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Chapter 1

General introduction

1.1 Molecular electronics

Microelectronics that relied on silicon, gallium arsenide and gallium nitride materials
contribute to the economic development, consolidate national defense even in
improvement of the daily life. There is still room for optimization in silicon-based
microelectronics in principle. However, in the end of 1959, that so-called famous speech
named ‘There’s plenty of room at the bottom’ gave by Richard P. Feynman proposed a
brand new idea. Feynman supposed that a circuits in a seven atoms scale should be diverse
from the macroscopic surface, from then, this idea became fascinating and marvelous to
scientists 1. With well understanding of the Moore’s law, researchers started to request of
ultra-small scale devices 2. Instead of the traditional top-down method, they turned to
develop the bottom-up method to minimum the electronic devices from atomic scale. 10
more years past after the Feynman speech, in 1974, Aviram and Ratner made this small
circuit conception more clearly, in the first time predicted the single molecular rectifier
based on the theoretical calculation. Refered to classical p-n junctions in macroscopic
solid-state rectifiers, they brought out a metal/molecule/metal structure with a rectifier
molecule 3. Latter, Cater’s vision of the molecular electronic devices called on scientists to
reclaim this new field, endow this topic flourish in the early of the 1980’s “.
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Figure 1.1.1 a) An example of a rectifier molecule b) Metal/molecule/metal structure
designed by Aviram and Ratner 1974 c) Current-bias voltage characteristics of a molecular
rectifier including direct electrode to electrode tunneling. Current in A/cm?, bias voltage in
volt 3,

With the tremendous development of nanoscience and nanotechnology for decades of
years, molecular electronics in low dimension to date has been believed as the next
generation electronic circuitry, which would be able to take charge of the restriction of the
silicon-based electronics. The traditional microelectronics exploit the particle property of
the electron wave-particle duality, the signal processing is according to the number of the
electrons. With the minimization of the circuit integration, the problems like power
consumption, electron transport speed or electric leakage could be foresaw. In contrast, the
molecular devices work rely on the quantum properties not the quantity of the electrons.
Thus, according to control the electron wave phase, the limited working electrons in
molecular devices could avoid the electric leakage and power consumption caused by the
massive of electrons transport in the circuits. Therefore, the expected function of
molecular devices could be implemented with a 1000-10000 times better performance in
response speed and power consumption compared to the traditional circuit [/ 2544 I
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Figure 1.1.2 a) Typical I-V characteristics of the Au-1,4 benzenedithiol-Au system; b) A
schematic of a benzene-1,4- dithiolate self-assembled monolayer (SAM) between proximal
gold electrodes formed in an MCBJ °.

Without the nano technology progress, the dream of molecular devices could not come
true. From the 80s last century, the evolution of the Scanning Tunneling Microscope (STM)
technigue and relevant techniques executed the molecular electronics experimentally. After
the first composition of the molecular electronics has been proposed 25 years later, Reed et
al. and his colleague completed the Au-1,4 benzenedithiol (BDT)-Au single molecular
junction (SMJ) with Mechanically Controllable Break Junction (MCBJ) technique
(Fig.1.1.2). With the investigation of the I-V characteristics, their results suggest the

conductance behavior of the investigated system has been confirmed to be ~ 22 megohm at
2
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conductance (top) and its derivative (bottom) for a Pt/H, contact taken at a conductance
plateau close to 1 Go (conductance in quantum unit, Go = 2e?/h) 6.

As long as the new techniques brought out continuously from the early of 21" century
for the requirement of nano science nature. The formal concern in molecular devices
increasing exponentially. In 2002, J. M. van Ruitenbeek group fabricated Pt-H>-Pt single
molecular junction also with MCBJ technique (Figure 1.1.3) ° They studied the
conductance behavior and the vibration mode for the individual molecules using Point
Contact Spectroscopy (PCS) in 4K, the Pt-H»-Pt single molecular junction resulted in a

nearly perfect transmission.

Just one year later, Xu et al. reported an Au- 4,4’ bipyridine -Au single molecular junction
fabricated by Scanning Tunneling Microscopy (STM) ‘. With the 4, 4 bipyridine
molecules bridged between the two electrodes, the conductance behavior in quantization,
were obtained in 1, 2, 3 times of 0.01 Go corresponding to the 1, 2, 3 bridges in the junction,

stem from both the experimental and theoretical results.
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Figure 1.1.4 Typical conductance traces and histograms for the Au- 4,4’bipyridine-Au single
molecular junction a,b) gold atomic contact; ¢,d) Au- 4,4’ bipyridine-Au junction; e,f) when
the contact break down 7.

1.2 Importance status and progress of molecular devices

Researchers of the molecular electronics are greedy, their ambition in this field range from
the single wire, switch, rectifier, logic circuitry even the completed computer. In the late of
1980’s, with the booming development of the state-of-the-art microprocessors use scanning
probe microscopy, Nano-imprint lithography, Electron Beam (EB) processing technology,
Near-field optical technique, Fluorescent probe technique, optical tweezers facilitates the
substantive progress of the molecular electronics. With half century endeavor, to date,
versatility of molecular electronics have been attested to be underlying to construct the
logic circuit in low dimension level.

1.2.1 Molecular rectifier (diode)

As the first prediction of molecular devices in the 1970s’, the concept of molecular
rectifier comes from the solid state p-n junction in macroscopic view. One of the essential
properties for the rectifier is unilateral conduction that has useful application in modern
electronics. In specific, when the ‘p’ end containing excess holes applied with positive bias
while the ‘n’ side containing excess electrons applied with negative bias, the rectifier works,
electron go through the circuit. Whereas ‘p’ end with negative bias, ‘n’ end with positive
bias, the resistance of the device increases leading to a limited current. In another word, the
electron is able to transport only one direction with constant bias voltage. Thus, with the
similar structure, the single molecule would display rectification. Say concretely, the
molecule with electron rich end (n-type) and electron poor end (p-type) would show
rectification.

Aviram and Ratner conceived the first molecular rectifier with Donor-o-Accepter (D-0-A)
structure, where D is a strong electron donor (easily oxidized), A is a strong electron
acceptor (easily reduced), and o is a covalent bridge between them. Besides, they
calculated the rectification and electron transport mechanics of this molecule 3. With the
AR mode was hypothesized, the massive scientists made contribute to development of the
molecular rectifier. Unfortunately, the perfection of the AR proposal, which contains strong
D part and strong A part caused the challenges for the synthesis of ideal the D-o-A type
molecule in reality. Even worse situation for the further experimental evidence.
Additionally, in the latter study, Geddes et al. suggested that the Schottky barrier might be
responsible for the rectification rather than the asymmetric conduction came from the
molecule as in the AR proposal &,
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Figure 1.2.1 The AR mode showing a proposed D-c-A molecule °.

Mercifully, the researchers did not give up. Metzger group was concern for the D-n-A type
C16H33Q-3CNQ Langmuir- Blodgett mono-, multilayer films °. Liu and his co-worker
developed a multiwalled carbon nanotubes (MWCNTSs) beaded with spherical crystalline
Co304 nanoparticles system and obtain high certification around 70 (+ 2.5 V) 1°. Hou group
constructed a single CsoN molecule to be a new type molecular rectifier .
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Figure. 1.2.2 Single CsoN molecular rectifier and its rectification 1.

As developing for couple of decades, there are 3 distinct mainstream mechanism of the
molecular rectifier 2

1) Schottky barriers interface dipoles, these molecules were called as “S” rectifiers.

2) Asymmetric configuration of the molecular chromophore within the
metal-molecule-metal sandwich structure, called “A” rectifiers.

3) “U” rectifiers, which according to a process as true unimolecular rectification, in
which the current exploits electron transfers between molecular orbitals, whose
significant probability amplitudes are asymmetrically placed within the chromophore.

Even only the U rectifiers are what the scientist endeavor to achieve for half of century,
the application of all the molecular rectifiers is promising in the near future.

1.2.2 Molecular wire

Any molecular devices need to be integrated into the circuit, thence molecular wire is
aiming at carrying digital and electronic information from one end to the other end of a
microprocessor that might be a few nanometers away. Consequently, as the key unit for
executing the construction of circuit, molecular wire calls for stable structure, high
transmission for any information go through and enough length. Up to now, molecular wire
has two separated families, as metal ones and organic ones.

In 1998, Ohnishi et al. succeeded to fabricated a single gold atomic wire by exploiting
ultrahigh-vacuum STM (UHV-STM) to depart the tip and substrate (Fig.1.2.3) 3.
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Figure 1.2.3 Electron microscope image of a linear strand of gold atoms (four coloured dots) forming a
bridge between two gold films (colored areas) 2.

Another and main kind of molecular wire is organic wire, like w-stack, biomolecules,
nanocarbon systems are even focused for decades.

The conjugate system means the electrons transport through the delocalized = conjugated
system, which has high level performance for electron delivery. For instance, conjugated
oligomeric chains, oligothiophenes, oligomeric, pyrrole, polyacetylenes, porphinrin and so

6



forth *. Tour group contributed to the synthesis of the molecular wire significantly. They
developed an iterative disproportionation / convergence method could make the length of
the molecule stretch as the 2" times, where n is the degree of the iterative. The molecules
were synthesized by Tour’s method called ‘Tour wire’ 5.

