, the conductance changes
with changes of conduction level by applying gate voltage. The understanding of electronic

structures of single-molecule junctions is important to develop molecular devices.

1.4. Influence of interfaces of single-molecule junctions
In typical molecular junctions, the single-molecule junction is connected to metal electrodes

by an anchoring group in the molecule. Thiol group (-SH)[39-44] and amino group (-NH>)[41,
45] are frequently used as anchoring groups. Cyanide groups (-CN)[46] and iodo groups (-1)[47]
and others have also been used.

The thiol group is the most typical anchoring group of single-molecule junctions. Because of
strong interaction between gold and sulpher, it is possible to easily bond with gold electrode.
Benzenedithiol which used in single-molecule junction reported firstly also have thiol
groups[13]. However, thiol groups have various bonding modes for gold[48]. Multiple
conductance states are observed in the conductance measurements. The peak of the conductance
histogram is broad[44]. It is a problem that the conductance cannot be determined with high
accuracy. Tao’s group suggested that the conduction states of thiol groups are due to the
difference between hollow and on-top structures[40].

Venkataraman’s group studied amino anchoring group[41]. They reported that a
single-molecule junction with an amino group as an anchor shows a sharp peak in the
conductance histogram than thiol group and cyanide group. Fig.1-7 shows the conductance
histogram and trace of the benzene derivatives with various anchor groups.

A thiol group is bonded with electron pairs of a thiol group by forming m bond which is
anisotropic with the electrode in addition to the o bond between gold and thiol. The conductance
is influenced by the bridging structure. Therefore, a molecule having a thiol group as an

anchoring shows multiple conduction states. On the other hand, in a molecule having amino
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groups as an anchoring group, since a lone electron pair of an amino group coordinates
isotropically to a gold electrode. A difference in geometric structure between the electrode and
the molecule does not affect to conductance too much. Therefore, molecular junctions bonded

by amino anchoring group show well-defined conductance.

15 LY (b)
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Fig.1-7 (a) Sample conductance traces measured without molecules (yellow) and with
1,4-benzenediamine (blue), 1,4-benzenedithiol (red), and 1,4-benzenediisonitrile (green) shown on a
semilog plot. All data were measured at 25 mV bias, although no bias dependence was found up to
250 mV. (b) Conductance histograms constructed from over 3000 traces measured in the presence of
1,4-benzenediamine (blue), 1,4-benzenedithiol (red), and 1,4-benzenediisonitrile (green) shown on a
log-log plot. The control histogram of Au without molecules is also shown (yellow). Histograms are
normalized by the number of traces used to construct the histograms. Inset: same data on a linear
plot showing a Gaussian fit to the peak (black curve). Bin size is 10 Go. From Ref.[41]
Venkataraman L, Klare J E, Tam | W, Nuckolls C, Hybertsen M S and Steigerwald M L 2006
Single-molecule circuits with well-defined molecular conductance Nano lett. 6 458. Copyright

(2006) American Chemical Society

1.5. Influence of molecular backbone
Not only interface but also the conformational change of the molecular backbone also

influences the conductance.

Fujihira et al. measured the conductance of Au-1,6-hexanedithiol single-molecule junction
using STM in ultrahigh vacuum[49]. In the experiment, the conductance change in the
stretching processes measured, and a conductance trace was obtained. The conductance traces
showing single-molecule conductance indicate a feature that the single-molecule conductance

increase with the elongation of the distance between the tip-substrate. It was suggested that the

10



origin of the increase in the conductance of a single molecule junction during the tip-substrate
elongation process is attributable to the change of the alkyl chain structure of
1,6-hexanedithiolate from gauche to the trans structure.

Li et al. measured the conductance of gold-alkanedithiol junctions with STM-BJ[40]. The
conductance trace of the gold-alkanedithiol junction showed multiple plateaus. Conductance
histogram showed multiple peaks. Multiple conduction states of single-molecule junction of
Au-alkanedithiol were obtained. Fig.1-8 shows the conductance histograms and traces of
Au-octanedithiol junctions.

They carried DFT calculation and proposed a structural model for multiple conduction states
as shown in Fig.1-9.The difference in the states of L and M results from the conformation of the
molecular backbone. In the lowest conductivity L, the alkane has a gauche structure. M is all
trans structure. The gauche effect, which reduces the conductance of conformation with gauche
structure, is caused by the difference in potential barrier. In addition to the change of potential
barriers, it was suggested that the gauche isomer decreases conductance due to different

couplings caused by molecule-electrode geometries.
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Fig.1-8 (A)Current—distance retraction curves recorded with a gold STM tip (low-current channel
with a preamplifier limit of 1 nA) for 0.1 mM 1,9-nonanedithiol in 1,3,5-trimethylbenzene on
Au(111), at Epias = 0.10 V. The setpoint current before disabling the feedback was chosen at ip = 100
pA. The pulling rate was 4 nm s. (B) Same conditions as in (A), except that the preamplifier limit
was chosen at 10 nA. The dotted lines represent characteristic regions of the low, mid, and high
currents. From Li X, He J, Hihath J, Xu B, Lindsay S M and Tao N 2006 Conductance of single
alkanedithiols: conduction mechanism and effect of molecule— electrode contacts J. Am. Chem. Soc..
128 2135 Copyright (2006) American Chemical Society
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gauche (L) atop-atop (M) bridge-bridge (H)

Fig.1-9 Three typical arrangements of a single alkanedithiol molecule bridged between Au
electrodes as used for the conductance calculations. (A) 1,9-Nonanedithiol (ND) with one gauche
defect and both terminal sulfur atoms coordinated in the atop position (low, L). (B) ND in all-trans
conformation and in atop—atop coordination (medium, M). (C) All-trans ND in a bridge—bridge
coordination (high, H). From Li X, He J, Hihath J, Xu B, Lindsay S M and Tao N 2006 Conductance
of single alkanedithiols: conduction mechanism and effect of molecule— electrode contacts J. Am.

Chem. Soc.. 128 2135 Copyright (2006) American Chemical Society

1.6. Purpose of this study

In previous sections, I mentioned that electronic structures of single-molecule junctions are
important to control the conduction properties of junctions, and single-molecule junction is
easily affected by the conformation of metal-molecule interfaces and molecular backbones.
However, many previous studies report only single-molecule conductance at fixed bias voltage.
These measurements only reveal single-molecule conductance and cannot clarify the electronic
structures, geometries of metal-molecule interface, and conformation of single-molecule
junction. The results of theoretical calculations are compared to only conductance to determine
the structures. The assignment of the structures of single-molecule junction with only
conductance is low-validity. The structures of single molecule junction have been clear in spite
of its importance.

In this study, | performed experiments of I-V measurements and thermopower measurements
with two purposes described as below.

First purpose is establishment of method to measure the electronic structures of

12



single-molecule junctions. The conductance of single-molecule junction is determined by their
electronic structures. However, the method to determine the electronic structure have not been
established. Establishment of method to determine the electronic structure gives higher validity
of single-molecule measurement and policies to develop molecular devices.

Second purpose is characterization of metal-molecule geometries of single-molecule junction.
Especially | focused Au-BDT molecule interfaces connected to electrodes via bonding with thiol
groups. As mentioned above, thiol group is most typical anchoring group in the field of
single-molecule junctions. Single-molecule conductance depends on the difference of the
interface structures. For practical use of single-molecule junctions, it is necessary to determine

contact geometries.
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2. Theoretical background

The current through single-molecule junctions is understood as resonant tunneling current via
molecular orbital of bridging molecules. In long molecular junctions, the current mechanism
become hopping mechanism from tunneling mechanism. Main targets of my study are
single-molecule junctions of small molecules such as BDT and bipyridine. Therefore, in this
chapter, I introduce two tunneling model of single-molecule junctions, Simmons model and

Breit-Wigner model.

2.1. Landauer’s theory
I introduce Landauer approach to describe the charge transport in one-dimentional

nanojunctions before two models of transmission, Simmons model and Breit-Wigner
model[1,50]. In consideration of a one-dimensional potential barrier, a sample is connected by
two macroscopic electrodes in an experiment on a typical nano-scale transport phenomenon.
Bias voltage is applied by the two electrodes and current flows through the potential. The
electrodes behave as ideal electron reservoirs according to thermodynamically defined
temperature and chemical potential. The tunneling current is described as scattering problem
with the transmission and reflection probabilities in the sample. We think that this potential
barrier corresponds to molecular orbitals of single-molecule junctions and elastic scattering
occurs. Here, it is assumed that the electrons in the electrode are in a thermal equilibrium state
with the temperature of the electrode. We consider plane wave (1/vL)exp(ikx), electron reflected
with probability r, and transmitted with probability T. The current density Jx of electrons with

wave number k is calculated with considering flux,

Aoy dy dy*1 e
Jio= s [ 00 G — 90 | = o 0OTCR). €y
Here,
hk
v(k) = @)

means group velocity and 7%, m means Plank constant and electron mass. Many electrons
contribute current. Therefore, it is necessary for calculation of current through single-molecule

junction to summate of k. f_(k)[1-fr(k)] is multiplied to current density to take into consideration
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of Pauli’s principle of each orbital of the electrodes. Here, f_r(k) represents the Fermi-Dirac
distribution of left or right metal electrodes. Chemical potential in Fermi-Dirac distribution f(k)
shift with the bias voltage. Current density from occupied states of left electrode to unoccupied

states of right electrode is calculated as
Jum = %Z vIOTUORUN ~ fr()]. 3

Summation in Eq.(3) is converted to integration.

e
Jion = o | ARVGOTERGN - fa(b) )
is obtained. Using the relation between energy and wave number,
h2k?
E= S (5

current density is described as

e
Jin =7 [ AETGOAGON - flb] (©)
The current density from right electrode to left electrode is described as same way.
e
oo = 7 [ AETGOREO - (0] )
The current in the cuicuit is
I[(V) =Jior = JroL- (8)
Substitute Eq.6 and Eq.7, to Eq8,
2e
1) =2 [ AET G010 - b)) ©)

is obtained. Fermi-Dirac distribution is 1 when the electron energy is below chemical potential
and 0, otherwise. The current is described with transmission within bias window in the
single-molecule junction. Detail explanation of transmission is described in nest section.

In completely transmitted case, that is, when T = 1, Eq(9). become

I = 2¢? %4 10

== (10)
under the condition which temperature is zero.

Gy = 2¢” 11

0= (11)

is defined as a conductance quantum. Conductance quantum means conductance without scatter

in one conduction channel. Single atomic junctions of Gold shows conductance of 1 Go.
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2.2. Simmons model
In previous section, | mentioned the current of the single-molecule junction is determined by

transmission. Here, | introduce two models to describe transmission of single-molecule
junctions.

First model is Simmons model. Simmons proposed the model for the current through thin
semiconductor film between two metal electrodes[51]. This model is also utilized for

single-molecule junctions. Current equation in the Simmons model is described as below.

)

A
\ 4

Fermi level

Electrodel Insulator Electrode?2

Fig.2-1 Schematic view of the general potential in Simmons model.

In Simmons model, electrons tunneling through one-dimensional potential. The transmission is
calculated with WKB approximation. In one-dimensional barrier, Electrons transport with X
direction and pass the potential barrier in range from x = s; to X = s,. The probability which the

electrons with energy of Ex tunnel through the potential given V(X) is represented by
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D(E,) = exp {— 47“ f K dx/2m(V (x) — Ex)} (12)

1

from well-known WKB approximation. The number of electrons transporting from electrode 1

to electrode 2, N is given by Eq.13.

1
Ny = f dvvyn (D (E) = — j dEn (2)D(Ey). (13)

Here,vx means velocity of electrons. N(vx)dvx means the number of electrons with the velosity
within the range between vy and vx + dvx per unit volume. Assuming isotropic velocity

distribution of electron in the electrodes, the number of electron with the velocity of v, is

2 4
n(v)dv,dv,dv, = (h—rr;)f(E)dvxdvyde. (14)

Here, f(E) is Fermi-Dirac distribution. Eq.14 is convert to cylindrical coordinate, and substituted
to Eq.(13) , number of electron from electrode 1 to electrode 2,N; is described as below.

4rm? (Em
Nl - h3

D(E)dE, [ f(E)E, (15)
0

Similarly, number of electron from electrode 2 to electrode 1, N2 is described as Eq.16

4‘7Tm2 Em [e%]
0 0
The number of effective electrons number, N=N:-N: is calculated as below.
Em 4mm? [(®
N =f0 D (E,)dE, X P fo [f(E) — f(E + eV)] dE, (17)
Current J is described as Eq.18
Em
1=¢[ D@, (18)
0
Here,
4m? [®
f= el [ 1@ - £+ e as, (19)
0

Potential is defined as V(x)=#+¢(x), Transmission is approximated as

D(E,) = exp(—AJn + ¢ — Ey). (20)

Here,

4tAsvV2m

¢ represents mean of barrier height. Assuming the low temperature limit, simplification of

Fermi-Dirac distribution to 1 or 0 is substituted to Eq.19
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( 4mme
| T(eV) O0<E,<n-—eV

& =<4mme
h3

M—Ex) n—eV<E,<n
0 n <E,
is obtained. Using Eq.18 and Eq.19, Eq.20 is described as below.

—ev
J = 47::;16 {ern exp(—A,/r] +¢— Ex) dE,
0
n
0| ewC-afnTe-Ed,
n-e
n
+ f (77 + d’ - Ex)exp(—A\/n + ¢ - Ex)dEx}
n

—-eV

Integration of the first term is calculated and we ignore small order. We obtain

8mme?V
P Vo + eVexp(—A,/d) + eV).