For avoiding the strong aggregation of the molecular wires in solution and solid phase, the
functionalized insulated molecular wire by polymerization of an insulated n-conjugated
monomer has been synthesis 6.
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Figure 1.2.4 Schematic of molecular wire. a) OPE, oligo(phenylne ethynylenes)s) b)
polythiophene, c) polypyrrole, e) porphyrinring .

DNA molecule has double-helix structure, as the main genetic information carrier has
been discussion in multidisciplinary arena, as biology, genetics, pharmacy and physiology.
In fact, in brain of human being the nucleic acid molecules play a role of information
deliverer. Its stability, biocompatibility, electron transport property, imply it could be
potential molecular wire in the near future. The molecular electronics begin to realize this
application of the DNA molecule 8. However, the electron transport mechanics for nuclei
acid molecules is still not clear by far and the conductance behavior is also concern.

The advantage of the nanocarbons’ electronic property also attract scientists’ attention.
Regards carbon nanotube has almost perfect structure in atomic level, represent another
essential molecular wire *°
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Figure 1.2.5 Current-Voltage curves of the nanotube *°.
1.2.3 Molecular switch and memory

As the basic control units in the circuit, the switch and memory are essential. Both of the
switch and memory work as two different stable states for reversible conversable system.
According to the external stimulations, such as electric field, current pulse, heat,
illumination etc. act on the molecules, the conformation and chemical bond of the
molecules break, generate, vibrate or rotate. These morphologic or chemical change give
rise to the resistance high (0) or low (1) corresponding to the circuit turnoff or on. This
process is considered as the information transmission. Howbeit, when the stimulation stops,
the device changes from 1 to 0 is switch while memory does from 0 to 1.

Important reaction applied in the molecular switches. Whalley et al. examined the device
conductance when constituent molecules, diarylethenes, switch between states of
conjugation ?°. Recently, the Guo group exploit a single diarylethenes sandwiched
covalently between graphene electrodes to construct a stable molecular switches with
unprecedented levels of a fully reversible accuracy (on/off ratio of ~100), stability (over a
year) and reproducibility (more than 100 cycles for photoswitching and more than 10°
cycles for stochastic switching). Their results represents exquisite control over matter at
nanometer length scales and is a worthy intellectual pursuit in its own right with broad,
long-term benefits 2.
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Figure 1.2.6 The switch molecule bridged on the single wall carbon nanotubes (SWNT)
electrodes 2.

The oxidation-reduction reaction as another important reaction here for the two-state
molecular devices has also drawn so many attentions. Gittins et al. used an organic
molecules containing redox center, which can be changed reversibly by the
oxidation-reduction reaction. With bipy?* oxidation state, there is no current go through the
circuit, which means off. With the prosper bias voltage, the radical Bipy  let the current
increase 2.

Another kind of two-state molecules, catenane and rotaxane have been reported as
molecular switch and memory. Heath group proposed a [2]catenane-based solid state
electronically reconfigurable switch 2. They fabricated a bistable [2]catenene and
sandwiched between an n-type polycrystalline Si electrodes and a Ti/Al top electrode. The
device exhibits hysteretic I-V characteristics, can be open at +2V closed at -2V and could be
recycled many times. The different position of the rings represents 0 or 1 state. They
succeeded to fabricate 16-bite, 64-bite memory circuit in the further work, even executed a
molecular electronic memory patterned at 10! bit per square centimeter 2.

A 0 O o O
o ), o} —0= "

! P 0
) e <
P8r o=l §Po
o] . ’ e . (o .
‘Co-conformer’ [Ao] ‘Co-conformer’ [B’]

B A"

Net Oxidizing
o
)

Net Reducing

Figure 1.2.7 The principle of molecular switch made by catenane molecules (left), rotaxne
molecules and cross wire technique (right) 22,

In 2006, Riel et al. reported Au/ bipyridyl-dinitro oligophenylene-ethynylene dithiol
molecule (BPDN-DT)/Au single molecular memory performed by MCBJ as a new
mechanism memory. The BPND-NT contact strongly with the gold electrodes by —SH
group 2. This system could work at 100K, do the write, read, and erase voltage pulse
pattern applied, resulting in switching “off” and “on” state. The ratio of the current of “off”
state and “on” state was observed 7-70 times and can keep working in 30 seconds.
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Figure 1.2.8 The principle of MCBJ (left), Memory operation of the BPDN-DT system
(right): voltage pulse pattern applied, resulting switching between “off” and “on” state 2.

1.2.4 Molecular FET (Field Effect Transistor)

Field-Effect Transistor (FET) possess the advantages of switch and gain in the circuit that
uses electric field to control the electrical behavior. Diversities of implementations of FET
exist. Generally, FET display very high input impedance at low frequencies. The
conductivity between the drain and source electrodes is controlled by an electric field,
which is generated by the voltage difference between the body and the gate of the device.
Transistor have continuously reduced in size, therefore, the quantum effect become
increasingly importantly for device operation. Unlike the FET in solid state, Single
Electron Transistor (SET) rely on Coulomb blockade effect and single electron tunneling
effect.

Insulating layer

Figure. 1.2.9 Schematic of a) single-electron tunneling transistor (SET), b) circuit diagram of
the SET 7.

The SET consists of two tunnel junctions placed in circuit (Fig. 1.2.9b). An ‘island’ is
therefore formed between both of the junctions. The gate electrodes couples with

electrostatically to the island. Total capacitance of the island Cs, which the sum of the
10
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capacitances including gate’s and junctions’ Csz = Cg+Cj+Cyp. If the island is sufficiently
small, the charge energy of one extra electron in the island is Ec = €% (2Cs), which caused
by the coulomb rejection energy from the former electron go into or leave the system to the
later electron. Thus, for the Coulomb blockade effect, here are two conditions. One is the E
will be larger than the thermal fluctuations energy, namely, Ec > kgT, where the T is
temperature and kg is the Boltzmann constant. Additionally, the resistance of the junction
must be large compared with the quantum resistance Rt »>h/e?=25.8 kQ #’.
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Figure 1.2.10 Schematic current—voltage (I-V) curves obtained from a single-Ceo transistor at
T = 1.5 K. Five typical I-V curves taken at different gate voltages (Vg) are shown 2,

The nanocarbons was the first consideration for the SET device. Park et al. reported the
fabrication of an individual Cso molecule single molecular transistor utilizing Au electrodes
(Fig.1.13). Their results demonstrated that the current changes as the function of the
applied gate voltage. Also, the steps were observed in the I-V curves performed the
quantum transport property of the carrier 2%
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Figure 1.2.11 A method to cut and functionalize individual SWNTs with DNA strands °.

As a reactive electrodes, a lithography-defined oxidative cutting process for fabricating
SWNT point contacts has been reported %. This method make an amide bond achieved by

11



peptide chemistry, which is strong that could avoid the stochastic switching of thiols to
neighbouring gold atoms observed in conventional gold electrodes making the amide bond
more stable. As a result, the amide linkage is stable and selective for the special nano
junctions. For instance, Guo et al. described a general method to integrate DNA strands
between SWCNT electrodes and their electrical properties 2°. As mentioned above, the
single molecular transistor exploit as biosensor is promising. He et al. measured directly
the single molecule DNA hybridization dynamics with the carbon based transistor
(Fig.1.2.12) 3.
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Figure 1.2.12 Schematic of a) Diagram of single-hairpin DNA-decorated SiNW biosensors. ¢)
The kinetic zipper model for the unfolding and folding processes of a hairpin DNA with five
base pairs in stem. d,e )Representative five-step increasing and decreasing data of Device 3.
The inserts show the possible microstates of each plateau (G-C, A-T, G-C, and G-C) and
corresponding kinetic parameters (lifetime t and rate k) 3.

Gated MCBJ is another choice of the SET. Xiang et al. developed a three-terminal
junction combining both the stability single-molecule junction via MCBJ technigue and the
ability to shift the energy levels of the molecule by gating (Fig 1.2.13) *2. The displacement
between source and drain electrodes was precisely tuned by the piezo configuration while
the gate electrodes coupled to shift the molecular energy levels. They demonstrated that the
variation of the effective gate coupling can be attributed to a peak broaden without impact
on the conductance shift obviously.

12
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Figure 1.2.13 Source-drain current (Isp) versus gate voltage (Vg) curves for the Au-BDT-Au
molecular and molecule free three-terminal 32

The molecular electronics developed for couple of decades, succeeded progressively both
in theoretical and experiments. These achievements encourage more and more scientists to
devolve in this promising field. However, the hardness is manifested at the same time. It
will a long way to go until the molecular motors and circuits make benefit for our daily life.

1.3 Electron transport properties in nano contacts

1.3.1 Theory of electron transport in nano scale conductor

In macroscopic, the electrical conduct following the Ohm’s law, which is described that
the current is proportional to the applied voltage. Set the conductance as G, for a transverse
area S and length L, here is the Ohm’s law:

N

G = O'z EQ-l

where the o is the conductivity of the sample with a material specific property. The
conductivities differ from material in macroscopic. The conductance is an importance
quantity in any size of the electronics. In mescoscopic view, varieties of transport
mechanisms work for different scale scattering regimes. Basically, the electron transport
properties of one sample we interested can be proposed in related size, set the length scale
of the sample as L. For evaluation of L, two critical indexes can be our references, the
phase-coherence length and elastic mean free path. Set the fundamental length scale, the
phase-coherence length, as Ly, which represent the distance about the phase of the
electron wave function is persevered. The mesoscopic system, in specific, described in
the scale of L< Lg. Additionally, the elastic mean free path, which measures the

13



displacement roughly between elastic collisions with static impurities, set as I. When | «<
L, the system operating in a diffusive regime, as Fig.1.3.2a exhibits with random
movement in a step size | among the impurities. While | > L shown in Fig.1.3.2b, the
system work in a ballistic regime, momentum of electron could be assumed to be constant
and limited within the sample boundaries.