The second term is also calculated,

8mme

w5z AV + 1)exp(-4/§) — (A/F + eV + 1)exp(=A4//§ + eV))

is obtained. The third term is described as below.

8mrme?

W{(‘b% exp (—A(,b%) —(¢p+ eV)% exp (—A(¢ + eV)%)}

24mme?
h3A2
From Eq.24,Eq.25 and Eq.26 , The current is described as below.

{(j)exp (—Aqb%) —(¢p+eV)exp (—A(qb + eV)%>}.

J= m{‘f)exp(—flﬁ) — (¢ + eV)exp(—A/¢ + eV)}.

From here, consider the potential shape as rectangular potential as shown in Fig.2-2
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(a) (b) (c)

@ l =

I eV eV

Electrodel Insulator Electrode2

Fig.2-2 Schematic potential barrier approximated to be homogenous potential in insulator thin film
as trapezoidal barrier under bias voltage applied (a) when bias voltage is not applied, (b) when small

bias voltage is applied, and (c) when large bias voltage is applied.

This barrier is described as a potential barrier which the electric field gradient increase with bias
voltage. We derive the equation of the current density when the bias voltage is small and when
bias voltage is large. The behavior of the electron transmission due to the voltage is well shown
in the potential of Fig.2-2 . That is, when the bias voltage is small, the potential can be
approximated as a rectangle and the distance that electrons pass through due to the tunnel effect
is constant. On the other hand, when the bias voltage is large, the potential is a triangular barrier.
Electrons transport from the electrode 1 to the electrode 2 within the region where the potential
barrier is higher than the electron energy, the tunnel distance becomes shorter as the voltage
becomes larger. Based on this model, we obtain the expression of current density by

approximation in individual cases.
When bias voltage is small (eV<gpo)

When bias voltage is small, the barrier height is approximated to ¢o-eV/2, the distance electron

through the potential 4s =s (constant). From Eq.27, current is described as Eq.28 .
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e ( eV) 41s ) ( eV)
)= s \$ ) exp |~ [ e T 5

(+eV) 4ms 5 ( +eV) 28
¢+ )exp o |2mlet 5 : (28)

When bias voltage is large (eV>¢o)
When bias voltage is large, field emission occurs. In this situation, the potential height is
approximated to ¢o , and s is approximated to se/eV. Current density is described as

2e3y2 4
,=<e_> exp (~ 222 o))

8mhs?p,

(1 N ZeV) 4ms 3 (1 N 2eV) 29)
- —exp| —— |mgo — .
Po eV 0 Po
Transport from electrode 2 to electrode 1 is transport to occupied states. And transport from
electrode 1 to electrode 2 is transport to unoccupied states. Hence, we can ignore the second
term of Eq.29 . When bias voltage is large, the equation of current,
2312 Ams
_ gy 3 30
J <8nh52<p0> exp( ey V00 ) (30

is obtained. We obtained equation of current when bias voltage is small and large.

When the applied bias voltage equal to the potential height, field emission contributes to
conduction. As a result, the length of the potential barrier through which electrons pass becomes
shorter as the voltage increase. The rate of increase in current increases. Transition Voltage
Spectroscopy (TVS) is the method to determine the height of the potential barrier base on
change the conduction mechanism from simple tunneling to field emission[52].

In TVS analysis, a graph with In(I-V?) on the vertical axis and 1/V on the horizontal axis called
Fowler-Nordheim (FN) plot is plotted. The minimum in the graph is the transition voltage (TV).
As shown in Eq.30 , When the voltage is large, In(1-V?) is a line with negative slope with respect
to 1/V. On the other hand, when the voltage is low, In(I-V?) increases with 1/V. In(l-V?) have

minimum at a certain voltage in the FN plot. The transition voltage is the voltage at which field
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emission begins to occur and the expression corresponding to the voltage of the Simmons model
changes. The height of the potential barrier can be determined as the transition voltage.

TVS is used for analysis of |-V characteristics of molecular junctions[39, 53]. The HOMO or
LUMO level is assumed to the potential barrier or transition voltage. In single-molecule
junction, it is difficult to consider that the electron is emitted into vacuum in the molecule.
Hence, this model is too simple to consider the current in the single-molecule junction. However,
it is easy to analyze I-V curves and determine energy level. A previous report suggest that the
transition voltage is not indicate molecular level considered in Breit-Wigner model explained in
next section[54]. But this paper also reported the transition voltage is related with molecular

orbital level.

2.3. Breit-Wigner model
In Simmons model described in previous section, only potential height and and gap length are

taken into consideration. In particular, the height of potential barrier is focused in TVS analysis.
Energy alignment is important parameter to characterize conduction in single-molecule
junctions. Couplings between molecule and electrode are also important factors for conduction
of single-molecule junctions. The coupling between molecule and left or right electrode is setted
as I',I'r the transmission through single-molecule junction is described as Breit-Wigner
formula[1, 55],

AL Ty
(I +1R)?*+ (E—e)?’

T(E) = (31)

In ¢ is energy level of molecular orbital, E represents energy of electron. Here, | derived Eq.31
and explain the physical meaning of couplings. We consider double barriers, barrier 1 and

barrier 2 in Fig.2-3 , barrier 1,2 represent barrier between electrodes and molecule.
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a
1 e c
b
—
L

Fig.2-3 Schematic potential in double barrier model of Breit-Wigner model

Let ti, ribe to transmission and reflection amplitude at barrier i. We consider transmission of
double barriers z, from transmission and reflection at two barriers. Let electron transport from

left electrode to right. Amplitudes in Fig.2-3 are described as below.

a=ty+nb, (32)
b = ar, exp(ip), (33)
c = at, exp (%) (34)

Here, p=2KL is phase shift which electron with wavenumber of k transport the range between of

two barriers of 2L. Eliminating a and b from Eq.32,Eq.33 and Eq.34 ,

i
B tltzeXp(Tq)) 35)
€= 1 —rrexp(ip)

is obtained. Total transmission of two barriers t is ratio of squares of the amplitudes of incident

wave and transmitted wave. The transmission is denoted as

r=c]? = [t1]%]¢,]? (36)
1+ |ry|2]r, |2 + 2|7y ||y |cosO”

Here, 6=2kL+qpri +@r.. When cosd = 1, It is called resonance, the transmission of junctions
becomes maximum.

When the transmission of each potential barriers is small, that is, when the approximations of
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It1),|t2]?<<1 and|r4|?,|r2|?~1, are reasonable, reflection rate|ri|? is expanded with]ti|>.
|ri|2=1—$+$ (37)
is obtained. Consider transmission of electron which wavenumber is slightly different from
resonance with k. Expanding cosé with Jk, transmission is described as Eq.38,
= 4]t112|t,]? .
(It11? + [t217)? + (2L6k)?

(38)
In one-dimensional quantum well, small wavenumber shift J« is related with energy shift de as,
216k = T s 39

e 0% (39

Substitute Eg.39 to Eq.38

AL 0

108 = T L) + 3oy

(40)

is obtained. Here,

Ae )
I; =E|ti| : (41)

Eq.31 is obtained by rewriting energy of Eq.41 . From Eq.31, coupling is parameter to promote
with transmission of single barrier between electrode and molecule.

The transmission of Eq.31 is a Lorentzian shape with HWHM of " = [ +[k. From
uncertainty principle, exponential decay with time is obtained by Fourier transform of
Lorentzian. Coupling which is energy width of transmission correspond to a lifetime of bound

state in the double barriers.
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3. Principles of measurement methods of electronic

structures of single-molecule junctions

The current of single-molecule junctions is determined by electronic structures. In this chapter,
| describe the principle and some previous reports of -V measurements and thermopower

measurements as determination methods of electronic structure of single-molecule junctions.

3.1. Principle of 1-V measurement
The electronic structures of single-molecule junctions are determined with I-V measurements.

Let origin of energy set the average potential of both electrodes. The current of
single-molecular junction is denoted as Eq.9. Assuming the low temperature limit, Fermi-Dirac

distribution is approximated as

1, ==
f(E) = o e (42)
’ 2
From Eq.9 and Eq.31, the current is described as Eq.43.
8 V- 1—a)eV +
(V) = Tea(l —a)l {arctan (Q) + arctan <(a)r#>}. (43)

Here, =1 +/® and « is asymmetric factor of couplings described as below.

I,
a= :
I, +1Ix

(44)

I-V curves are fitted with Eq.43. We can obtain electronic structure of single-molecule
junctions[44, 56, 57].
When bias voltage V is applied, the energy level of conduction orbital is assumed to Eq.45.

]—L—FRGV
L +1; 2°

E=¢g + (45)

Bias dependence of orbital energy with couplings is assumed that the molecular orbital of the
junction shifts towards the electrode with the larger coupling. When the couplings of left and
right electrodes are equal, the shift of the molecular orbital should be the average of the Fermi
energy difference of the two electrodes. When the coupling of one electrode is remarkably large,
the molecular orbital completely follows the electrode with large coupling. This corresponds to

the situation where the molecule is adsorbed only on the substrate and the STM tip is far from
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molecule. At this situation, the energy level of the molecule completely follows the substrate
and is not affected by the tip. By considering the limit of the couplings, the molecular orbital
energy of Eq.45 is derived.

At finite temperature, the value of Fermi-Dirac distribution become in range between 0 and 1.
However, the shift of Fermi-Dirac distribution is enough small to ignore. Hence, the I-V curves
are fitted with Eq.46 in this study.

Considering the number of bridging molecules n, the current of multiple-molecule junctions is

described as below.

(V) = n%a(l —a)r {arctan (&) + arctan <w>}- (46)

3.2. Principle of thermopower measurement
Paulsson and Datta proposed thermoelectric effect in molecular electronics theoretically[58].

Thermopower of molecular junction is also determined by the transmission. Thermopower
measurement gives us electronic structure of single-molecular junction.

The electrical transport through single-molecule junction are described as Eq.9 . A difference
between the Fermi-Dirac distributions due to a temperature difference will drive a
thermoelectric current. The transmission of molecular junctions is differentiable which allows

us to use the Sommerfield expansion.

1) = 2e? (B + 2e kAT 0t(E)
TR VY TR 36 T OE

AT (47)
E=Ep

Here, T represents the average temperature of two electrodes. The origin of E is defined as
Fermi energy of electrode. The second term of thermoelectric current. Usually, the
thermoelectric current is enough small because the shift of Fermi-Dirac distribution is small.

From Eq.47 , the voltage at | = 0 is written in Eq.48 .

_ k3T dlnt(E) AT 48)
3e oE E=Ep
and Seebeck coefficient is defined as
2k2T olnt(E
- ‘gbf I (49)
e EZEF

This voltage is thermoelectric voltage in single molecular junction. It is noteworthy that
thermoelectric voltage is determined by not transmission but energy differential of transmission.

As mentioned in previous section, fitting of 1-V curves with Eq.43 are able to be determined the
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absolute values of coupling and energy alignment. However, 1-V characteristics cannot reveal
whether the conduction orbital position is below Fermi level or over Fermi level, that is, HOMO
or LUMO. Transmission of Breit-Wigner model in Eq.31 is even function of the energy position.
It means that the carriers are not distinguishable, hole and electron transport similarly through
molecular junctions. On the other hand, thermopower is described as energy differential of
transmission at Fermi level. If HOMO is conduction orbital, the energy differential of
transmission at Fermi level is negative. and vice versa. Thermopower measurement reveals the

conduction orbital level.
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4. Determination of electronic structures of single-molecule

junctions with Current-Voltage measurements

In this chapter, | measured the electronic structures of 1,4-benzenediamine (BDA),
1,4-butanediamine (C4DA), 4,4’-bipyridine, 1,4-benzenedithiol (BDT). It is known that BDT
shows multiple conductance states due to different molecular adsorption sites on the Au surface
namely on-top, hollow, and bridge. | determined the electronic structures of single-molecule
junctions. Compared I-V histograms of BDA and C4DA, BDA consisted with rigid structure
shows sharper distribution than C4DA which have a flexible molecular backbone. I-V histogram
of BDT which has same rigid backbone to BDA indicates three conductance states. From the
comparison with the result of theoretical calculation, the contact geometries are assigned as

on-top, hollow, and bridge structures for low, medium, high conductance states, respectively.
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4.1. Introduction
Single-molecule conductance is determined by an electronic structure of single-molecule

junction. Determination of electronic structures of the single-molecule junctions is necessary to
understand charge transport through single-molecule junctions. However, method to determine
electronic structure have not been established yet[39]. In this study, | performed the I-V
measurement of BDA, C4DA, bipyridine, BDA single-molecule junctions with the aim to
establish a method to determine the electronic structures.

Some groups reported -V measurements previously[13, 14, 39, 57, 59, 60] such as that 1-V
characteristics of Au-BDT single-molecule junction is reported in the first report of
single-molecule junction by Reed et al.[13]. However, unlike single-molecule conductance
measured by BJ method[37], it is not frequently that the I-V characteristics are measured
statistically[13, 59, 56, 60], and most of them are not able to statistically determine the
electronic structure of the single-molecule junction[13, 39, 61].

Venkataraman’s group measured the |-V characteristics of the molecules using STM in 2007
and obtained over 1000 I-V curves[61]. However, in this study, they have only performed the
I-V measurement and calculated the average I-V curve. Detailed parameters of the electronic
state of the single molecule junction have not been determined.

Guo et al. statistically measured 1-V characteristics of alkanedithiol and biphenyldithiol using
STM. Fig.4-1 shows the I-V histogram of octanedithiol[39]. Analytical methods in this study are
making 1-V 2D histogram, finding value of transition voltage for each I-V curves, and making
2D histograms indicating the relationship between conductance and transition voltage.

In 2D histogram of biphenyldithiol, a single distribution of I-V curves was observed, and the
transition voltage of TVS was found to be 0.7 V. In the measurement of alkanedithiol, three
distributions were observed in the I-V two dimensional histogram, and it was clarified that three
conduction states exist. The transition voltage in the TVS measurement was obtained for each
state. The transition voltages agree each other between two high conductance states. From this,
they postulated that the difference in this conduction state is due to contact resistance.

Tao’s group also measured |-V characteristics of Au-BDT single molecule junctions using
STM under ultra-high vacuum at liquid helium temperature[60] . Multiple states of |-V
characteristics were measured during the bond breakage process and the transition voltage in the
TVS measurement of each I-V curve was reported. Fig.4-2 represents the I-V curves and

Fowler-Nordheim plot of the BDT junctions. An increase of conductance was observed in the
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rupture process. From the I-V characteristic, it was reported that the transition voltage decreases
with the increase of conductance. From this result, they considered that the BDT formed a
structure distorted by the STM tip in the breaking process, and the orbital energy level
contribute to the conductance change BDT single-molecule junctions. In this study, statistically
the parameters of the electronic structures of BDT single-molecule junction have not been

determined.
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Fig.4-1 1-V and G-V histograms for octanedithiol. (a) I-V histogram for H-junctions consisting of
2151 curves. (b) G-V histogram for H-junctions. (c) 1-D conductance histogram at different bias
voltages for H-junctions. (d) I-V histogram for M- and L-junctions consisting of 1661 curves. From
(Guo S, Hihath J, Diez-Perez | and Tao N 2011 Measurement and statistical analysis of
single-molecule current-voltage characteristics, transition voltage spectroscopy, and tunneling barrier

height J. Am. Chem. Soc. 133 19189) Copyright (2011) American Chemical Society.

One of the problems of such I-V measurement is that the electronic structures of
single-molecule junctions are not completely determined. Many previous studies do not
determine the parameters of electronic structures by measuring the I-V curves[13, 39, 60-62].
The previous researches reported TVS also determine only orbital energy[39, 60]. However, as
mentioned above, not only orbital energy but also the coupling between molecule and metal

electrodes contribute to charge transport through single-molecule junctions. In this research,
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experiments and analyzes were carried out with the aim of obtaining both the coupling between
electrodes and molecules and the orbital energy.

Bruot et al. succeeded in measuring I-V of multiple conduction states of a Au-alkanedithiol
single-molecule junction[60]. They mentioned the conduction state is due to contact resistance
on the basis of TVS analysis of I-V curves of Au-alkanedithiol single-molecule junctions.
However, it has not yet been clarified whether the contact resistance named by them is due to
the geometry of the interface. This is because molecules indicating multiple conduction states in
this paper are alkane dithiols having a flexible alkane molecular backbone[49, 63]. As described
in the influence of the molecular backbone on the single-molecule junction, it is known that
molecules having an alkane backbone exhibit different conductance due to the conformational
isomers of the alkane. Therefore, in the measurement using a molecule having an alkane
backbone, whether multiple conduction states are due to difference of the alkane backbone, or
geometry of the metal electrode-molecule interface even when multiple conduction states are

observed. It is a very difficult problem to distinguish between either.
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Fig.4-2 Exploring the energy levels of a molecular junction. a, Plot of conductance versus electrode
displacement of a BDT junction at 4.2 K. The conductance decreases when the junction is
compressed, and then increases to a relatively high value when the junction is stretched. b, Plots of
current | versus bias voltage V at the three positions indicated in a. Thin lines are fits to the data. c,
Plots of In(1-V?) versus 1/V for three different values of the displacement (based on fits to the 1-V
curves in b). The height of the barrier that electrons have to tunnel through is determined by the
transition voltage, which is the voltage corresponding to the minimum of each plot (indicated by
arrows). The height of the barrier decreases as the molecule is stretched. From (Bruot C, Hihath J
and Tao N 2011 Mechanically controlled molecular orbital alignment in single molecule junctions

Nat. Nanotechnol. 7 35) Copyright (2011) Nature Publishing Group.
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4.2. Experimental
4.2.1. Sample preparation

BDA, C4DA, bipyridine and BDT were purchased from TCI Japan (Fig.4-3) and were used
without further purification. The Au(111) substrate was prepared by thermal deposition of gold
on mica at elevated temperature under high vacuum[64]. The sample for the I-V measurement
was prepared by dipping the Au substrate into a 1 mM ethanol solution containing the target
molecules. After evaporation of the solution, the substrate surface was washed with ethanol for
BDA, C4DA and BDT substrate.

For bipyridine, the substrate is used without washing with ethanol. As mentioned in Chapter 1,
the metal electrode-molecule interface has a large influence on single- molecule conductance. In
order to clarify the influence of the electrode-molecule interface on the electronic state of the
molecular junction, the anchoring group is desired to show multiple conduction states[48, 59],
but in the molecular junction having a rigid sp? or sp® backbone. Furthermore, statistical 1-V
measurement is necessary to eliminate the possibility of incidentally current change. However,
such research has not been reported yet. The influence of the interface on the electronic state has

also not been clarified yet.

(a) (b)
H2N NH2 H2N/\/\/NH2

(c) (d)

N N  HS SH
N\ 7/ \ /

Fig.4-3 molecular structures of (a)l,4-benzenediamine (BDA), (b)1,4-butanediamine (C4DA),
(c)4,4’-bipyridine, and (d) 1,4-benzenedithiol (BDT)

4.2.2. 1-V measurement of molecular junctions
In this study, | used a commercially available STM (Nanoscope V, Bruker, Santa Barbara, CA)

operating at ambient conditions. Two current amplifiers, 1 pA/V and 10 nA/V, were used to

31



access wide molecular conductance ranges from 10°to 10 Go. STM tips were prepared by
mechanically cutting an Au wire (Nilaco, diameter ~ 0.3 mm, purity >99%). The 1-V curves of
the single-molecule junction were obtained by the following procedure (Fig.4-4). Firstly, an Au
point contact (~10 Go) was made between the STM tip and the sample surface. Secondly, the tip
was withdrawn by 10 nm at a speed of 38 nm/s to break the Au contact and to make a nanogap
between the Au electrodes, forming the molecular junction during current monitoring at a fixed
bias voltage of 20 mV. Thirdly, the tip position was fixed and one |-V curve was recorded by
scanning the bias voltage from 20 to 1000, —1000 mV, and back to 20 mV within a time period
of 2.5~25 ms at constant tip-sample separation. Finally, the junction was broken by pulling the
STM tip away from the substrate. To capture possible structural variation of the junction
structures, | cycled the molecular junction making and breaking process and reformed the
junction-structure after obtaining each I-V curve. This I-V measurement-scheme was performed
though a signal access module 111 (Bruker, Santa Barbara, CA) using an external piezo driver
(E-665 LVPZT-Amplifier, Physik Instrumente) and a data-acquisition-device with
LabVIEW2014 (USB-6363, National Instruments). More than 1,000 I-V curves for the
molecular junctions were collected for each molecule. The I-V curves of molecular junction
were obtained by automatically removing I-V curves corresponding to Au-metallic junctions and
vacuum gap formation. For the I-V measurement using the 1 pA/V (10 nA/V) current amplifier,
I-V curves with <100 nA (<5 nA) current at the bias of 1.0 V was classified as vacuum tunneling,
while I-V curves with <10,000 nA (<100 nA) current at the bias of 0.2 V was classified as charge

transport through an Au-metallic contact.
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Fig.4-4 (a) Schematic illustration of STM-BJ setup. White, grey, yellow, and orange balls correspond
to H, C, S, and Au atoms, respectively. (b) Schematic illustration for conductance (current) change as
a function of time in one cycle of the 1-V measurement. After making the metal contact, the contact
was stretched at bias voltage of 20 mV. When the current drops below 2 pA, the Au tip position was
fixed. Then the bias voltage was scanned from 20 mV to 1000 mV, —1000 mV, and back to 20 mV to
measure the |-V curve of the single-molecule junction (see inset). Finally, the Au tip is pulled further

away from the surface to break the molecular junction.

4.2.3. Theoretical calculations

Theoretical calculations were carried out by Associate Prof. Tomofumi Tada (Tokyo Institute
of Technology) and Dr. Hisao Nakamura (National Institute of Advanced Industrial Science and
Technology).

NEGF-DFT calculation was carried out to determine the transmission of Au-BDT

single-molecule junction[65-67]. The detail is described in Ref.[68]

4.3. Results and Discussion
4.3.1. Scan rate dependency of I-V measurement of BDA

I-V measurement of BDA molecular junctions were performed with STM-BJ methods for
various rate of bias sweep. Typical I-V curves are shown in Fig.4-5(a)-(c) for the sweep rate of
4Hz, 40Hz, and 400Hz, respectively. The I-V curve in Fig.4-5(a) were measured under the
condition with the sweep rate of 4Hz. I-V curves of single-molecule junctions have been

measured under the similar sweep rate in some previous reports. 1-V curves measured by slow
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sweep show large fluctuation and discontinuous jump and drop of current. These abrupt current
changes are caused by structural changes of molecular junction including electrode structures.
Conductance of single-molecule junction is easily influenced by the structures. It is desirable
that I-V characteristics measurements were performed while the junctions remain one constant
structures. Therefore, faster sweep rate than 4Hz is proper. |-V curves of 40 Hz, 400 Hz in
Fig.4-5(b) and Fig.4-5(c) show law noise features. Fig.4-5(d-f) shows (dl/dV)/I-V plot for the
BDA. This is parameter for evaluating fluctuating of I-V curves at large bias voltage. I-V curves
at scan rate of 4 Hz shows larger fluctuation. Probability of forming molecular junctions also
depends on sweep rates. Appropriate I-V curves of molecular junction are obtained of 10 % of
total rupture processes measured under the conditions with 40 Hz and 400 Hz sweep rate,
whereas I-V curves of molecular junctions are measurable less than 1% in case of sweep rate of
4 Hz. The lifetimes of single-molecule junctions depend on the mechanical stabilities of the
setup. STM-BJ method does not have high stabilities. Current-time (I-t) method is a method of
conductance measurement method with STM without tip withdrawing. The current of I-t
method rises less than 100 ms[69]. It suggests that sweep rate of 4Hz (250ms) is not proper

condition for measurement of 1-V characteristics of single-molecule junctions.
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Fig.4-5. Examples of I-V curve and normalized (d1/dV)/1-V plot for the BDA molecular junction
measured for both forward and backward bias voltage scans. The scan rate is (a,d) 4 Hz, (b,e) 40

Hz, and (c,f) 400 Hz. In (d)-(f), data in the lower bias range is not plotted due to inaccuracy in

the bias voltage.

4.3.2. 1-V characteristics of BDA

More than 1000 I-V curves are recorded. Fig.4-6 represents a histogram of BDA molecular
junctions constituted from more than 1000 I-V curves. It is well known that BDA molecule
binding to gold electrodes with amino groups show small dispersion peak in the conductance
histogram of the conductance measurement with STM-BJ methods under constant bias
voltage[41]. The narrow distribution of 1-V curves in Fig.4-6 agrees with previous results of
STM-BJ conductance measurements. Two distributions are observed in Fig. 4-6. Fig. 4-7 shows
a conductance histogram at 0.3V to distinguish the two states. A peak top position of the
histogram is 13 mGo. This conductance is correspond with the peak top conductance of the
histogram obtained by STM-BJ measurement under constant bias voltage of 20 mV

(Fig.4-8 )[47]. This conductance correspondence between two methods is evidence that the |-V
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curves obtained I-V measurement method by are originated from BDA molecular junctions.
Main peak and small shoulder peak are observed in the current histogram of I-V curves at 0.3V.
Many researches reported integer multiple steps is observed in the conductance trace in ordinal
conductance measurements with BJ methods. It is considered that decreasing of the number of
bridging molecules appear as integer multiple steps. Based on peak positions in the Fig.4-9, the
I-V curves which current are within the two ranges are separated and averaged into two
averaged I-V curves. Two averaged I-V curved are indicated in Fig.4-10. Two current ranges are
setting as from 240 to 370 nA and from 370 to 600 nA at 0.3V to separate two states. In
averaged I-V curves or individual 1-V curve, the current increase with bias voltage in low bias
voltage region linearly and increase non-linearly in high bias voltage region. It suggests that the
charge transport mechanism become resonance tunneling mechanism at high bias voltage range
from non-resonance mechanism. The current is described as Eq.46 with using Breit-Wigner
model transmission (Eq.31). The averaged I-V curves were fitted with Eq.46 for quantitative
analysis of electronic structures of molecular junctions. For low conductance averaged I-V curve,
It is determined by fitting with Eq.46 that the coupling I” (=I1+IR) is 85 meV, and energy
alignment & is 0.68 eV ant the asymmetry factor o= 0.53. the asymmetry factor is defined as
I'UT and become 0.5 in case of symmetric coupling. Here, the origin of & is set as Fermi level
of Au electrode. For high conductance I-V curves, the averaged I-V curve was fitted with Eq.46
with the assumption of the number bridging molecule n=1 and 2. The electronic structures are
determined to be I'" is 105 meV, & is 0.70 eV forn = 1 and I" is 75 meV, & is 0.71 eV.. The
obtained set of I" and & is closely similar to that found for the low conductance state. High
conductance state is inferred to be originated from BDA double molecular junctions. Previous
researches report BDA single molecular junction displays a single conductance state formed by
a preferential metal-molecule contact geometry[41, 45]. The number of bridging molecules n
seem to be arbitrary. However, many previous single molecular conductance-studies reported
that the most typical number is 1, the maximum number of n is typically less than n = 3 or 4 in
the conductance histograms, and formation probability of the multiple molecular junctions are
low. For the BDA molecular junctions, the single conductance state and the corresponding set of
I' and &, values were obtained by fitting the averaged I-V characteristics within a reasonable
choice of n, which indicates that the single BDA junction displays a single conductance state

with a preferential metal-molecule contact configuration. The observation of I-V curves of