AN N

diffusive ballistic

Figure. 1.3.1 Schematic image of a) diffusive and b) ballistic electron transport 3,

However, with the decrement of the size, when it comes to the atomic scale, the quantum
confinement effect have impact on the electrical conduction, where the Ohm’s law is not
applicable any more. A main challenge for the theory is to derive conductance presented in
macroscopic to an atomic scale. 1950°s, Landauer developed the famous Landauer formula,
which has never departed **. The central idea of Landauer’s approach is that assume a
transport processes with inelastic interactions can be ignored, the problem become a
scattered one. In another word, the transport issue like electrical conductance related to the
transmission probability for an electron crossing the system. Therefore, we shall discuss
the transmission probability in simple quantum theory first.

|
I S | m

|
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| |
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{ te™s
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Position (%)
Figure 1.3.2 Schematic of electron tunneling through a rectangular barrier.

Generally, the electron tunnels through a molecular junction with two electrodes separated
by molecule (s) is considered as one-dimension model with rectangular barrier, shown in
Fig.1.3.2. Here, assume a free electron with energy E separated is likely to go through the
rectangular barrier with energy @, which can be understood as the height, and thickness d.
The time-independent Schrodinger in this scenario can be expressed as

h? 92
[—%5+VO] Y= El// Eq.2

Where m and E are the mass and the energy of incident electron, V(x) represents the barrier
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potential. The wave functions in the related parts, say part I, II, III respectively, can be

written as
CDI()() — eiklx +.r.e—ik1x

¢ () = aek* + pe~Fe*

q)[[[(;() — teik3x

Let us first assume the election energy smaller than the barrier potential, where

vV A/ 2mVy—E
k1:k3= 2mk and k2=%

With the boundaries conditions of both sides as
1+r:a+'8, ikl_iklr:akz_ﬁkz
aeke* 4 Be~k¥ = tetksX, gf,eke* — BeheX = jtk,etks¥

Eq.3

Eq.4

Eq.5

Eq.6

Eq.7

The relative probability of an incident electron transmitting the barrier, calls transmission

coefficient can be expressed as

L . 1 _ 4E(Vo—E)

112 (A 2y 4E(VomE)+Vo?sinh? (kzx)
2k1ky

With a potential ®<« E, transmission coefficient T can be easily deduced as
1 _ 4E(E-V,)

T = =
4E(E—-V,y)+Vy2sinh2 (k,x)

Ki+k5 o . oo
1+(m) sinh (kzX)

1.3.2 Landauer-Bixtiker formula

Eq.8

Eq.9

In the practical experiments, it is actually much more complex system. Thus, the model
presented in the previous section is not insufficient any more. In fact, the more rigorous
model, where the important concept of multiple conduction channel will be arose in this

section.

L R
d, dp
N Sample m

Figure 1.3.3 Schematic of a two-terminal scattering problem for the case of one transverse

channel.

In this section, the model we shall consider as shown in Fig.1.3.2. A briefly introduction,
suppose a sample in mesoscopic connected to “Left” and “Right” electrodes, here
simplified as L and R. Consider the two electrodes as reservoirs, besides, both of them are
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so large that can be described with temperature and chemical potential indexes Ti rand s r.
Here, the electron scattering is negligible. The reservoirs, which are the carriers source, are

determined by the Fermi-Dirac distribution function, described as
1

fo(E) = W a=1LR Eq.10

kpTa

where kg is the Boltzmann constant. Assume that the electron transverse and longitudinal
motions are separately. The longitudinal direction is so open that can be presented by the
continuous wave vector ki. Transverse motion is quantized and described by the discrete
index n, which stands for the quantum number for the quantum channels. Additionally, the
incoming and outgoing situation on the sample for each electrode are also suggested to be
separated.

For expressing the outgoing states, we introduce the creation and annihilation operators as
aan(E), atan(E). For incoming state, we employ the operators as ¢un(E), ¢fan(E). The aon(E)
and Can(E) operators were related by the scattering matrix S,

€1 (E) ap, (E)

=S
Crig (E) agng (E)
Similarly connect the creation operators at.n(E) and ¢tan(E) via the Hermitian conjugated
matrix St.
The matrix S has dimensions (N.+Ngr) ><(N_+Ng) in total, can be rewritten utilizing the
transmitting (t) and reflecting state (r) as

Eq.11

¢
r’) Eq.12

Here, the electron reflection back both reservoirs was presented via the quantum number.
The dimensions in the square diagonal blocks r with size N.>NL while r’ with Nr>Nr.
Moreover, in the off-diagonal rectangular blocks, the electron transmission through the
sample can be described as t with size Nr>INL while #> with Nr>NL. The properties of the
matrix S are generalization to multimode cases, for instance, the flux conservation and time
reversal symmetry implied the unitary and symmetric properties.

Besides, the current operator in the left lead can be expressed as via using the field
operator ¥ and P, as

s=_
(t

~ - 9 —~ 9 i~ .
1z t) = 2= [dr [®[r, ) = B, (r,6) - )P (o OP, (1) Eq.13

=~ —i Ni(E Xn (1) A i A
P, (r,t) = [dEe /A Zni(l )m[ame”‘mz + &, e k7] Eq.14

@/ (r,t) = [ dEeEt/ Zﬁiﬁ’”% [af e *in? + &), ein] Eq.15

Where the r. and z is the coordinates for transverse and along the leads (L to R), x,,

are the transverse wave functions. As an approximation, we can neglect the energy
dependence of the quantities due to the negligible near the Fermi energy. Thus, the current
can be rewritten as

1,(6) = =%, [ dEAE e E-EIM Al (E)a,,(E) — ¢, (BN (E)]  Eq.16
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Using the matrix S in Eq. 11 rewrite the Eq.16 in terms of the a and at operators

- , HE-E)e A g
IL(t) = %Eaﬁ EmndedE e aam(E)AZl/?(L; EE )aﬁn(E) Eq-17
AGR(L; E,E') = Snnar8p1 = T Slamic (E)S1pen (E") Eq.18

Note that index o and B stand for the electrodes R, L respectively. S;,.mi(E)
represent the element of the scattering matrix related ¢Lm(E) to a«(E). The average
from EQ.17 can be derived for a system at thermal equilibrium. The mean square of the
annihilation operator is

< 8gm(E)agn(E") >= 80p6mnb(E — E') fo(E) Eq.19

Combination with Eg.17 and Eqg.19 with consideration of the unitarity the matrix S, the
current can be expressed as

1=<I,>= 7 [% dETr[t'(E)(E)[f,(E) — fo(E)] Eq.20

In the off-diagonal block regime, the matrix t, tnn=SrLmn. At the zero temperature and
limited voltage the electrical conductance G can be expressed as

G = e[t (Ep)t(Ep)] Eq.21

The t’t can be diagonalized, the transmission coefficients derived from the real set of
eigenvalues, the value are available between 0 to 1. As eighnchannels or conduction
channels are referred by the eigenfunctions. Instead of the Eq.20, we obtain the natural
basis as

— &
I_h

T [, dETA (B (E) = fo(E)] Eq.22
With the spin degeneracy, the Landauer-Bitiker equation can be written as
6=y, Eq.23

The Ty is the transmission of the n channel, the conductance only rely on the transmission
probability. 2e%/h is the quantum unit, which can be expressed as Go with a value about 77
LS or 12.9kQ.

1.3.3 Molecular devices electrical transport °

As we mentioned above, the experimental reality is a comprehensive issue. In specific,
when the molecule go into the nano gap, the coupling of the molecule to the leads have
impact on the transmission coefficient (T) associated with the each molecular orbitals and
energy level. The coupling will attribute to a level broadening with amplitude ty, ta.
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Figure 1.3.4 Schematic of image of resonant tunneling model with double barrier and image
of the molecular junction (left) and schematic illustration of the energy coupling (right).

As shown in the Fig 1.3.4 left, instead of the ideal and simple model described by
Landuaer formula, when the molecule is trapped in the nano gap, a double barrier system
will form. To obtain the total transmission in the metal/molecule/metal structure, the
transmission can be related to both of the double barrier, which has a total transmission
amplitude t. This total transmission amplitude can be expressed as
tityeikd .
= am =12 Eq.24
Where t; is transmission, r;is reflectance amplitude of the barriers, d is the distance
between barriers and k is the wave number of the incident electron. The total transmission T

can be rewritten as

T, T
T = - Eq.25
1-2 R1R2 COoS 6+R1R2
Set the total phase @ is the integer times of 2z. T has the maximum value
T, T
Tax = —1— Eq.26

(1-RZR2)?

The maximum value corresponds to the resonance levels between the barriers. Electrons
can transmit the double barriers with the maximum probability when the electron wave
vector in the resonance level. However, the maximum value will not reach often. Thus, let
us consider the other situation as #=2 kd. Set the wavenumber £y satisfies the condition
of 2kd=2n.