36



double molecular junction agrees with the results of a separate STM-BJ conductance
measurement. In a STM-BJ experiment at a constant bias voltage of 20 mV, formation of the

double BDA molecular junction with n = 2 were observed, as shown in Fig.4-9.
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Fig.4-6 Two dimensional (2D) I-V histogram of the BDA molecular junction, constructed from 1000
I-V curves. Bin size is 0.016 V x 10 nA.
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Fig.4-7 Current histogram of BDA molecular junction at the bias voltage of 0.3 V. Bin size is 10 nA.
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Fig.4-8 Conductance histogram of the BDA junctions with double molecular junction formations.
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Fig.4-9 Conductance traces of the BDA junctions with double molecular junction formations. Black
dotted lines represent the molecular conductance for the single (13 m Gg) and double (26 m Gy)
junction-formation. Bias voltage was 20 mV. Tip velocity was 50 nm/s. The conductance

measurement was carried out under tetraglyme solution
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The two windows correspond to the red and black colored areas in Fig.4.7

4.3.3. 1-V characteristics of CADA
In previous section, | have reported I-V characteristics of BDA molecular junctions. BDA has

rigid phenylene backbone. In this section, | focused on alkanediamine, 1,4-butanediamine
(C4DA), which has the same amino anchoring group with BDA, but has a flexible alkane
backbone. Alkane molecular junctions shows different conductance due to difference of
backbone structures. It is reported by a previous study of STM-BJ conductance measurement
that the gauche conformation shows lower conductance than trans conformation[49, 63]. |
performed same 1-V measurements for C4DA. Fig. represents typical 1-V curves of CADA
molecular junctions. The I-V curves shows significant fluctuation of current. Compared to BDA,
C4DA has large fluctuation. The difference between BDA and C4DA is only molecular
backbone. BDA include rigid sp? flame and C4DA has flexible sp® structure. The current
fluctuation is due to conformational change of molecular backbone. A 2D I-V histogram of
C4DA molecular junctions. The histograms show several distributions. I-V curves of C4DA
varies broadly than BDA. This large distribution of I-V curves can be explained that CADA
molecular junction exhibits diverse structures due to its flexible alkane backbone. Here, |
mention one of the distributions, whose current ranged between 15 and 25 nA at 0.3V. This

current range was set on the basis of the literature conductance measured by STM-BJ
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conductance measurements in previous report. The averaged I-V curve are obtained by similar
way to BDA. The averaged |-V curve are shown in Fig.4-11. as dotted black line. The
significant difference between averaged |-V curves of BDA and C4DA is a shape of the I-V
curves. On contrast that BDA shows non-linear behavior, the averaged I-V curve of C4DA is

linear characteristics.
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Fig.4-11 Examples of I-V curves for the C4ADA molecular junction measured for both forward and
backward bias voltage scans with (a) 1 pA/V amplifier and (b) 10 nA/V amplifier. scan
rate was 400 Hz.
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Fig.4-12 (a) 2D I-V histogram of the C4ADA molecular junctions constructed from 1,000 I-V curves.
The current regime was 0-800 nA. (b) Magnified view of (a) in the current regime between 0 and

100 nA. Bin sizes are (a) 0.016 V x 10 nA and (b) 0.016 V x 1 nA.

This linear behavior is able to be explained by large energy difference with both conduction
model of Breit-Wigner resonant tunneling model and Simmons’ model. In Breit-Wigner model,

the transmission of molecular junction is described as Lorentzian curve. The transmission
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become maximum when the energy of electron is corresponding to the energy level of
molecular orbital. When the coupling is constant, and the energy of electron E is enough smaller
than energy level of bridging molecule, energy differentiate of the transmission d</dE is also
small. dz/dE is represented as Eq.31 in Breit-Wigner model.

de(E) —8I IR (E —¢)
dE.~ {(Iy + [z)? + (E — &)%)

(50)

The energy difference of electron and conduction orbital getting larger, the absolute value of
dz/dE decrease to 0. Hence, when the & is enough large, the shape of I-V curves is linear.
In Simmons model, when the bias voltage is enough small than energy barrier, the current

density is approximated as

2
i - (_ Ams /—Zm%) V. (51)

2mhsh? h
In low bias voltage range, the current is proportional with bias voltage. The linear behavior of

I-V curves is interpreted by large energy difference.

The electronic structure of averaged C4DA junction was determined by fitting with Eq.43 to
quantitative analysis. Here, the bridging molecular number n was assumed to be one. From the
fitting, the electronic structure was determined to be I'=48 meV and g = 1.7 eV. The obtained
energy difference g of 1.7eV is significant larger than the & of 0.7 V obtained for the BDA
molecular junctions. Observed large energy difference of 1.7 eV is caused larger
HOMO-LUMO gap of alkane molecule. This I-V measurement method can capture molecular
dependent of 1-V characteristics in a qualitative property.

Focused on the coupling, the coupling of C4DA (48 meV) is much smaller than BDA (75
meV ) despite both molecules have same amino anchoring groups. The coupling depends on not
only the local binding group geometry but also electronic properties of molecular backbones
such as orbital delocalization. The amino anchoring group in BDA binds to a sp? carbon atom of
benzene and the lone pair in the nitrogen atom is delocalized into the m-electron system of the
phenylene ring. It is guessed that the electronic interaction between the anchoring groups and
molecular backbone cause the larger coupling for BDA. On the other hand, the amino anchoring
group is directly bonding with sp*® alkane backbone. The lone pair of the nitrogen of C4DA
cannot delocalize into molecular backbone. Thus, the coupling of C4DA is smaller than BDA.
The interaction was demonstrated in rupture force measurements with AFM of C4DA and BDA

molecular junctions[70].
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Several conductance states are observed I-V histogram of C4DA. Tao’s group reported the
origin of multi states of alkanedithiol is contact resistance rather than energy difference between
conduction orbital and Fermi level by TVS analysis[39]. In rectangle potential model, the
tunneling conductance is described below by using of WKB approximation,

G = G, exp(—p1) (51)

Here, 1 means length of barrier. Tao’s group called inverse of Gc as contact resistance. In this
model, S is constant and | is variable. the conductance is Gc in the limit of | = 0. Therefore, Gc
is called contact resistance. However, the structural changes of molecular backbone can affect to
Gc. It is not clear that the contact resistance is due to only contact geometry between molecule
and electrode. It is well known from theoretical and experimental aspects that the conductance
of alkane molecular junction decreases by gauche structures. The I-V measurement of flexible
molecular junctions cannot clarify how contact part of electrode-molecule interfaces affect

contact resistance.

4.3.4. 1-V characteristics of bipyridine

To insure reliability of the I-V measurement method, 1-V characteristics of bipyridine were also
examined. Fig.4-13 represents 1-V histogram of bipyridine molecular junction. Two clear
distributions are observed in Fig.4-13. The magenta line and black line indicate the conductance
reported previously. The current (Fig.4-14) obtained by |-V measurement are good agreement
with previous STM-BJ conductance measurement [71]. It is considered that high conductance
state is due to m-plane binding to the electrodes and low conductance sate is due to the lone-pair
binding. From the fitting results, the coupling and energy difference are determined to be
I'=22meV and & =0.95¢V for high conductance state and T'=9.1 meV and &=0.76 eV
for low conductance state. Venkaraman’s group reported the electronic structurtes of bipyridine
with thermopower measurement[72]. They reported e =1.5eV and 1.2 for high and low
conductance state. It agrees qualitatively in the view that high conductance state is far from
Fermi level of Au electrodes. The difference between this method and their thermopower
measurement seemed to due to under estimation of Seebeck coefficient. It is difficult to measure
temperature difference between both electrodes. They overestimated temperature difference. As
a result, the energy alignment they reported became larger. |-V characteristics of bipyridine

confirmed the validity of the I-V method.
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Fig.4-13 I-V 2D histogram of Au-bipyridine junctions. bin size is 0.016 V x 1 nA constructed from
more than 3000 I-V curves. magenta and black line indicate 0.16 mGo and 0.6 mGo reported as
single-molecule conductance of Au-bipyridine junction in Ref.[71]
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Fig.4-14 Current histogram of Au-bipyridine single-molecule junction at the bias voltage of 0.3 V.

Bin size is 1 nA.

4.3.5. |-V characteristics of BDT

In previous sections, the validity and effectiveness of I-V measurement are confirmed. To
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characterize metal-molecule interface of single-molecule junction, I-V measurement of BDT
single-molecule junctions was performed. BDT is a model system of single-molecule junction
since first study of molecular junction reported by Reed et al.. The much investigation of BDT
molecular junction has been carried out previously[13, 41-44]. It is well-known that the
conductance of BDT single-molecule junction varies widely[41, 44]. BDT has rigid phenylene
molecular backbone and thiol anchoring groups. Previous studies reported the variety of
conductance is due to contact geometry of Au-thiol group such as on-top, bridge, and hollow
adsorption-structures[48, 63]. One of the most important problem in the field of molecular
junction is to clarify the relationship between contact configurations and transport property
reliably.

Examples of I-V curves of BDT molecular junction is shown in Fig.4-15. Fig.4-16 represents
2D I-V histograms of BDT molecular junctions in two different current range. In contrast to the
BDA junctions, BDT junctions with multiple Au-S bonding geometries varies in wide current
range shown in the I-V 2D histograms. The fitting of individual 1-V curves determined each
coupling and energy difference. The values of T and &, are plotted in Fig.4-17 . In the 2D
histograms of the values of T" and &, three conduction states (High: H, Medium: M, and Low:
L ) are observed. The one dimensional histogram of T" and &, are shown in Fig.4-18. From the
peak top positions, the electronic structures are determined to be I' =31 and 126 meV and
g0=0.63 eV for I-V curves in the large current regime (Fig.4-18(a,b) ) and I'=12 meV, and
e0=0.65eV for I-V curves in the small current regime (Fig.4-18(c,d)). The individual
curve-fitting revealed the existence of three preferential conductance states, L, M, and H. Three
distributions observed in the histogram of electronic structure are observed 2D histograms of
I-V curves. The histograms of current at 0.3V show some peaks at 7 nA for low conductance
region, and 20, 60, and 670 nA in high conductance region, which correspond to 0.3, 0.9, 2.6,
and 29 mGo as shown in Fig.4-19. Based on the peak-positons in the current histograms, the I-V
curves passing within the current range of (L) 5~20, (M1) 20~40, (M2) 40~100nA, and (H)
440~2200nA at 0.3V are divided into four groups to obtain statistically significant 1-V

characteristics. Each averaged I-V curve is plotted in Fig.4-16 as black dotted line.
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Fig.4-15 Example of I-V curves for the BDT molecular junctions measured at forward and backward
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bias voltage scans. Bias voltage scan rate was 400 Hz.
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Fig.4-16 (a,b) 2D I-V histograms of BDT molecular junctions constructed from 1,000 I-V curves
(Bias voltage scan rate =400 Hz) measured by the two different current amplifiers ((a) 1 pA/V and
(b) 10nA/V) in separate experiments. Bin sizes are (a) 0.016 V x 10 nA and (b) 0.016 V x 1 nA.
Dotted lines indicate bias voltage of 0.3 V. Dotted curves are the averaged I-V curves of the junctions
within current windows of 4-11 in (b), and 0-50, 50-100, and 540-1300 nA in (a) at 0.3 V. The

averaged I-V curves are denoted L, M1, M2, and H in order of the molecular conductance.
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Fig.4-17 2D histograms of a set of the I" and &, which were obtained by fitting each 1,000 I-V curves
using Eq.43. The bin sizes are 0.04 eV measured with (a) 1pA/V amplifier and (b) 10 nA/V

amplifier.
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Fig.4-18 Histograms of the fitted e0 and G obtained from 1,000 of individual 1-V curves of the BDT
molecular junctions in the (a,b) large and (c,d) small conductance regime. Peak positions found by
Gaussian fitting of the distributions are indicated by arrows; (a) 0.63 eV, (b) 31 meV and 126 meV,

(c) 0.65eV, and (d) 12 meV.
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Fig.4-19 Current histograms of the BDT molecular junctions at the bias of 0.3 V with  (a) 1uA/V
amplifier and (b) 10 nA/V amplifier. See the dotted line in Fig.4-16. The peak position of three states,
H, M1, and M2, are indicated by arrows.

To consider the number of bridging molecules n, the statistically averaged I-V curves (dotted

line in Fig.4-16) of M1, M2, and L were normalized on the basis of the current at 0.3 V. The
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normalized I-V curves are shown in Fig.4-20 . The multiplication factors only permitted integers
or inverse of integers are 3, 1, and 0.5 for the curves of L, M1, and M2, respectively. The
normalized 1-V curves of M1 and M2 are almost identical in the full bias voltage range. On the
other hand, the normalized I-V curve of L state shows significant mismatch with M (M1 and
M2). These results indicate that M1 and M2 belong to the same conductance state (i.e., M) with
different bridging molecule number n= 1,2. It should be note here that the conductance of H is
more than one order of magnitude larger than that of M, and therefore, the difference in the
conductance between H and M is unlikely to be explained by the difference in the number of the

bridging molecules n.
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Fig.4-20 Averaged and current-normalized 1-V curves of the BDT molecular junction at 0.3 V.

I-V measurement reveals existence of three states of BDT molecular junctions. The electronic
structures of the junctions were determined to be T' = 12 meV, & = 0.67 eV, I' = 26 meV, & =
0.63 eV, T =129 meV, g = 0.66 eV for L,M, and H, respectively by fitting averaged I-V curves
with Eq.46 . The fitting results indicate that the coupling dominate the conduction of BDT
molecular junction. A previous study reported energy difference (TVS) of BDT junctions
changes between different conduction I-V curves with STM-BJ method under liquid He
temperature[60]. It is not corresponding with the results obtained by our method. In this study,

transition voltage is less than 0.2 eV, which is much lower than the results. The difference is
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interpreted by the difference of the measurement conditions. In my study, I-V curves are
obtained under ambient condition. On the other hand, the previous research is carried out under
ultra-low temperature. BDT can be unstabilized by compression of STM tip.

| also analyzed the averaged I-V curves with transition voltage spectroscopy as previous
report[60, 39, 52]. Fig.4-21 represents Fowler-Nordheim (FN) plot of BDT averaged I-V curves.
The minimum of FN plot is transition voltage which correspond the barrier height in the
one-dimensional rectangle potential model. Transition voltage is 0.81, 0.71 and 0.76 eV for H,
M, and L state, respectively. Only slightly difference from the & by fitting with Breit-Wigner
model are observed. No significant difference of conduction orbital level is observed with TVS
analysis. TVS analysis also support the conductance of BDT single-molecule junction mainly

depends on the coupling.
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Fig.4-21 Transition voltage spectroscopy. Fowler-Nordheim plot of averaged I-V curves of

Au-BDT H, M, and L state. The minimum is 0.81, 0.71 and 0.76 eV for H, M, and L state.

Thus, 1-V measurement reveal the electronic structures of BDT junctions and capture the

difference of conduction states clearly caused by their adsorption geometries.

4.3.6. Comparison with theoretical calculation
Contact configurations of three conduction states are assigned by means of comparison with

theoretical calculation. The three possible anchoring positions, i.e., hollow, bridge, and on-top,
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to the Au electrodes and determined the conformations of each junction model are calculated.
The structural model is shown in Fig.4-22,4-23,4-24. The conductance of hollow and on-top
configuration is 24, 9 mGy, respectively. All of the bridge conformations have high conductance,
e.g., (i) bridge, 0.22 Go; (ii) bridge-top, 0.32 Go; and (ii) bridge tilt, 0.27 Go, respectively.
On-top configuration has smallest conductance of 9 mG,. Conductance of hollow structure is
calculated as 24 mGy The conductance of the bridge family is much higher than hollow or
on-top structures. The calculated 1-V curves of on-top, hollow, and bridge configurations are
plotted in Fig.4-25. The calculation results also show three distinct conductance regimes for
BDT, and they can be assigned by anchoring sites, i.e., H is bridge, M is hollow, and L is on-top,
respectively. The most conductive bridge type configuration, bridge-top was as the H state
chosen in below discussion.

Here, | discuss the relationship of the coupling between theoretically calculated values and
experimentally obtained values. The projected molecular orbital (PMO) was defined by
diagonalizing the molecular projected Hamiltonian (MPSH) and identify the conductive MO,
whose energy e, should be close to Er and whose coupling strength to electronic state of the
electrodes, v, is sufficiently large. The value of y is the imaginary part of the normalized
self-energy to MPSH and was obtained for each PMO. Generally, the conductive MO is not the
conduction channel state. Thus (&, y) is not equal to (&, I'), as defined by Eq.31 . However,
identifying conducting MQO’s is useful to check validity of the analysis with Eq.31 . In addition,
(£a,y) is a good approximation that allows discussion of the tendency of y. The calculated values
e, em, and e are —0.75, —1.09, and —0.47 eV, respectively. Since the conductive MO energies of
the three states are of the same order, analysis of the relationship between the contact
configuration and T, as evaluated by I-V curves using EQq.43 , is reasonable. The relative
coupling strength and are 64 and 50. The correlation of conductance and T" agree reasonably

with that of conductance and y.
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Fig.4-22 Schematic structures of (a) bridge, (b)hollow, (c) on-top adsorption configuration of

Au-BDT single-molecule junctions.

Bridge Bridge-top Bridge tilted
Fig.4-23 Structural models of (a) on-top, (b) hollow, (c) bridge, (d) bridge-top, and (e) bridge
tilted configurations used for the DFT-transport calculations. Blue, yellow, pale yellow, and

orange balls correspond to H, C, S, and Au atoms, respectively.
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Fig.4-24 Schematic illustration of the bridge type configurations of the BDT molecular
junctions; (i) bridge, (ii) bridge-top, and (iii) tilted bridge. White, grey, yellow, and orange balls

represent H, C, S, and Au atoms.
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Fig.4-25 Theoretical I-V curves of BDT junctions for the bridge, hollow, and on-top

adsorption-configurations, which are represented by red, green, and blue lines, respectively.

4.4. Conclusions
In this chapter, | investigate the I-V characteristics of BDA, C4DA, bipyridine, and BDT

single-molecule junctions. The electronic structures are determined by fitting observed I-V
curves with Breit-Wigner transmission model. Their |-V characteristics has good agreement with
conduction feature reported previously. Although BDA displays single narrow distribution in the
I-V histogram, BDT varies three distributions caused by contact geometries. | assigned the
contact configuration by comparison with theoretical calculation. The structures were

determined as bridge, hollow, on-top for high, medium, low conductance states.
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5. Thermopower measurements of single-molecule junctions

It is insufficient only with single-molecular conductance in order to determine the electronic
structure of a single molecule junction. Measurements the electronic structure of a single
molecule junction improve reliability of determining the electronic structure of a single
molecule junction.

In the previous chapter, the junction structure was determined by comparing the calculated
energy difference between the main conduction orbital and the gold electrodes, and the coupling
with DFT calculation results. The conduction orbital used for comparing the theoretical
calculations is HOMO. However, I-V measurements do not inform any experimental evidence
that the conduction orbital is HOMO. In this chapter, thermopower measurement of
single-molecule junction is carried out to determine the electronic structure of a single molecule
junction. | performed the experiment of thermopower measurement with an aim of
establishment of the electronic state measurement method of a single molecule junction.

In the experiment, the thermoelectric voltage of BDT single-molecule junction and bipyridine
single-molecule junction investigated previous chapter was measured. Their main conduction
orbitals were determined. The conduction orbital of single molecule junction was determined to

be HOMO for BDT, and LUMO for bipyridine.
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5.1. Introduction
In the previous chapter, the energy difference and the coupling between the main conduction

orbital and the gold electrode were determined by measuring the 1-V characteristic. However, it
is insufficient to measure only I-V characteristics to determine the electronic structure
completely. This is because 1-V measurement does not clarify main conduction orbital of a
single molecule junction, that is, the career transport via HOMO or LUMO. When HOMO is
main conduction orbital, the career is a hole. In case that it is LUMO, the career is electron.
Holes and electrons conduct in the same way and exhibit the indistinguishable I-V
characteristics if the energy difference from coupling conduction orbital and Fermi level and
coupling are same. Poulsen and Datta proposed theoretically that thermopower measurements
can identify the conduction orbital[73]. The electronic structure of the single molecule junction
can be determined by combining the I-V characteristic measurements and the thermopower
measurement[72, 74, 68].

The current of a single molecule junction with temperature difference is represented by the
Eq.52

1= 22 [ 4 {28 (fuon() — Feoa(E))} ©2)

Consider the case where there is a temperature difference between both electrodes. The
Fermi-Dirac distribution function of the electrode shows a slight temperature dependency.
Therefore, an effective bias voltage is applied to the single-molecule junction. The voltage

which the current becomes 0 is expressed by the Eq.53

2 k&T dlnt(E
AV = 3B abf ) AT,
e EZEF
= —SAT. (53)

In EQ.53, thermoelectric voltage is proportional with energy differential of logarithm of
transmission at Fermi level. When conduction orbital is below Fermi level of electrode, the
energy differential of transmission is negative value. the orbital is larger than Fermi level, the
energy differential is positive. This is a principle of determination of conduction orbital with a
thermopower measurement.

Experimentally, thermopower of molecular junction is reported by Reddy et al.[74]. They
measured the bias voltage with temperature difference during forming molecular junction with

voltage amplifier. They used STM to form junction. The thermopower of single-molecule
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junction have been measured by several groups using with STM and MCBJ[75-80]. Other
method to measure thermoelectric voltage is observing current shift with temperature difference
as reported Ref.[72, 75] . Much attention has paid to thermopower measurements. one of the
purpose of thermopower measurements of single-molecule junction is determination of
electronic structures[74, 78, 81, 82]. Thermopower of single-molecule junction is also
investigated for large thermopower[83]. For instance, one-dimensional materials show van
Hove singularity[84, 85]. Considering Eq.52, thermoelectric voltage diverge in a characteristic
system of single-molecule junction, large thermoelectric voltage is expected. Figure of merit of
single-molecule junctions has not been measured yet because of difficulty of measurement small
heat quantities through molecular junction. Recently, heat transport in nanoscale have been also
measured[86, 87]. Thermopower measurement of molecular junction is important for electronic
structures measurement and developing of thermoelectric devices.

In this chapter, | investigated the conduction orbital of single-molecule junction of BDT,
bipyridine by using with thermopower measurements. The electronic structures of
single-molecule junctions were determined completely with |-V measurements and

thermopower measurements.

5.2. Experimental
5.2.1. Sample preparation

The substrate and tip were prepared as described in Chapter 4.

5.2.2. Thermopower measurement

Thermopower measurements were performed with the setup in Fig.5-1. In this setup, the
temperature of the Au substrate is controllable with Peltier module. Glass plate was inserted
between Peltier module and STM sample stage to prevent from heating or cooling of sample
stage. The temperature of Au substrate and room temperature is monitored with Pt 1000
thermometer mounted on the substrate. The temperature of Au substrate keep constant under
PID control of temperature controller. Considering the temperature of tip is room temperature,
temperature difference of two electrodes was defined as temperature difference between the
temperature of Au substrate and room temperature. The experiments were performed with the
temperature difference from -6 K to 20 K. Here, positive temperature difference means substrate

heating.
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Thermopower was obtained from I-V dependence in small bias voltage range between +1 mV
with the condition that Au substrate is heating or cooling. 1-V was record by same method
mentioned in Chapter 4. High resolution DAQ (NI-4461) was used instead of NI USB-6363 to

observe small bias voltage shifts.

(a) (b) —
computer Tip
l STM Q T
v . - &
DAQ | Piezo A
“| Driver Thermometer
Bias Z signal i : -
Au Tlp Peltier Ieadl
. y - Device
s Signal > Au -
Access A Substrate
Module |Current STM Sample Stage

Fig.5-1. The setup of thermopower measurement on molecular junctions with STM-BJ. (a)
Experimental setup for the combined I-V and thermoelectric measurements for the
single-molecule junction. (b) Schematic illustration of the experimental setup for the

thermoelectric measurement.

5.3. Results and Discussion
5.3.1. Thermopower measurement of BDT junctions

Example of I-V curves measured in range between £1mV are shown in Fig.5-2. Black and red
points show I-V characteristics measured under AT =0 and 20 K, respectively. The two lines in
Fig.5-2 means linear fit of data points. The bias voltage point which current is 0 is defined as
voltage offset. The voltage offset of red line measured under AT = 20 K shows negative shift
from black line without temperature difference. This voltage shift means thermoelectric

voltage caused by temperature gradient in the circuit.
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Fig.5-2 Example of the I-V characteristics of the BDT single-molecule junction at a

temperature difference of (red) 20 K and (black) OK.

It is uncertain to determine thermopower by comparing only one I-V curve. Fig5-3. represents
the histograms of the voltage offset at each temperature to statistically calculate the
thermoelectric voltage. From the Fig.5-3, it is confirmed that the voltage offset is shifted in the
negative direction. This bias voltage shift is inferred that the thermoelectric voltage is
generated. It suggests that the charge transports via HOMO of BDT single-molecule junctions.
In the Fig.5-3, the width of histogram of the voltage offset under AT = 20 K is the largest. The
broadening indicates the structural changes of molecular junction occur more frequently due to

heating up of the junction or the larger temperature difference between the two electrodes.
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Fig.5-3 Distribution of the thermoelectric voltage of the BDT single-molecule junction at
temperature differences of (a) +20 K (b) 10 K, (c) 0 K, and (d)-6 K. The STM tip was kept at

ambient temperature. Thermoelectric voltage is defined as voltage offset.
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Fig.5-4 Plot of the peak values of thermoelectric voltage in the histograms as a function of the
temperature difference of BDT single-molecule junction.