Here, if T1, T2<1 and the difference between k and ko can be ignored, T can be
approximated to

~ 4 TR
T= e arer Eq.27

Where eo=h2ks/2m, h2k2/2m, = h2k?Ti/4dm, In= h2k#2T2/4dm. The total
transmission obey the Lorentzian distribution. /'=/" ./ r displays the width of the resonant
peak. The Eq.27 is Breit-Wigner formula. Finally, let us consider the electron transport in
the single molecular junction. Suppose one molecular level (HOMO or LUMO) resonant
with the electrodes Fermi levels. The transmission function can be expressed by Lorentzian

_ 4T g
V= [E—go]*+(T+TR)* =4:28
Here, V is the applied bias voltage between the electrodes, ¢o(V) is the energy of the
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conduction orbital in the presence of the applied bias voltage V; T" represents the coupling
with metal-molecule and molecule-metal.

Besides, the electrons transport through the nano junction in several conduction
mechanism. The transport mechanism depend mainly on the electrical contact properties .
The other critical mechanism are listed in the Table 1.

Table 1. Type and Mechanisms of Conduction %

Conduction mechanism Current density (J) Temperature depedence \oltage dependence

direct tunneling (low biasg) none =V

2d ——
J=V exp[—_f-_T\-'lr.'r'I'

2 4d [ Im 2 none Iyl
Ja ¥V exp[—%] ln{F = v

In(f) = V7

Fowler=MNordheim tunneling

thermionic emission O — 1?\-"51""4x’3’i ] In[L] -
— 0 )"

k] ™ l:rp[— T

hopping conduction 1 =V
FPIE JoasVd cxp[—_i} In[iJ N — /
kT Wi

space-chargelimited conduction o=V none J ="

1.4 Fabrication and characteristics techniques

1.4.1 Fabrication of atomic size contact

To execute the molecular device, at first, it should integrate a molecule into the circuit.
Thereby, the metal/molecule/metal is the basic structure of the molecular electronics. Here,
one conception should be clarified that “single molecule” is not only the real one molecule,
in a narrow sense, but also means few molecules. In this section, the most commonly
utilizing methods will be described, which have been developed for last years since the first
proposal of the molecular devices.

Generally, metal/molecule/metal junction has two categories of the investigate methods:
one concentrates on the average behavior of the monolayer or multilayers of molecules; the
other is in consideration of the single molecule electrical transport property. The former
method has been observed since the 1960s. All the efforts on metal-molecule-metal
junctions, actually, metal-layer(s) of molecule-metal junctions promoted the development
of the molecular devices in clarification of the electron transport mechanism, fabrication
and characterization of the molecular devices, including molecular rectifier, switches,
negative differential resistance effect and so forth. However, the target is still single
molecular junction, thus, the results utilizing metal-layer(s) of molecule-metal junctions
has some limitation: a) not all the molecules interested could form the monolayer, let’s say,
the molecules could be studied are limited; b) the molecule layer(s) has defects basically,
this defect will interfere the results; ) in the molecular layer(s), the molecules are arranged
so closely that interaction among the molecules could not be ignored. As a consequence,
the metal-layer(s) of molecule-metal junctions did not satisfy the quest in the molecular
electronics. Meanwhile, manifold variations of the techniques has been developed for
atomic scale contacts and are permanently improved further. Here, we will end this section
with a few brief remarks about the most widely applied fabrication methods and possible

artifacts.
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1.4.1.1 Mechanical Controllable Break Junction (MCBJ)

Figure 1.4.1 Schematic top and working principle of a MCBJ with 1) the notched wire, 2) two
fixed counter supports, 3) bending beam, 4) drops of epoxy adhesive and 5) the stacked piezo
element 34,

The mechanically controllable break junction (MCBJ) technique for studying atomic scale
junctions was developed by Muller et al. 3. The design concept is simple and basically
consists of a metal wire (Fig.1.4.1-1) with a notched in the center, with fixed at the both end
(Fig.1.4.1-4)). Stretch the wire using a piezo element (Fig.1.4.1-5) controlled by applied
voltage, changing with its height to push the flexible substrate (Fig.1.4.1-3), which was
fixed at the both sides by fixed counter supports (Fig.1.4.1-2). With voltage to the piezo
element, its height varies and bend the substrate to stretch the wire until it break. This
process can be repeat in an ultra-high vacuum (UHV) condition.

In the MCBJ, the setup itself acts as a reduction gear for the motion of the piezo element
(%) with respect to the relative displacement of the two electrodes (dy). For the ideal case
of homogeneous strain in the bending beam, the displacement ratio (r) between &y and ok is
given by

Sy 6tu
TTaT T
where t, u and | are thickness of the bending beam, the distance between the epoxy
droplets and the distance between the two counter supports, respectively. The displacement
ratio was 5x107 for the present setup, with 1=20mm, t=1mm, u=0.3 mm. The significance
of this ratio could be understood considering the sample of a mechanically feasible
displacement ox = 0.1um for which oy is about 0.5 A. This is about 1/5" of the atomic
diameter of an Au atom (0.255 nm). Hence, the spatial resolution of the MCBJ control is
much smaller than the inter-atomic displacement, this property could be further improved
using a piezoelectric element to push the bendable substrate. A spatial resolution well
below 1 pm could be obtained in this way 3.

The MCBJ classified into two types based on the different preparation of the flexible

substrate: notched wire break junctions and lithographic break junction (Fig.1.4.2).

Eq.29

20



AceV SpotDet WD p—————ri 1sm
10.0kV 20 SE 95

Figure 1.4.2 Photograph of a notched wire break junction (left), SEM image of
lithographically fabricated break junctions, in this case three are formed on the same substrate
(right) 3439,

Notched wire break junction is quite commonly utilized because it takes few procedures
to prepare. Basically, it uses a metal wire with a notched carved in the center. Usually the
notch is made by means of a surgical knife. At the notch the diameter of the wire reduced
25-50% of its original size. The wire fixed upon a polyimide tape covered phosphorous
bronze substrate with epoxy adhesive. A top layer of polyimide tape acts as the insulator
between the sample and the phosphorous bronze substrate. The substrate was mounted in a
three-point bending configuration in a custom-made vacuum pot. The metal wire was
broken at the notch by bending of the substrate. A single atomic contact could be formed
just prior to the breaking of the wire. Once the junction broke, the piezodrivers is used to
fine-tune the displacement between the two freshly cleaved surfaces.

( (b) o
Substrate Sacrificial Layer
(Polymide)
Photo-resist E-Beam
(Positive) Lithography

Metal Deposition

Development
(Cu)

Lift-Off Etching

Figure 1.4.3 Photograph of a notched wire break junction (left), SEM image of
lithographically fabricated break junctions, in this case three are formed on the same substrate
(right) 330,

The other type, lithographic break junction is made by Electron Beam Lithographic (EBL)
processes. A typical EBL system consists of: 1) an electron gun or electron source that
supplies the electrons. Usually, an electron gun is mounted at the top of an UHV chamber in
order to maintain a collision free transport electron; 2) an electron column that 'shapes’,

deflect and focuses the electron beam; 3) a mechanical stage that positions the wafer under
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the electron beam; 4) a wafer handling system that automatically feeds wafers to the system
and unloads them after processing; and 5) a computer system that is used to control the
various machine subsystems and transfer pattern information to the beam deflection coils.
The processes describe briefly as the sample wire is formed by thermally evaporating a
high purity metal film directly on a polished bendable substrate that is planarized by
spin-coating of a polymer layer, often polyimide. The notch in the junction is formed
exploited electron beam lithography, a freely suspended bridge is fabricated by a step of
isotropic ion etching, which attacks the polyimide under the metal film. The lithographic
junction is first broken and controlled by means of a mechanical gear and an electromotor
drive (Fig.1.4.3) 3%,

Both of the two types of MCBJ has its own benefit and disadvantages. The notched wire
break junction has less stability but preparation easier. Reversely, the lithographic type
fabrication process consumes more time but posses better stability. For measurement, the
notched type is better for the discussion for conductance behavior while the lithographic
type is better for the more specific spectroscopy. Since the instability of the MCBJ system,
the MCBJ operate in ultra-high vacuum (UHV) environment. Hence, the MCBJ setup is a
promising system to investigate the modeling system for the simple molecules, such as Ha,
0, CO, Nz etc. 4.

1.4.1.2 Scanning Tunneling Microscope (STM)

As a versatile tool allows investigating the topography and electronic property of low
dimension surface with atomic resolution, the Scanning tunneling microscope (STM) is
also ideal technique for exploration of the atomic-sized contacts. The basic idea behind
STM is quite simple, as illustrated in Fig.1.4.4. In briefly, in its normal topographic mode, a
sharp tip is scanned over the sample surface by controlling the current flows between the tip
and surface due to the tunneling effect when applying a constant bias voltage. The
tunneling current made separation between the tip and surface, only few the foremost
atoms of the tip will interact with the sample surface, which is possible to achieve atomic
resolution. The signal recorded by the program gives a topographic visual information,
says image, of the sample surface. Typical operating currents are able to separate the tip and
sample by nearly an order of magnitude for every 1A 4. Piezodrivers give a subnanometer
accuracy to the relative position of the tip and sample. Conventionally the lateral scan
directions are termed x- and y- directions and the vertical direction is the z- direction.