Seebeck coefficient were determined to evaluate thermopower quantitatively. Voltage offset
are determined at each temperature difference from gaussian fitting of each histogram. \oltage
offset dependence of temperature offset are plotted in Fig.5-4 . The slope of the line in Fig.5-4 .
means Seebeck coefficient of the whole of the circuit. The slope of the line in Fig.5-4 is
-4.4uV/K. Thermoelectric voltage caused by temperature difference. Observed thermoelectric
voltage of the circuit is described as Eq.54 .

AV = (Smot — Sau)AT (54)

Seebeck coefficient of lead caused in Au lead from molecular junction to an amplifier of STM.
This Seebeck coefficient is assumed to equal with bulk gold. Seebeck coefficient is determined
by subtracting Seebeck coefficient of bulk gold from Seebeck coefficient of the circuit.
Seebeck coefficient of BDT single-molecule junctions is 2.5 uV/K. This value is smaller than

previous reported Seebeck coefficient of BDT junctions[74]. This difference is should be due
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to overheating of tip. Seebeck coefficient of BDT junction is positive. The signature of
Seebeck coefficient corresponds with signature of charge carrier. Main carrier through BDT
junction is hole. Thermopower measurement reveals that conduction orbital of BDT
single-molecule junction is HOMO. The HOMO level from theoretical calculation is compared
with electronic structure determined by experiment in previous chapter. It agrees with the
results of thermopower measurement. Combined the I-V measurements and thermopower
measurements, | revealed the electronic structures of BDT single-molecule junctions as shown

in Fig.5-5.

- 1.5
1.0
0.5
> 00
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3 BDT_H 0.63 eV
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Au
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_1_5 -
—2.0 T T T

Transmission

Fig.5-5 Energy level diagram of the (red) H and (black) M states of the BDT single-molecule

junctions.

5.3.2. Thermopower measurement of bipyridine

Thermopower measurement of bipyridine junction also were performed. Voltage offset
histograms are shown in Fig.5-6. In Contrast to BDT junctions, positive shift of voltage offset

with temperature increase was observed. Thermoelectric voltage of bipyridine is plotted in
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Fig.5-7. From the slope in Fig.5-7, Seebeck coefficient of bipyridine junction is determined to
be -4.9 uV/K. Hence, conduction orbital of bipyridine is LUMO. This result agrees with
previous report[72]. The signature of Seebeck coefficient is different from BDT. Results of

bipyridine insure the validity of thermopower measurement[72].

450 —
360 —
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180 —
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Thermopower / uVv

Fig.5-6 Distribution of the thermoelectric voltage of the bipyridine of molecular junctions at
temperature differences of (a) +20 K (b) 10 K, (c) 0 K, and (d)-5 K. The STM tip was kept at
ambient temperature.
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Fig.5-7 Plot of the peak values of thermoelectric voltage in the histograms as a function of the

temperature difference of bipyridine molecular junction.

5.3.3. Comparison with I-V measurements

Both of I-V measurements and thermopower measurements are methods to measure
electronic structure, transmission of single-molecule junctions. It is expected that common
electronic structure is observed from thermopower and 1-V measurements of same molecular
junction. In 1-V measurement in previous chapter, three different conduction structures were
observed. Whereas, only single distribution of voltage offsets was observed in thermopower
measurement. Voltage offset histogram for high conductance state and medium conductance
state are shown in Fig.5-8 and Fig.5-9, respectively. Voltage offsets of both state are plotted in
Fig.5-10. From Fig.5-10, Seebeck coefficients of BDT junctions do not exhibit significant
difference between conductance states. Apparently, observed single distribution of

thermoelectric voltage is inconsistent with 1-V measurements.
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Fig.5-8 Distribution of the thermoelectric voltage of the BDT High conductance state at
temperature differences of (a) +20 K (b) 10 K, (¢) 0 K, and (d)-6 K. The conductance range is
determined I-V measurement in Chapter 4.

68



()

Occurrence / a.u.

|
7 (d)

I I T I
-400 -200 0 200 400
Thermopower / uV

Fig.5-9 Distribution of the thermoelectric voltage of the BDT Medium conductance state at
temperature differences of (a) +20 K (b) 10 K, (¢) 0 K, and (d)-6 K. The conductance range is
determined I-V measurement in Chapter 4.
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Fig.5-10 Plot of the peak values of thermoelectric voltage in the histograms as a function of the

temperature difference of High and Medium states of BDT single-molecule junctions.
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Fig.5-11 Comparison between energy difference and Seebeck coefficient of Au-BDT junctions. (a)

Histogram of energy difference of conduction level. Energy difference is determined by fitting of 1-V
curves with Breit-Wigner model. 1-V curves are measured in Chapter 4.  (b) Histogram of
Seebeck coefficient. Seebeck coefficient is defined by dividing voltage offset by temperature
difference for each I-V curve in range +1 mV.

Adopting Breit-Wigner model as transmission[55], Seebeck coefficient of single-molecule
junctions are described as Eq.55 .
. m k3T  2¢,

"~ 3e g2+1I?

(55)

where the couplings of two electrode is assumed to be equal. From the results of I-V

measurements, energy difference is approximately 0.7 eV for both state. The couplings differed



significantly between two states. The coupling is approximately 0.1 eV for high state. Hence,
coupling difference, that is the difference of two conductance state influenced only 2% to
Seebeck coefficient from EQq.55., the fluctuation of structure of single-molecule junction is
inevitable in this thermopower measurement. Slightly change of Seebeck coefficient is not
measurable. Single distribution of thermoelectric voltage is interpreted by the results of I-V
measurements. Fig.5-11 represents the histograms of Seebeck coefficients of BDT junctions
and energy difference between conduction orbital and Au Fermi level obtained from fitting of
individual 1-V curves. Seebeck coefficient is almost proportional with energy difference when
0> >>I'2, The shape of these two distributions is similar. This similarity support that Seebeck
coefficient mainly depends on energy differenece.

By using of Eq.55., absolute value of Seebeck coefficient is determined based on the coupling
and energy difference measured with I-V characteristics. Seebeck coefficient expected from I-V
measurement is 20 puv/K for BDT and 15 puV/K for bipyridine. Experimental Seebeck
coefficient is different from S,.v. The difference between measured and estimated Seebeck
coefficient can be explained by the effective temperature affected by heating of tip from
substrate. Previous research reported that the temperature difference was 0.34 times smaller of
setting temperature by AFM-based nanoscale thermometer[88]. In this study, the effective
temperature difference is estimated with Eq.56.

ATopr = CAT ey (56)
c is estimated approximately 0.1 for BDT and 0.3 for bipyridine. Setting temperature
difference is estimated with the assumption that the difference between observed and estimated
Seebeck coefficient caused by overestimating of temperature difference. Thus, the results of

thermopower measurements were interpreted consistently with I-V measurements.

5.4. Conclusions
The thermopower of BDT and bipyridine molecular junction have been investigated.

Thermopower measurements reveals that conduction orbital of BDT and bipyridine molecular
junction is HOMO and LUMO, respectively. The electronic structures of single molecular
junction were determined by combining I-V measurements and thermopower measurements.
The validity of the thermopower measurements were insured by agreement with I-V

measurements.
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6. Investigation of electronic structure of highly conductive

single-molecule junctions via direct 7-bonding

In this section, | discuss the |-V characteristics of highly conductive molecular junctions
directly bonding to electrodes by m-conjugated electron systems. In the previous chapters, |
described that the method based on I-V characteristic measurements and thermopower
measurements to statistically analyze electronic structure of a single-molecule junctions was
established.

In order to utilize a single molecular junction as molecular device, it is necessary to form a
molecular junction having high conductance. In this chapter, -V measurement was applied to a
mesitylene single-molecule junction with high single molecule conductance to investigate the
origin of high conductance. |-V measurements clarified that mesitylene single-molecule
junctions has larger coupling than molecular junctions having typical anchor group such as BDT
and BDA. It is concluded that the high conductive characteristics of the molecular junction with

the bonding by the @ conjugate plane is derived from the coupling.
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6.1. Introduction
One of problems in applying molecular junctions as devices is low conductance of molecular

junctions. High conductance is desirable for use as device. However, the conductance of the
molecular junction of the benzene derivative having two anchor groups, which are benzene
backbone is very simple, is at most about 0.01 Go. As described above, single-molecule
conductance is ~ 0.01 Gy for BDA, and - 0.03 Go for BDT[37, 41]. There are some trials of
selection of molecular backbone to realize high conductance. Molecular systems that introduce
metal ions into the backbone and reduce conductance decreasing with distance have been
performed to realize high conductance. However, the conductance of single molecule junctions
is not only due to backbone. As written in previous chapters, the way molecules are bonded to
the electrode greatly affects the conductance of the molecular junctions[41].

Molecular junctions with bonds via m-conjugated systems have high conductance[89-94]. The
direct w-binding technique has been applied for various systems such as benzene derivatives[92,
94], Ceo[95, 96], ethylene[97] , and pyrazine[90, 98]. Benzene single-molecule junctions
without anchoring groups have higher conductance of 0.1 Go[92]. The origin of high
conductance of benzene is considered that the m conjugate plane is directly bonded to the metal
electrodes. Pyrazine single-molecule junction has two ways to form the junctions with a
conjugate plane or with lone pair of nitrogen atoms[90, 98]. It is known that pyrazine
single-molecule junction exhibits high conductance as the distance between two electrodes
decreases. When the distance between the electrodes is small, the conductance is 0.3 Go, and the
conductance when it is large is approximately 1.0 Go[98]. This is because if the distance
between the electrodes is large, single-molecule junctions are formed by coordination bonding
of nitrogen atoms. The distance between the electrodes is getting smaller, pyrazine is considered
to be bonded by a m conjugate plane. These examples show that conductance increases when
directly bonded by a m conjugate plane in a single-molecule junction. However, the origin of
large conductance when bonded on the  conjugate plane has not been clarified.

Asfari et al. reported that mesitylene single molecular junction were formed with STM-BJ, and
the mesitylene single-molecule junction exhibits high conductance[89]. It is considered that the
high conductance of mesitylene single molecular junction is originated in bonding with the
electrodes by a m conjugate plane like benzene-Pt junctions[92]. Therefore, 1 choose the
mesitylene single molecule junction as a system having a direct bond by a © conjugate plane to

measure its electronic structure in the ambient condition with STM. The origin of high
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conductance of the molecular junction bonded to the electrode by the m conjugate electron

system were investigated.

6.2. Experimental
6.2.1. Conductance measurements and I-V measurements

Conductance measurements were performed with STM-BJ. The setup was STM (Nanoscope V,
Bruker, Santa Barbara, CA) with DAQ (National Instruments, USB-6363 ). Au(111) / mica
substrate was used for the measurements. The substrate was fixed in a Teflon liquid cell with
Viton O-ring after flame annealing. The STM-BJ experiments were performed in mesitylene
solution. STM-BJ experiments were performed as reported previously. The 1-V measurements

were performed as described in Chapter 4.

Fig.6-1 Schematic view of this measurement. Inset shows molecular structure of mesitylene.
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6.3. Results and Discussion
6.3.1. Conductance measurements

STM-BJ methods were used for investigation of conductance and electronic structure of
single-molecule junction of mesitylene[99]. In previous report, it is reported that mesitylene
single-molecule junction has conductance of 0.1 Go[89]. First, I performed STM-BJ
conductance measurements in liquid condition to reproduce single-molecule conductance of
mesitylene junctions. Fig.6-2 shows examples of the conductance traces during stretching
processes. Black lines are the conductance traces in the mesitylene and red lines are the
conductance traces measured in the air. These conductance traces display at 1 Go. These plateaus
indicate a Au single atomic junction formed before breaking metallic junctions. In the
conductance histograms (Fig.6-3), the significant peak appeared at 1 Go corresponding to
plateau in the conductance traces. This peak means Au single atomic junctions formed
statistically in rupture processes. Focused on the conductance range below 1 Gy, some
conductance traces show plateaus at 0.1 Go and 0.03 Go. The conductance histogram in
mesitylene also shows peaks at 0.1 Go and 0.03 Go. In blank case, no conductance plateaus in
the conductance traces and no peaks in the histogram were observed. | observed two distinct
high (H) and low (L) conductance states for mesitylene single-molecule junctions. The main
peak at 0.1 Go in the histogram is corresponding to previous report. It is considered that this 0.1
Go is due to single-molecule junctions where m plane of mesitylene directly binds to Au
electrodes to form the structure where molecular plane is perpendicular to Au electrodes. In
generally, molecular conductance also appears at integer multiple of a single molecule
conductance. In the histogram in Fig.6-3, a shoulder peak at the 0.2 Go is observed. This peak
indicates formation of double molecule junction. It is a proof that the peak at 0.1 Go is due to
single-molecule junctions. The peak at 0.03 Gy is also observed. This peak also represents the
single-molecule conductance of mesitylene. In previous report, this peak was not observed[89].
The peak of low state can be hidden in background tunneling currents because of its small

frequency.
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Fig.6-2 Typical conductance traces during STM-BJ rupture process with (black) and without (red)

adding mesitylene solution. The bias voltage was set to 20 mV. Conductance windows are 0 — 3 Go

for (a) and 0 — 0.3 G for (b,c).
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Fig.6-3 Semi-logarithmic conductance histograms during STM-BJ rupture process with (black) and

without (red) adding mesitylene solution. The bias voltage was set to 20 mV. Histograms in (a) and

(b) are constructed from a choice of 200 conductance traces. A bin size of Alog(G/ Go) = 0.02 is

used.