Itis possible to fabricate clean metallic contacts in non-UHYV conditions by utilizing STM.
After conventional cleaning of tip and sample prior to mounting in the STM. By repeatedly
crashing the tip on the spot of the sample the contacting surfaces of tip and sample are
cleaned in situ where the contact is to be formed, shown in Fig. 1.4.5. This procedure
pushes the impurities aside making clean metallic contact work.
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Figure 1.4.4 Conception (left) and Principle (right) of operation of the scanning tunneling
microscope (schematic, not to scale). The control unit (CU) applies the necessary voltage V, to
the piezodrive P, to maintain constant tunnel current Jr at bias voltage Vr. The piezodrives Px
and Py scan the metal tip over the surface .

In an STM measurement on metallic contact, the bias voltage is kept constant and the
results are typically presented as a plot of the conductance (current) versus z-piezovoltage
(time). For investigating nano-scale contacts, mechanical stability of the STM setup is an
important factor. Careful design makes possible to achieve noise vibration amplitudes of
the order of a few picometers at low temperatures.

elongation monoatomic contact rupture

Figure 1.4.5 The dynamics representation of the contact fabrication using an STM 34,

Another adequate feature of STM is imaging. Unlike the MCBJ setup, the STM system
could be ‘seen’. The most reasonable definition would be that a STM topograph is a
contour of constant surface charge density. The STM works relying on the quantum
tunneling effect, which refers to the quantum mechanical phenomenon where a particle
tunnels through a barrier that it classically could not surmount. If the barrier is not infinite
high, the particle tunnels the barrier possibly. STM vyield precisely a contour of constant
charge density, with the direct calculation for the transmission coefficient for an electron
incident on the vacuum barrier between the tip and surface. Soon after the invention of
STM, Binnig et al. reported the first atomic-resolution images (Fig.1.4.6) *. Even their
topography was not clear on the atomic scale on that time, this method still a breakthrough
for the modern nanotechnology.
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Figure 1.4.6 The first STM image and its modified adatom model 2.

The materials of tip and metal surface could be chosen in a wide range. The main
drawbacks are its limited stability with respect to the change of external parameters such as
the temperature or magnetic fields and the short lifetime of the contacts in general caused
by the sensitivity of the STM to vibrations. Fortunately, the tip and substrate could be
modified easily to enhance the stability and also endow the tip and substrate selectivity **

1.4.1.3 Atomic Force Microscope (AFM)

(a ) conductive (b )
cantilever
AFM cantilever
xy motion cantilever beam
metallic tip [ ]

metal sample
metal tip

conductive
sample

Figure 1.4.7 Fabrication and characterization of atomic contacts with an atomic force
microscope (AFM). (a) The conductive AFM uses a conductive cantilever and metallic tip for
recording the electrical signal. The deflection of the cantilever beam is detected optically and
used for recording the topographic information of sample . (b) In the combined AFM-STM
the sample is clamped to a cantilever. The metallic contact is formed between the sample and
the metal tip. The metal tip is part of an STM and records the electrical signal. The deflection
of the cantilever is recorded with a separate AFM. This signal is used for measuring the force
acting on the cantilever when the atomic contact rearranges “6.

Another scanning probe technique which complements STM in many aspects is the
Atomic Force Microscope (AFM). Instead of the tunnel current AFM takes advantage of
the distance dependence of the force between a fine tip and a surface. Depending on the
chemical nature of both the tip and the surface, the force consists of several contributions
and its displacement dependence might be complex and even nonmonotonic. AFM works
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based on the principle of the measurement for force by recording the deflection of a
cantilever that carries the tip. The deflection can be detected by optical means or by the
detuning of an oscillator circuit due to the deflection. In surface science, the AFM has
become a very versatile tool which works in various environments and temperature ranges.
Compared to the STM the advantage of AFM is its possibility of working on insulating
substrates. AFM works by force characterization, furthermore, the so-called AFM whose
tips covered with metallic surface could record force and current information
simultaneously.

MCBJ, STM, AFM as the most commonly used in the surface science, especially for the

nano sized contact studies. Besides, more fabrication methods, such as transmission
electron microscope, electromigration technique, electrochemical methods, fixed
electrodes, nanopore method is under development, and never going to stop 3347,

1.4.2 Characterization techniques for molecular electronics

The low dimensional technique, no matter electrical analyzer MCBJ, STM or force
analyzer AFM, can attain a distance resolution of sub-angstrom level with high stabilities.
Thus, with the versatile techniques, it being very simple to investigate the properties of
individual atomic level contacts. In order to understand the conduction and other properties
through the molecular junction, which is the main goal of the monograph, it is needed to
characterize the atomic contact first. At present, there are five primary categories
techniques to characterize the molecular junctions: microscopy, electrochemistry, electrical,
optical and optoelectronic. Each method posses its unique advantages. The microscopic
methods including STM, AFM etc., which have been discussed in previous section, the
electrochemical technique is so classic that falling beyond our interest. Here, we shall
mainly address the most commonly employing electrical and optical methods, including
conductance characterization, Current-Voltage characterization (1-V), Inelastic Electron
Tunneling Spectroscopy (IETS), Surface Enhanced Raman Spectroscopy (SERS).

1.4.2.1 Conductance characterization
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Figure 1.4.8 Typical conductance trace (left) and conductance histogram (right) of the Au
atomic contact with bias voltage of 100 mV utilizing MCBJ setup.

Before introduce any molecules into the junction, first of all, we shall address the basic
question: what is the conduction behavior of a metallic atomic contact? As mentioned in
previous section, the metallic atomic contact can be fabricated by means of methods.
Whatever the method will be used, it is evident that during the breaking processes, the
conduction will change in some principle. With basic physical common sense, we could
expect a gradual decrease in the conductance upon the distance increasing. This is correct
when the atoms in the bulk regime but when these atoms was stretched in atomic level what
will happen? Fig.1.4.8 shows the typical conductance traces (left) and conductance
histogram (right) of Au atomic contacts. It is remarkable to see that the conductance indeed
reduces in a step fashion upon stretching the contact. The conductance decreases by sudden
jumps, separated by “plateau”. The conductance of the Au metallic atomic contact are
remarkably close to multiples of the conductance quantum as 1 Go (Go = 2e%/h), 2 Go, 3 Go.
This behavior resembles the conductance quantization in atomic contacts. However, most
of the metallic atomic contact cannot be identified with integer multiples of the quantum
conductance. And the structure and height of the conductance traces could vary by more
than a factor of 2, where both smaller and larger steps are reported 3.

Another remarkable feature to be noted here is that the conductance plateau shown in Fig.
1.4.8 left is long before the conductance vanishes even break. This long plateau can be
understood in terms of the formation of the atomic wire, while the other metals did not be
observed *8. The conductance traces change not only from realization to realization, but
also clearly different for distinct metals, here some samples shown in Fig. 1.4.9. In the case
of Au contact, the conductance traces seems smooth. For the bare Al contacts, many
plateaus have an anomalous slope, which resembles the conductance increases when
pulling the contact, while the Pd contact conductance decrease slightly with stretch. These
results imply when the contacts are elongated, different arrangements can be achieved.
Additionally, the shape of the conductance traces also depend on the technique for
fabrication of the nano contacts.

conductance (2e2/h)

displacement (A)
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Figure 1.4.9 Evolution of conductance versus tip-sample relative displacement for several
representative nanocontacts in STM at low temperatures °.

The conductance traces give individual information of each pulling process an differ from
sample to sample as we discussed. However, the feature are certainly reproducible. In order
to investigate objectively the intrinsic conductance of the nano junction, a gathering of
conductance traces can give information, namely, conductance histogram. Conductance
histograms were constructed from over thousand even ten thousand of conductance traces
obtained during the breaking process. The information can be obtained are largely
dominated by the presence of the peaks location and height. As the Fig.1.4.8 right displays
the Au atomic contact dominated 1 Go, while additional peaks close 2, 3 and 4 Go are also
observed. Typical conductance histograms of distinct metallic atomic contacts shows in Fig.
1.4.10. One thing need to be noted that the conductance histogram are generally sensitive to
experimental conditions *°,
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Figure 1.4.10 Conductance histograms of several metals obtained using MCBJ technique 3%,

1.4.2.2 Current-Voltage characterization (I-V curves)

In a metallic contact, the investigation of electron transport property of the
metal/molecule/metal is essential. The metal/molecule/metal system is considerably much
more complicated than the metallic atomic contact due to the uncertain molecule electronic
structure, reaction in the interface and the molecule internal degree of freedom. Thus, only
conductance behavior consideration is not sufficient any more. The current-voltage
response (I-V curves) can obtain more electronic structure of junction.

rif %0 Tk
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Figure 1.4.11 Level scheme of a molecular junction, the transport is dominated by a single
level, e0. where g and I'_(r) are the energy of the conduction orbital and the electronic coupling
between the molecule and the metal electrode, respectively .