To estimate the gap distance between two Au electrodes during H state or L state
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single-molecule junction forming, the electrodes stretch length in the conductance traces were
analyzed. Fig.6-4 represents stretch length histograms for conductance plateaus of high and low
conductance states. Here, the plateau length is defined as length of conductance plateau within
the conductance range from 0.02 G to 0.7 G, for the low-conductance state and from 0.07 Go to
0.7 Go for the high-conductance state. the origin of the length is defined as the point just after
breakage of Au metallic junctions. Each length distribution was fitted with gaussian to
determine effective gap distance of the state. the average length is 0.044 and 0.079 nm for H and
L conductance states, respectively. This gap distance does not real distance of the single
molecule junctions because the electrodes are retracted just after the breakage of Au atomic
junctions. Typically, the gap which width is 0.4 nm is formed[100]. However, the stretch length
indicates relative gap distance between two conductance states. The average gap distance of the
high conductance state is shorter than the low conductance state. According to the stretch length,
it is interpreted that the high conductance states are perpendicular structure and the low

conductance state is due to tilted orientation of mesitylene junction.
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Fig.6-4 Stretch length histograms on a semi-log scale constructed from 2000 of all conductance
traces taken at the bias voltage of 20 mV for (a) high and (b) low conductance states (For a detail see
main text). The bin size is log (stretch length/nm) = 0.1. Solid curves are results of Gaussian fits.
Peak center positions are indicated by dotted lines ((&) 0.044 nm and (b) 0.079 nm).

6.3.2. 1-V measurements

I-V measurements were performed to investigate the electronic structure of single-molecule
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junction of mesitylene. In previous report, the current bias voltage relationship of mesitylene
junctions has been reported by single-molecule conductance with STM-BJ method at fixed bias
voltages below 0.3 V. It has been reported that the single-molecule conductance is constant, the
current increase linearly within the range below 0.3 V. In this study, | obtained |-V
characteristics in wide range of +1 V of mesitylene single-molecule junctions to determine the
electronic structures. Fig.6-5 represents a typical 1-V curves of mesitylene molecular junction
for high conductance state and low conductance state, respectively. Typical I-V curves
represents quasi-linear behavior in low bias voltage range as reported previously. In high bias
voltage range, non-linear increase is observed due to changing of electron transport mechanism
from non-resonant to resonant tunneling process. It is possible to determine electronic structure

with fitting these non-linear |-V curves.
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Fig.6-5 Typical I-V curves of the mesitylene molecular junctions .

To analyze statistically, 2D 1-V characteristics histogram are shown in Fig.6-6. Two clear
distributions appear in the 2D histogram. It agrees with the existence of two conductance states
in the conductance measurements of STM-BJ at fixed bias voltage of 20 mV. | extracted
averaged I-V characteristic for each state. The average I-V curves of high and low conductance
state are defined average -V curvet which current at 0.3 V is in range of above 2400 nA (above
0.1 Go) and 700-1500 nA (0.03-0.065 Gy), respectively. The conductance windows are chosen
to separate the I-V curve into two states with the two single-molecule conductance state

observed in STM-BJ conductance measurement.
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Fig.6-6 2D histogram of |-V curves of the mesitylene molecular junctions. The histogram is
constituted from more than 1000 I-V curves. The bin size is 16 mV x 100 nA.

| adopted Breig-Wigner model (Eg.31) for electron transport through single-molecule
junction[55]. Here, the current is described in Eq.43 with considering the number of bridging
molecules. The parameter of electronic structure, energy alignment & and coupling I, are
determined by fitting each averaged I-V curve with Eq.43. The fitting results are 'y = 0.15 eV,
eo_n = 0.31 eV for the high conductance state using bias window +0.4 V and I'. = 0.16 eV, &_.
= 0.72 eV for the low conductance state using bias window +1.0 V (I' = 0.10 eV, &_L = 0.49
eV for the bias window +0.4 V). Asymmetric factor of coupling a is 0.5 for both conductance
state. To eliminate the possibility of the multiple molecule junction of high conductance state,
the averaged I-V curve of high conductance curves are fitted with setting the number of
molecule bridging n. The fitting results are I'= 0.098 eV, g = 0.32 eV for n = 3, " = 0.076 eV,
g0 = 0.37 eV for n = 4. the energy alignment ¢, of high conductance state for n =3 or 4 are much
less than &o_,. the mismatch represents that high conductance state cannot explained by multiple
molecule junction. High conductance state is originated different orientation from low

conductance state. It is able to distinguish to conductance state which has different electronic
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structures with the 1-V measurements. Compared to BDT junctions with the anchoring
groups[68, 56], the coupling of mesitylene junction (I' = 0.15 eV) is substantially larger than
BDT (I is less than 0.13eV) and the conduction level of mesitylene junction is closer than BDT.
Larger coupling supports the assumption that the mesitylene directly binds to Au electrode via

electron plane with a strong interaction.

6.3.3. Possible model of mesitylene junctions

In this subsection, | propose possibly model of mesitylene junctions for two conductance states
observed in the experiment of conductance measurements and I-V measurements. In some
conductance traces, the low conductance state appeared after the plateau of high conductance
state appeared (Fig.6-2). The results of gap distance analysis (Fig.6-4 ) indicates the high
conductance state has shorter gap distance than low conductance state. Proposed possible two
structural model for each conductance state are shown in Fig.6-7 based on the experimental
results. In high conductance state, the plane of mesitylene molecule is perpendicular to two
metal electrodes direction as proposed previously. In low conductance state, tilted structured
formed caused stretching after high conductance state appeared in analogy with benzene

single-molecule junctions[89, 92].
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Fig.6-7 Proposed structural models of the mesitylene molecular junctions for (a) high-conductance
and (b) low-conductance states. Mesitylene is oriented perpendicular to the charge transport
direction in (a). In (b) stretching of the junction leads to a tilted orientation of the mesitylene

molecule.

6.4. Conclusions

In this chapter, | fabricated single molecular junctions of mesitylene with the STM-BJ method
and performed conductance and 1-V measurements. In the conductance measurement and I-V
measurement, two conductance states were observed around 0.1 Go as previous reported. The
energy level of conduction orbital and the couplings of mesitylene to Au electrodes were

determined by fitting of statistically averaged I-V curves with Breit-Wigner model. The origin of
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the high conductance for the direct m-bonded molecular junctions was ascribed to the
experimentally obtained large electronic couplings of ca. 0.15 eV for the two states. Based on
the stretch length of the conductance trace and the large electronic coupling obtained from the

I-V analysis, | proposed two possible structural models.
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7. Current-Voltage characteristics of asymmetric junctions

In previous chapters, | have reported I-V characteristics of symmetric molecular junctions. In
this chapter, | discuss the 1-V characteristics of molecular junctions with asymmetric anchoring
groups. Molecular devices have the oldest history in molecular diode research. Some reports on
molecular junctions with rectifying properties have been reported. These concepts of molecular
junctions with rectifying nature have asymmetry in the molecular backbones. In this chapter, |
investigated the I-V characteristics of molecular junctions when the anchor groups are
asymmetric. 1-V measurements of 4-aminobenzenethiol with asymmetric anchoring groups and
molecules with three binding sites on only one side (Ceo-tripod ) were performed. The statistical
rectification was not observed for ABT single-molecule junctions. It is suggested that one
coupling affects the other in small conjugated molecules such as ABT. Weak rectification was
observed with respect to the three-legged molecule. For three-legged molecule Ceo-tripod
molecules, it can be regarded as asymmetry due to the influence of the backbone. | obtained an

asymmetric |-V curves depending on the different binding sites.
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7.1. Introduction
First research of molecular device is theoretical proposal of molecular diode by Aviram and

Ratner in 1974[6]. After establishment of measurement of single-molecule conductance using
BJ methods[10, 12, 13, 15], much attention has been focused on realization of molecular
diodes[23, 24, 101-103]. The concept of most of molecular diodes including first theoretical
proposal reported Aviram and Ratner is introduction of asymmetric molecular backbones. These
asymmetric molecular backbones imitate practical diodes with PN junctions. The molecular
backbones have donor and accepter parts[23, 24, 101-103].. In Aviram and Ratner model[6], the
current increase through molecule as the Fermi level of electrode gets close to accepter level,
and vice versa. In experimental, some molecular diode with asymmetric backbone have been
reported.

Rectification 1-V character is also expected by introduction of asymmetric molecule-electrode
interface structure even with symmetric molecular backbones. Controlling the rectification has
advantage in the aspect of design of molecules for use in devices. Some molecular diodes with
asymmetric contact parts and symmetric molecular backbone have been reported
previously[104-106]. Venkataraman’s group have reported the single-molecule rectifier with
Au-C bond and Au-S bond. 1,4-aminobenzenthiol (ABT) has both of the most typical anchoring
groups, thiol and amino group[40-44, 105]. Wang et al. has reported asymmetric I-V curves of
ABT single-molecule junctions[105]. However, the conductance of single-molecule junction is
easily affected by shape of electrodes, the geometries between molecules and metal electrodes,
and external noise[39, 44]. The properties of single-molecule junction such as conductance and
rectification ratio should be determined by statistical measurement because only one
conductance trace is insufficient to determine single molecule conductance. As mentioned in
previous chapters, the conductance of the molecule with thiol anchoring groups varies in broad
conductance range due to different metal-molecule interface structures[39, 44, 63, 68].
Moreover, BJ methods have a destructive process of metal atomic contacts. This destructive
form and rupture process prevents the precise control of the structures of metal-molecule
contact parts[70]. The origin of asymmetric 1-V characteristics of the single-molecule junction
of symmetric molecule was assigned as difference of shape of electrodes between tip and
substrate in a previous report[107]. Rectification of ABT is not clear because single 1-V curves
cannot exclude the possibility of different electrode structures or conductance change during

bias sweep. In this chapter, the statistical I-V measurement of ABT and Ceo-tripod junction as
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asymmetric molecular junction is reported. | fabricate single-molecule junctions of ABT and
Ceo-tripod and obtain 1-V curves more than 1000 times to clarify the rectification property of

Au-ABT and Au-Ceo-tripod junctions.

7.2. Experimental
I performed conductance measurements and 1-V measurements of ABT and Ceo-tripod with

STM-BJ method. The molecules are shown in Fig.7-1.

(a) (b)
NH,

SH

Fig.7-1 molecular formula of (a) ABT and (b) Ceo-tripod.

7.2.1. Sample preparation

Au(111) on mica substrate were prepared as described in Chapter 4.

ABT

The substrate was dipped into 1mM ethanol solution of ABT after flame annealing. After
evaporation of the solution, the substrate was rinsed with ethanol to clean physiosorbed

molecules.
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Ceo-tripod

Ceo-tripod molecule was synthesized by Fukushima Lab., Tokyo Institute of Technology. The
substrate was dipped into 1mM tetrahydrofuran (THF) solution of ABT after flame annealing.
The substrate was immersed overnight after tetra-n-butylammonium fluoride is added into the

solution. After evaporation of the solution, the substrate was rinsed with THF.

7.2.2. Conductance and I-V measurements
Conductance and I-V measurements were performed as described in Chapter 4.

7.3. Results and discussions
7.3.1. Conductance and I-V measurement of ABT junctions

Fig.7-2 shows the results of single-molecule conductance measured using the STM-BJ method.
Typical conductance traces are shown in Fig.7-2 (a). the conductance traces show plateaus at 5
mGo and 13 mGo. These conductance plateaus indicate the conductance of single molecular
junctions. Conductance histogram constituted of 300 conductance traces of Au-ABT junctions is
shown in Fig.7-2 (b). The conductance histogram also shows two peaks near the 5 mGo and 13
mGo corresponding to conductance of plateaus observed in conductance traces. The
conductance of ABT single-molecule junction are determined be 5 and 13 mGoy. These two
conductance peaks agree with previous results reported[108, 105]. There are two possible origin
of two single-molecule conductance. One is difference of direction of ABT molecule between
two metal electrodes as proposed in a previous report[105]. The other is difference absorption
structures. For instance, it is often reported thiol molecule such as BDT has various

single-molecule conductance[39-44].

89



N
($)
|

0.7 nm

wW
o
|

Conductance / mG, @
o
|

o

O

) Stretch Length / nm

(

Counts

0 9

10 15 20 25
Conductance / mG,

Fig.7-2 (a) Typical conductance trace of the Au-ABT junction. Each dotted line represents the
single-molecule conductance of Au-ABT. (b) Conductance histogram of Au-ABT junctions. The

histogram consisted of 300 conductance traces. Bias voltage was 20 mV.

Fig.7-3 shows the results of the I-V measurement of Au-ABT single-molecule junctions.
Fig.7-3 represents the examples of I-V curves of Au-ABT junctions. The rectification ratio in
Fig.7-3is 2, 1, and 0.5 for red, black, and blue curve, respectively. Here rectification ratio was
defined as ratio of current at £1V. As reported previously, asymmetric I-V curves are observed.