Basically, different molecular orbitals can participate in the electron transport
simultaneously. However, many situations where only one level (HOMO or LUMO)
locates close to the Fermi level of the metal electrode. Therefore, the transport is dominated
in a certain voltage range. Within the single channel transport model, as Fig. 1.4.11 shows.
As discussed in the section 1.3.3, the current through the molecular junction can be
expressed by the transmission as

1(V) :%f:dE T(E,V)[f_(E)- fo(E)] Eq.30

where e, h, V, 7(E,V), fLr(E) are the elementary electric charge, Planck’s constant, bias
voltage, transmission coefficient, and the Fermi distribution function of left and right
electrodes, respectively. The factor 2 is due to the spin symmetry of the problem.
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Figure 1.4.12 Current vs. bias voltage in the resonant tunneling model for a level position & =
1 eV (measured with respect to the Fermi energy of the electrodes) and at room temperature
(keT = 0.025 eV). The different curves correspond to different values of the scattering rates
that are assumed to be equal for both interfaces 33,

To more specific electronic structure, we could analysis the shape, especially the
symmetry of the I-V curves. Assume the moment that voltage drops symmetrically in both
sides interfaces and therefore eo(V) = go. This situation could be expected when the
coupling in both side are equal (I'.= I'r). When electronic temperature, T, is set to 0 K, the
Eq. 30 can be analytically described as

(V) = E;—eoz(l —a)l {arctan (@) + arctan (%)} Eq.31

where I' = I+ Ir and o = I'L/ I'. By fitting the experimental results with Eq. 31,
asymmetric factor «, energy of the conduction orbital ¢o, and the electronic coupling (/L +
I'r) could be obtained. The Fig.1.4.12 shows a schematic of how the I-V curves looks like
33, Here, the current is symmetric shape. In contrast, Fig. 1.4.13 performs an asymmetrical
I-V curves. The symmetry of the I-V curves played a prominent role in the molecular
devices. As we presented before, the first conception of molecular electronics was
molecular rectifier, which has asymmetrical 1-V curves, namely, rectification.
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Figure 1.4.13 I-V characteristics in the resonant tunneling model for an asymmetric situation
for & = 1 eV, I'r = 20 meV and at room temperature (ksT = 25 meV). The different curves
correspond to different values of the left scattering rate. The inset shows very asymmetric
situations where the scattering rates have been interchanged. Notice that the I-V curves exhibit
a clear rectification behavior 3%.

1.4.2.3 Inelastic Electron Tunneling Spectroscopy (IETS)

The characterization methods discussed in previous section concentrated on the electrical
properties of the molecular devices. Nevertheless, the electrical properties derived from the
average of the electrons behavior in the junction. It is difficult to classify what happened in
the small gap by electrical properties characterization. However, in the about one of tenth
of electron energy level, the vibration energy give us more specific information associated
with the interaction between the transporting electrons and the molecular vibrations,
making a primary characterization technique to identify the chemical species and supply
the fingerprint information on the molecular electronics. By means of Inelastic Electron
Tunneling Spectroscopy (IETS), the active vibration modes of a molecule, as well as the
vibrational energies, can be aware of. Moreover, the ultrahigh sensitivity of IETS lead to an
understanding of the molecular adsorption site, orientation, and changes in boning upon
reaction . Additionally, IETS is not subject to the selection rules as infrared or Raman
spectroscopy. These advantages make IETS a powerful tool in the molecular devices °*.

Figure 1.4.14 displays the expected IETS behavior as the applied voltage V increased.
When a negative bias is applied to the left electrode, the Fermi level is lifted. An electron in
the junction with an occupied state on the left electrode tunnels into the junction to an
empty orbital on the right side with a conserved energy as known as an elastic tunneling
process %2, However, when bias voltage applied is large enough, say eV> hv, then the
electron is possible to loss a quantum of energy hv to molecule with a frequency v, which
possess a vibration mode localized inside this barrier. This process opens an inelastic
tunneling channel for the eletron, and its overall tunneling probability is increased. The 1-V
signal shows a kink that is function of the applied bias. Typically, only a small fraction of
electrons inelastically tunnel through the junction because of the small cross-section for
such an excitation, thus, the current only manifests a small change. Since the difficulty of
distinguish the small kink steps, it is more conventional to exploit the differential
conductance (dI/dV vs V) even d?l/dV? plots, where each phonon mode is activated can be
clearly to clarify.
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Figure 1.4.14 Expected inelastic electron tunneling spectroscopy (IETS) behavior as the
applied voltage increases via a vibrational resonance. For a bias energy (eV) larger than the
vibrational energy (hv), the transporting electron can deposit hv onto the molecule to excite
the molecular vibration mode. An additional transmission channel then is open, resulting in a
current increase. The change caused by opening the vibrational resonance channel at eV = hv
becomes a step in the differential conductance (dI/dV) plot and a peak in the d?I/dV? plot. A
plot of d?1/dV? versus V is typically referred to as the IETS spectrum.

The IETS signal is obtained by a mathematical differential approach that computes the
numerical derivatives of the directly measured I-V curves ** 3, In principle, IETS signal is
proportional to the second derivative of the current-voltage response, can be directly
measured by an AC modulation method employing a lock-in amplifier.

In this strategy, a small AC voltage with a certain frequency @ is superimposed on the
main DC bias so that the current I(V) can be written as

[(V) = I(Vy + V,.cos(wt)) Eq.32
With the Taylor series expansion about Vqc, the Eq. 32 can be rewritten as

2
V. cos(wt) + 14t

(V) =1V, + —

@ [V, cos(wt)]? + - Eq.33
av Vo
Rewritten Eq. 33 with a trigonometric double angle formula as

2
V.. cos(wt) + s

(V) =1V, + T

dal
o v [Vac2 cos(Zwt)] + - Eq.34

Thus, by measuring the 1-V characteristics of the system at a fixed frequency o as the DC
bias sweep slowly, an IETS signal, which is the differential conductance could be achieved.
To date, the AC modulation technique using a lock-in amplifier is conventional method for
the IETS measurement *°.
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Figure 1.4.15 a) STM image of a C2H2 molecule on the Cu(100) surface at 8 K; b) Schematic
drawing showing side and top views of the molecule’s orientation and suggested adsorption
site; ¢) Background difference d?1/dV? spectra for C,H; (1) and C2D; (2), taken with the same
STM tip, show peaks at 358 mV and 266 mV, respectively °C.
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The IETS possess ultra-high sensitivity, is capable of mapping the phonon activation
within the molecule adsorbed on a solid surface to perform a type of phonon imaging. Stipe
et al. reported that the vibrational microscopy from the spatial imaging of the inelastic
tunneling channels even could be employed to distinguish the C2H, and C,D- isotopes
molecules on the Cu(100) surface *°.

1.4.2.4 Surface Enhanced Raman Spectroscopy (SERS)

In molecular devices, the optical characterization methods has not yet been used as a
standard tool are reasonable: a) in a conventional vertical meta/molecule/metal
configuration, the light is still hard to penetrate the metal electrode to probe the molecular
layer; b) even the light go through the metal/molecule/metal junction, however, the
structure is as small as a single molecular level, implying a limited signal-to-noise ratio.
However, the IETS discussed in the previous section calls for the UHV conditions. From
the application view, vibration spectroscopy at room temperature as well as in-situ
characterization are desirable. As an optical analysis method, the Surface Enhanced Raman
Spectroscopy (SERS) technique fill the blank of the powerful optical tool for the molecular
devices, since it has been developed. This technique involves shining a monochromatic
light source on a sample and analysis the scattered light. The majority of the scattered light
with the same frequency as the incident source, which is known as Rayleigh or elastic
scattering. A very small proportion of the scattered light shifted up or down in energy from
the excitation laser due to the interactions between the incident electromagnetic waves and
vibrational energy levels of the molecules in the sample. The difference in the energies
leads to a shift in the emitted photon’s frequency away from the incident light wavelength.
By plotting the intensity of this shifts versus frequency results in a Raman spectrum of the
sample. In another words, the energy shifts and the corresponding wavenumber shift offer
messages on the vibrational mode.
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Figure 1.4.16 SERS of 1, 4-benzenedithiol (BDT) in the nanogap with the process of bending
the metallic electrodes pair. The gap width is reduced, from (a) 8 A, (b) 6 A, (c) 4 A. Laser:

632.8 nm %4,

Currently, in accordance with the command for identifying an unknown molecule in the
single-molecular level, the Surface Enhanced Raman Spectroscopy (SERS) technique, in
which an enormously enhanced Raman signal is detected when molecules adsorbed onto
the coarse metal surface. In general, the enhanced signal of SERS are mainly came from the
electromagnetic and chemical
1,4-benzenedithoil in the nanogap with a combined SERS-MCBJ method firstly °*. As the
Fig. 1.4.16 performed, with the decrement of the displacement of the electrodes, the SERS
signal increased exponentially. Kiguchi group investigated the dynamics of the single
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molecular device with MCBJ-SERS technique, as shown in Fig.1.4.17 *°.
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Figure 1.4.17 a) Time course of the Raman intensity of the a mode (red), b; mode (blue), and
b2 mode (green) together with the conductance of the molecular junction. b) Time course of

the energy of the b; mode of the ring breathing around 1050 cm™* and the conductance of the
single molecule junction. Schematics of the relevant molecular orientation are shown as insets
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presented here. Beyond all the methods discussed in this section, there still some technique,
such as shot noise, Transition Voltage Spectroscopy (TVS), thermoelectricity and so forth.
Harvesting of the techniques helps for a better understanding of the molecular devices, and
making contribute to application of the nano-sized electronics in the near future.

1.4.3 Experimental setup

1.4.3.1 MCBJ setup

C) Light
pC Sou rcel H— Piezodriver

— —

Molecule
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Heater _.c-| ]

.
Liquid He

Figure 1.4.18 lllustrates of a) MCBJ measurement system in low temperature condition; b)
image of the instrument; ¢) conception of instrument detail inside.

The experiments in this thesis were investigated in the ultra-high vacuum (UHV)
condition with mechanically controllable break junction (MCBJs) technique at 10K, shown
in Fig.1.4.18.
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Figure 1.4.19 a) The image of the sample chamber; typical MCBJ samples used in this thesis b)
notched type c) lithographic type.

In this thesis two types of substrates were utilized displayed in Fig. 1.4.19, which were
notched type and lithography type. Both of the samples fabricated following the processes
chapter 1.4.1.1. Briefly, the notched sample was prepared as following: a notched metal
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wire (0.10 mm in diameter) was fixed on top of an electrically insulated phosphor bronze
substrate with polyimide tape. On the other hand, the lithography substrate was prepared
with a series of electron beam lithography (EBL) technique, shortly comment in section
1.4.1.1. Briefly, the phosphor bronze covered by an insulating polyimide layer, the metal
electrodes fabricated by physical evaporate deposition (PVD) method.

The substrate was mounted in a three-point bending configuration in a custom-made
vacuum pot. The metal wire was broken at the notched by bending of the substrate with
piezo element. A single atomic contact could be formed just prior to the breaking of the
wire. The target gases waere introduced onto the metal contacts through a capillary. Then,
dc two-point voltage-biased conductance measurements were performed during the
breaking process under an applied bias voltage of 100 mV. The differential conductance
was measured using a standard lock-in technique with ac modulation at 1 mV and 7.777
kHz.

1.4.4 Critical effects on the electron transport in nano-size conductor

The molecular electronics to date has been progressed significantly either fabrication or
characterization methods. However, the difference from realization to realization is still an
issue. Thus, to clarify the effects on the nano-size electronics will help us to distinguish the
reliability. In this section, we shall present some critical effects on the transport processes.

Structure effects

First of all, the structure of the molecules is the most critical one. The chemical structure,
molecular length, orientation and so forth.

Table 3 Molecular structures and corresponding number 56
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Figure 1.4.20 a) Structures of a subset of the biphenyl series studied, shown in order of
increasing twist angle or decreasing conjugation. b) Conductance histograms obtained from
measurements using molecule c, Position of the peaks for all the molecules studied plotted
against cos?6, where 6, the calculated twist angle for each molecule 6.

Venkataraman et al. studied systemically 9 molecules, which contain similar structure
with main body as a couple of benzene ring coupling with C-C o bond (see as Table 3) and
the end with —NH group to interact with the electrodes °°. Their results demonstrated that
the modifications have impact on the twist angle in the benzene-benzene body;, in specific,
the conductance minished as the function of twist angle increasing. It is considered as the
benzene-benzene body twist, the m-conjugate felt a negative impact leading to a
conductance shrink. The conductance behavior vs cos?d exhibited a linearity, it was agree
with the theoretical prediction.
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Figure 1.4.21 a) Measurements of the molecular wire resistance with CP-AFM. b) Molecular

structure and synthetic route to OPI-p and OPI monolayers on the gold substrates. ¢) Semilog

plots of R versus L for the gold/wire/gold junctions °’.

Another topic is the molecular length. Frisbie group provided a direct evidence in the
relationship between the molecule length and the conductance °’. As the Fig. 1.4.19
performed, they fabricated oligophenyleneimine (OPI) molecular junction with AFM
technique. It demonstrated that near 4 nm in length even changed the transport mechanism
from tunneling to hopping, as evidenced in the I-V curves by the striking change in

temperature, length and electric field dependence *'.
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Interactions in the interface

The interface means metal-molecular interface in this section. The interface problem
including the anchoring group, adsorption site etc., which will change the interaction
between the metal electrodes and molecules. Chen et al. compared -COOH, —SH, —N2H
groups as anchoring group connected with the — (CH2)n— and Au electrodes utilizing STM
technique 8. As shown in Fig. 1.4.20 shows the conductance varies in the order of Au-S >
Au-NH; > Au-COOH. This results depended to different electronic coupling efficiencies
provided by the different anchoring. They also gave the evidence for this experimental
reality by I-V characterization. The binging strength changes in the order of Au-S >
Au-NH; > Au-COOH make the conductance behavior reasonable %8
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Figure 1.4.22 a) The histogram of dicarboxylic-acid butane shows a peak located at 2.7 x 10
Go. b) The histogram of octanedithiol shows a peak located at 5.0 x 10 Go. ¢) The histogram
of diamine butane shows a peak at 1.45 x 10" Go. The orange lines are the histograms of
control experiments performed in the same solutions but containing no sample molecules %.

Recently, Kaneko et al. reported a specific configuration results relied on MCBJ-SERS
of the single molecule BDT junctions (Fig.1.4.21) %°. Their 1-V curves and SERS results
were observed three most probable transport mode for BDT selectively interacted with Au
in high (H), medium (M), and low (L) respectively. They gave the experimental evidence
to demonstrate that even the same anchoring group adsorbed in different sites affected
conduction behavior. With theoretical calculation they suggested the three most probable
configurations, with absorption sites in bridge, hollow and top, attributed to high, middle
and low three separated conduction states of the Au-BDT-Au molecular junction.
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Figure 1.4.23 a) Bidimensional I-V histogram summarizing the 1-V response of 203
single-molecule BDT junctions. The three most probable responses were fitted to a
single-level tunneling transport model (green solid line). Coupling values (I') of 0.14, 0.052,
and 0.014 eV were obtained for the high (H), medium (M), and low (L) profiles, respectively.
b) Statistical distribution of T" obtained from the individual fitting of 203 single molecule |-V
responses and Gaussian fitting (black). Three most probable values are observed at 0.14 (H),
0.052 (M), and 0.014 eV (L), arising from bridge, hollow, and top molecular adsorption sites,
respectively. Orange counts, centered on H, correspond to vsa-active samples featuring over
10 CPS. ¢) Single-molecule SERS spectra of BDT showing the intensity enhancement as a
function of . From bottom to top, I' =0.010, 0.019, 0.044, 0.073, 0.097, 0.12, 0.13, 0.13, and
0.17 eV. d) Correlation between the average intensity of the SERS signal as a function of T on
a log—log plot. The plot includes averaged data from 96 vi-and vs-active samples. The solid
line corresponds to the linear least-squares fitting 5°.

Environmental effect

It is very easy to realize, once the molecular junction formed, it will be affected by not
only the metallic, molecular internal elements but also the external stimulations, such as the
solvent components, pH, impurities etc. Xiao et al. investigated the single-peptide
molecular junction. They modified the peptide molecules with —SH group at the end, which
has been reported has a strong interaction with Au electrodes ®°. They found the molecular
conductance decreased as pH growing. It could be interpreted that according to the pH
change the —N>H, —-COOH group of the peptide protonated or deprotonated, thus, the
electrical structure and electron density in the junction.
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Figure 1.4.24 (a-c) Conductance histograms of Peptide 1 obtained at various solution pH.
Conductance vs pH for Peptides 1 (d), 2 (e), and 3 (f). The solid lines are guide for the eye ©°.

Except the effects were listed here, the other like hydrogen bond formation °, electrostatic
potential distribution 2, local heat conduction 3, etc. effects have been presented.

In a brief conclusion, the critical effects on the nano-size conductors, consequently,
change the metal-molecule-metal nature of electrical structure, transmission inside the
junctions. However, the higher accuracy mechanical technique and characterization
methods will devote for the more reliable results and the application of the molecular
devices.
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Chapter 2

Photochemistry involving metal nanoparticles

2.1 Photochemical reactions with metal material

The interplay of light with matter has long been, and will continue to be, fascinating to the
scientific community. Besides, metals can be utilized as catalysts for a wide range of
chemical reactions. Two advantages make contributions to the photochemistry on the metal
surface. One is expected as the new reaction channels might become possible by electronic
excitation, which are conventionally forbidden by thermal activation. On the other hand,
the interactions of molecules with solid metal surface open a new and unique pathways of
the photoexcitation and reaction in inhomogeneous reactions. Thus, the past few decades
have been risen interests of photon-driven process with the metal materials participation,
for instance, the adsorption of the adsorbents on the metal surfaces, the bond formation or
break at the interface. Since the first time, Fujishima and Honda found the experimental
evidences to approve the n-type TiO; electrodes can decompose the water employing UV
irradiation in early of 1970s’ 1. Generations of scientists started to contribute to the
photochemistry, aiming to deal with the energy, pollute etc. issues emerged in the
expansion process of the human being to the environment.

Tio o o 70

Figure 2.1.1 Schematic of the electrochemical cell in which the TiO2 electrodes is connected
with platinum electrode (left). Current-voltage curves for n-type TiO2 semiconductor (right) *.