Not only asymmetric 1-V curves but also symmetric curves are also observed. Histogram of
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rectification ratio of Au-ABT junctions to clarify rectification of single-molecule junction
statistically is shown in Fig.7-4. The most common rectification ratio of ABT single-molecule
junctions is 1. Compared to BDT which has same two anchoring groups, rectification of
AuU-ABT shows no significant difference. It is concluded that the rectification of the averaged
Au-ABT junction is 1. Au-ABT junctions do not shows asymmetric I-V characteristics due to
the two different anchoring groups of ABT molecules against previous report. In Fig.7-3, some
I-V curves of Au-ABT junctions have asymmetric -V features which rectification ratio is more
than 2. However, these asymmetric |-V features were also observed for Au-BDT and Au-ABT
single-molecule junctions. Therefore, the origin of these rectification observed in ABT junctions
is not the different anchoring groups but rather uncontrollable differences such as unexpected
geometric asymmetry of contacts between molecule caused to difference of electrode shapes or

structural changes during the conductance during bias sweep.

1500

1000
900

Current/ nA
(@]
|

| |
—1.0 -0.5 0.0 0.5 1.0
Bias Voltage / V

Fig.7-3 Examples of I-V curves of Au-ABT single-molecule junction. Scan rate is 100Hz. Bias
voltage was swept from +20 mV to +1V, to -1 V, and back to 20 mV.
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Fig.7-4 Rectification ratio histograms of ABT-Au junctions. Rectification ratio was defined as

[l+1v/l-1v|. Bin size was calculated as log(rectification ratio) and was 0.02.

Statistical analysis of rectification reveal that no significant rectification features appear for
AU-ABT junctions. It means the single-molecule conductance does not depend on molecular
direction. Some conductance traces in Fig.7-2(a) also suggest that the origin of two conductance
states is not the direction of molecule because some conductance traces has both high and low
conductance plateaus in one rupture process. The origin of two conductance states is not
direction of molecule but the difference in the adsorption structures of thiol group on the surface
of metal electrode as reported in previous report of single molecule conductance of thiol
molecule.

Here, | discuss the electronic structures of Au-ABT single-molecule junction with
Breit-Wigner model. Here, | assume energy level ¢ is described in Eq.45 under applying of bias
voltage. This assumption is most important for appearance of rectification. This assumption
means that the position of the conduction orbital is much affected by a change in the bias
voltage of the electrode coupled strongly with the molecule. Using Eq.31 and Eq.45, current
through molecular junctions are described in Eq.43. In this model, asymmetric coupling cause
rectification because energy difference between Au Fermi levels and molecular level is different
between the positive and negative bias. Symmetric coupling does not show any rectification
properties. Experimental I-V curves are fitted with Eq.43 , Histograms of fitting results is shown

in Fig.7-5. In Fig.7-5, High and low conductance is defined as the conductance at 0.3V is in
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range between 6 mGo and 19 mGo and in range between 3.3mGy and 5.8mGy, respectively.
From Fig.7-5, the coupling is 83meV for high conductance state and 56 meV for low
conductance state. The high conductance state had larger coupling. The energy difference
between molecular conduction level and Au Fermi level is 0.64 eV and 0.66 eV for high and
low conductance state, respectively. This Fitting result suggest that origin of the two
conductance states are difference of adsorption structure. Because coupling is mainly influenced
by interaction of metal-molecule contacts parts. As mentioned in Chapter 4, the coupling of
BDA is 85 meV. BDT has three different coupling for three conductance states. The largest
coupling of bridge structure is 129 meV and the second largest coupling of hollow structure is
26meV. The geometrical structure are suspected bridge structure and hollow structure for high
and low conductance state, respectively on comparing the coupling values.

The asymmetric factor a, for dual coupling was 0.5 for both states. The coupling of the amino
group to the Au electrode equals the coupling of the thiol group. ABT is small and conjugated
molecule. Therefore, molecular orbital of ABT is delocalized throughout the molecule. The
coupling of one anchoring group could be not independent of the other anchoring group. Hence,
AuU-ABT single-molecule junction does not show any rectification statistically, in spite of the

presence of asymmetric anchoring groups.
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Fig.7-5 Fitting results of observed I-V curves. Each I-V curve was fitted with single channel
Breit-Wigner model after the classified H (red) or L (black) conductance states. I-V curves were
judged as high state when the conductance at 0.3 V was over 6 mGg

and under 19 mGo, and low state when the conductance was over 3.3 mGO and under 5.8 mGo. ()
Histogram of coupling. Bin size was 4 meV. (b) Histogram of asymmetric factor a. Bin size was 0.02.

(c) Histogram of energy difference. Bin size was 0.02 eV.

94



7.3.2. Conductance and I-V measurement of Ceo-tripod

| also investigated the conductance and rectification rate of Ceo-tripod molecule. Fig.7-6,
Fig.7-7, and Fig.7-8 shows the conductance traces, conductance histogram and
conductance-stretch length 2D histogram of Ceo-tripod. In typical conductance traces in Fig.7-6 ,
the conductance plateau was observed. In the histogram, the conductance peak corresponding
with conductance plateau is observed at 8 uGo. The histogram indicates other conductance peak
at 10*Go. However, this peak is not reproduceable. Conductance-stretch length 2D histogram
displays some conductance traces show plateaus at 8 uGo. From BJ measurement of Ceo-tripod

molecule, the conductance of most probable single-molecule junction is determined to be 8 pGe.
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Fig.7-6 The typical conductance traces of Au-Ceo-tripod junctions. STM-BJ measurement was

performed under bias voltage was +200mV.
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Fig.7-7 The conductance histogram of Au-Ceo-tripod junctions. Bin size isAlog(conductance)=0.015.
This histogram is consisted from more than 1000 traces.
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Fig.7-8 The conductance-Stretch length 2D histogram of Au-Ceo-tripod junctions. The bin size of
(stretch length, Alog(conductance) ) is (0.01nm, 0.025 ).
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I1-V 2D histogram of Ceo-tripod is shown in Fig.7-9 . I-V curves with small conductance are
obtained. However, this conductance is larger than the conductance of most probable
single-molecule junction of Ceo-tripod. The reason of disagreement is difference of bridging
structure of Ceo group. Ceo binds directly with m conjugation plane and do not have anchoring
group[95, 96]. The single-molecule junction with Ceo group will be changed its contact
geometry continuously[78, 109-111]. Many conductance is reported as Cgo Single-molecule
conductance[95, 109-111]. The conductance histogram in Fig.7-7 support the Ceo-tripod
single-molecule junction also shows continuous conductance change. The conductance below
10 Go appeared in histogram. However, the histograms display any peak between 10° — 10 Gq.

The structure which conductance is 8 pGo is formed just before breaking junctions.
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Fig.7-9 1-V 2D histogram of  Au-Ceo-tripod junctions. Bias voltage is swept with the direction from
+200mV to +1V, to -1V, and to 200mV. The bin size is 0.0125V x 0.4 nA. The histogram is consisted

more than 2000 I-V curves

Fig.7-10 represents typical 1-V curves of Ceo-tripod. Some I-V curves of Ceo are asymmetric
curves. The current at positive bias voltage is larger than at negative voltage. As mentioned
above, the rectification of molecular junctions is not determined by only single I-V curve
because the current through single-molecule junction is easily affected with the change of

structures during sweep, external noise, and uncontrollable difference of two electrodes. Hence,
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statistical analysis is necessary for rectification of single-molecule junctions.
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Fig.7-10 typical I-V curves of Ceo-tripod junctions. Bias voltage is swept with the direction of
+200 mV to +1V, -1V to 200 mV.

Fig.7-11 shows rectification histogram of Ceo-tripod. The histograms of ABT and BDT are
also shown in Fig.7-11 to compare the rectification ratio[112]. Here the rectification is defined
as the ratio of current at + 1 V. The peak tops of rectification ratio of small conjugation molecule,
ABT and BDT, are one, that is, the 1-V curve of ABT and BDT do not show rectification
statistically. However, the distribution of Ceo-tripod (blue) is obviously shifted from rectification

ratio = 1. The averaged rectification is determined by gaussian fitting of rectification rage
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histogram in Fig.7-11(blue). The rectification ratio in Fig.7-11 is determined to be 1.3. For
averaging 9 datasets, the average rectification ratio of Ceo-tripod is 1.14 £ 0.09. The error is
determined by standard deviations. The averaged rectification is small. However, the datasets
include dataset which show no significant molecule features. The datasets include many I-V
curve of vacuum gap. But, the all dataset indicates positive rectification ratio. To conclude the
molecular junctions of Ceo-tripod shows rectification, | have to eliminate the possibility of
conductance change during bias sweep. Even if the molecular junctions of Ceo-tripod do not
show rectification, if conductance decrease during bias sweep, the positive rectification is
observed in the rectification histogram. To distinguish decreasing of conductance and real
rectification, | performed I-V measurement with opposite direction bias sweep. Fig.7-12 shows
rectification histogram of Ceo-tripod when bias voltage was swept with opposite direction of
Fig.7-11 (from 20mV to -1V, to 1V, and back to 20mV) The histogram also shows the peak
center at rectification is positive. According to this measurement, the observed rectification is
not due to conductance decreasing during bias sweep. Therefore, | conclude that molecular
junction of Cgo-tripod shows weak rectification. Furthermore, the direction of molecule in the

junction is controlled by binding to substrate with chemical reaction.
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Fig.7-11 Rectification ratio histogram of (blue) Ceo-tripod, (red) ABT, and (black) BDT. The peak
center position determined by gaussian fit is (blue)1.26, (red) 1.02, and (black) 1.08. The bin size is
Alog(Rectification Rate)=0.04. The histogram is consisted from more than (blue) 2000, (red, black)
1000 I-V curves. The rectification ratio is defined as the ratio of current at +1V. Black dotted line

indicates rectification ratio = 1.
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Fig.7-12 Rectification ratio histogram of Ceo-tripod obtained with different direction bias sweep
(from 20mV to -1V, to 1V, and back to 20mV).

I discuss the origin of the weak rectification of Ceo-tripod. ABT has no significant rectification
in spite of binding with different anchoring groups. The difference between Ceo-tripod and ABT
is existence of saturated carbon between two contact parts. The molecular orbital shift depends
on bias voltage direction, as described in Eq.45. It can be interpreted the coupling difference
cause rectification. However, the molecular orbital shift depending with bias voltage direction is
not necessary. This observed rectification is also interpreted by Aviram and Ratner model[6].
The mechanism of the rectification of Ceo-tripod is not clear. But, the molecular rectifier caused
by contact part is developed. To realize rectification with different contact parts, discontinuity of

orbital delocalization will be necessary.
7.4. Conclusions

In this chapter, | statistically measured the single molecule conductance and I-V characteristics

of Au-ABT junctions with STM-BJ method. Two conductance states were observed. Some -V
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curves shows rectification. However, no significant rectification appear for Au-ABT
single-molecule junction statistically. The origin of two different conductance state is
uncontrollable difference of adsorption structure not molecular direction. It is suggested that
coupling of one anchoring group is influenced by the other anchoring group in small conjugated
molecule such as ABT. This study emphasizes that statistically measurements, not single bias
sweep, are necessary for discussing of single molecular rectification.

For Ceo-tripod, the weak rectification is observed. The direction of rectifier is also controlled
by binding to substrate with chemical reaction. The mechanism of the rectification is not
confirmed. However, the development of single-molecule rectifier caused by different contact

parts is succeeded.
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8. General conclusions

In this thesis, | have clarified the contact geometries of single-molecule junctions and

established the measurement method of electronic structures of single-molecule junctions with
the I-V measurement and the thermopower measurement.
It has been well-known that thiol group which is often utilize as anchoring group form
single-molecule junction with several contact geometries, and the conductance is affected by the
contact conformations. However, determination of bridging structures was not highly reliable
because only the conductance at fixed bias is compared to theoretical calculation. In this thesis,
the contact geometries of single-molecule junctions are assigned by comparison between
experimental and theoretical transmissions.

The conductive properties of single-molecule junctions depend on electronic structures of
single-molecule junction. However, previous studies have not clarified the electronic structures
quantitatively and statistically. 1 have developed the quantitative and statistical method to
determine the electronic structures of single-molecule junctions. The conductance of
single-molecule junctions is easily affected by slightly structural changes, difference
configuration of contact parts, and external noise. In this thesis, the importance of statistical
approach is elucidated for valid measurement of single-molecule junctions. The Breit-Wigner
model analysis of statistically corrected I-V curves reveals the electronic structure quantitatively.
In addition to I-V measurement, the most contributable molecular orbitals to charge transport
through single-molecule junctions were determined with thermopower measurement.
Combination of 1-V measurement and thermopower measurement are established as precise
measurement method of single-molecule junctions. From the electronic structures of small
conjugated single-molecule junctions determined with 1-V characteristics, conduction through
single-molecule junctions is much influenced by the coupling. This result emphasizes the
importance of contact parts of single-molecule junctions. This insight will be lead to a better
strategy of functional molecular junctions to develop molecular devices.

I-V measurement and thermopower measurement reveals the details of single-molecule
junction which are unclear only due to conductance measurement. The establishment of
measurement method of the electronic structures of single-molecule junctions will be a basis of

the development of future single molecule devices and single-molecule analysis.
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However, it is difficult to say that analysis of ‘real single-molecule behaviors’ have been
achieved. Although single-molecule junction is system where not ensemble but single molecule
behavior is observable, we have not investigated valid single molecule behaviors enough. The
statistical measurement and analysis is necessary to avoid the influence of slightly changes of
junctions. The some single-molecule features are lost averaging of data. Further investigation is

essential for single-molecule analysis.
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