Literally, the critical factors for the photochemical reaction are main separated in two. One
is the light source and the other is the matter you want to choose. In terms of the light source,
the important orientation is saving energy, and every researcher try their best to satisfy this
goal. When it comes to light itself, it is described as an electromagnetic plane wave with
magnetic field vectors perpendicular and orthogonal electric to the propagation direction in
classic electrodynamics. Three sides are usually concern of light source, the energy ¢ = hv,
where h is Plank’s constant and frequency v=c/A; the intensity

I/1, = exp (—ayCL) Eqg. 35
where the lo and It are the intensities before and after transmitting through medium, C is
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the concentration of absorbing matters in moles/volume, L is the sample thickness passed
by the light. ao is the optical coefficient in area/mol. The last factor is polarization.
Ultraviolet (UV) photons (a few eV) are commonly picked up not only because that the
intense source are available in the laboratorial environment but diversities of molecular
systems have electronic transitions particularly the lowest energy ones, in this region. To
date, two kinds of UV light sources are commonly employed in the surface photochemical
studies, continuous wave (CW) light source providing low-power wide tunable UV light
and pulsed lasers 2.

The other important factor to photochemical reaction on the metal system goes to the
metal surface. A diversity of researches have been undertaken of the photochemistry on the
metal surface in the near decades past. At the pretty beginning, the photochemical reactions
were able to be constructed on the metallic bulk surface.

Thus, with appropriate light importing, the photochemical reaction on the metal surface is
possible to emerge. For the early stage photochemical studies, two general mechanisms
involved in photochemical reactions: phonon-driven and charge-carrier-driven have been
discussed for decades 3, shown in Fig. 2.1.2.

Phonon-driven process

This process derives from the excitation of the phonon mode of nanoparticles, which
coupled with the reaction coordinate. The coupling leads in the evolution for the adsorbate
from the reactant to product on the ground-state potential energy surface (PES, Fig.2.1.2a).
The phonon-driven process conventionally calls for relatively high temperature, besides,
the products with ground-state free-energy landscape is also needed. Majorities of cases,
with assumption of phonon temperatures of the nanoparticles and reactant are in an
equilibrium, these reactions can be stimulated adequately by employing the classical
transition state theory.

Charge-carrier-driven process

An external stimulus is usual used in the charge- carrier-driven process, to excite charge
carriers (electron or hole) on the metal surface. Briefly, the energized charge carriers
populate the electronic state transiently, centered on the adsorbate molecule to form
transient ions. Furthermore, the adsorbate moves to a different PES and be forced. The
forces induced the nuclear motion of adsorbate atoms, which can attribute to the activation
of the chemical bond and transformations. The critical factor of this process is a coupling
between excited electronic and vibrational state of the nanoparticle-adsorbate complex.
Additionally, the charge carrier energy is converted into kinetic complex energy along the
reaction coordinate. This mechanisim has its own name: desorption (reaction) induced by
electronic transitions (DIET).
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Figure 2.1.2 Mechanisms of phonon- and electron-driven reactions on metals 2.

However, with the deepening of the research, more than 20 years ago, the material
scientists have already realized the metallic materials’ showing size dependencies in their
own physical and chemical properties *°. Fortunately, with the development of the
nanotechnology currently, the chemical reactions today can be considered in varieties of
metal materials, including light-driven ones. The researches about the nanoparticles
increase gradually (characteristic lengths of less than 50 nm) because they can active
photochemical reactions on their surface with lower light intensities and can be triggered
by both of the mechanism described previously 7. Particularly, stemming from the
development of the quantum theories, the nano-scale reactions exploit nano metarials, as
usually refers to nanoparticles (NPs), e.g. nano balls, nano cubes, nanopores, nanoshells
and so forth has been brought to the public view. The unique physical properties including
geometries for lower fraction reflected light, strong localized surface plasmon resonance
(LSPR) and high surface electronic density of the metal nanoparticles make them different
from the bulk system. The nano-scaled world is fascinating and manifold, and still so many
issue are waited for being solved. The geometric and electronic problem have been
discussed abundantly in either macro- or microscopic. Thus, we shall present the nano scale
metal surface only, the plasmon resonance, and its dedication in photochemical reaction.
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Figure 2.1.2 Schematic illustration of the density of state and bond structure in different sizes
of metal and semiconductor clusters (left). Resonance Raman spectra of CdS clusters, scaled
to illustrate the size dependence of the ratio of fundamental to overtones (right) °.

2.2 Plasmon enhanced chemical reactions

2.2.1 Plasmon resonance

Surface plasmon are known as the coherent oscillations of conduction electrons located in
the skin layer of metal, capable of concentrating light into subwavelength nano structures
resulting in electromagnetic field enhancement factors exceed ~1000 8. The achievements
in the surface plasmon today, should credit to the precise fabrication technique, advanced
characterization technique and supporting, the current compute calculation method
establishment. The surface resonance can be classified as propagating plasmon and
localized surface plasmon (LSPRs), as shown in Fig.2.2.1 °.
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Figure 2.2.1 Schematic diagrams illustrating a) a surface plasmon polarition (or propagating
plasmon), b) a localized surface plasmon °.

While many field are well investigated, the development of new techniques and
conception continues to open new terrain. With the sophisticated and manipulation of
metallic nanostructures fabrication techniques, new applications benefited from the LSPRs
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begin to have its moment. A more intuitive illustration for the localized surface plasmon
resonance, a well-known case originating from LSPRs is the gorgeous color of the noble
metal nanoparticles. Fig.2.2.2 present available metallic structures for plasmon excitation
(except bulk) . The LSPR properties depend on several indexes, including the shape, size,
composition, structure and environment of the metal nanoctrystals 2. In the case of the
non-isolated, like NP pair, ditch and periodic structure etc. more complicated structures,
the interaction between the nano structures also contribute to the surface plasmon
resonance. Fuller summarized initial reports of the two sphere plasmon resonance systems
13 In his perspective, the gap size, orientian etc have impact on the surface plasmon
resonance.
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Figure 2.2.2 Available metallic structures for plasmon excitation (except bulk) °.

2.2.2 Brief theory of LSPR

A full theoretical treatment of LSPRs is quite lengthy. In this section, we shall refer a
compact treatment. Consider a spherical nanoparticle of radius a, which is irradiated by
z-polarized incident light of wavelength 1. Here, assume that a << 4. As the Fig.2.2.1b
display, the magnitude of the electrical field appears static around the NPs. The quasi-static
approximation employed to solve the Maxwell’s equation **. The solution gives the EM
field outside the particles as

Eout(x,7,2) = EoZ — [ 25 ]a g [Z-2(R+yy+22)]  EQ36

Here, &inand eou are the dielectric constant of the metal NPs and external environment,
respectively. The dielectric of the metal NPs is strongly dependent on wavelength, thus, the
first square brackets determines the dielectric resonance condition for the particle. When
the ¢, + 2¢,,; equals to 0, the EM field is enhanced relatie to the incident field. In
determining the EM field outside the metal material, the a and eou play key roles consistent
with experimental realizations.

Furthermore, we derivate the extinction spectrum of the metal sphere as
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Here, erand ¢ are the real and imaginary part of the metal dielectric function, respectively.
Again, the wavelength is dependent on the metal dielectric function. The factor y relies on
the geometric consideration, 2 for the sphere while 20 for the particle with high aspect
ratios. In this equation, the interest represented as N finite polarizable elements, any of
which can interplay with the applied electric field °. With prosper approximation method,
the treatment is able to give the extinction of particles of arbitrary shape and size, and good
agreement with experiments °.

2.2.3 Plasmon enhanced chemical reactions

Metal nanocrystals have been found to play critical roles in an amount of chemical
reactions. The mechanisms of the plasmon enhanced chemical reaction are divided in three,
plasmonic enhancenment of light adsorption (Fig.2.2.4a), plasmonic sensitization
(Fig.2.2.4b) and pure-metal plasmonic phtocatalysis (Fig.2.2.4c).
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Figure 2.2.4 Schematic illustrating the three functional mechanisms of plasmons in chemical

reactions. (a) Plasmonic enhancement of light absorption. (b) Plasmonic sensitization. (¢ and d)
Pure-metal plasmonic photocatalysis. VB and CB represent the valence band and the
conduction band of the semiconductor, respectively. Er is the Fermi level at equilibrium. red
and ox stand for the reduced and oxidized forms of the redox species, respectively. Evcuum is the
vacuum energy level 15.

The semiconductors are widely involving in the plasmonic enhanced reactions due to their
adsorption spectrally overlapping with the plasmon resonance of metal nanostructures.
They will participate the plasmonic enhancement of light adsorption and plasmonic

Plasmonic enhancement of light adsorption
The incident light irradiates the LSPRs in the electron-hole pair in the semiconductor and

metal nanocraystals, simultaneously. Within the 10-50 nm space, the formation rate of
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electron-hole pairs feel the LSPRs then can be enhanced *°. The plasmonic nano metals
plays a light energy processor, concentrated the incident photon energy in LSPRs and
transferred to the adjacent optical species via near field interaction, resulted in a light
absorption enhancement.

Plasmonic sensitization

As Fig.2.2.4b presents, the plasmonic sensitization occurs at the interface between a
wide-band-gap semiconductor and an intimately integrated plasmonic nano metals. When
the semiconductor contact with the noble metal, the conduction band will downward bend
due to the thermal equilibration of the Fermi level. Thus, Schottky barrier forms and block
the electron transfer from the metal to the semiconductor. However, with the LSPR, a
proportion of energetic electron, which possesses higher energy than the barrier, generated
to cross the barrier.

Pure-metal plasmonic photocatalysis

Without the semiconductor, the nano pure metals also provide possibilities as a catalysts
for the chemical reactions. As Fig. 2.2.4c, d show, two mechanisms, plasmonic heating and
hot electron transfer, resembling in the 2.1 section. The former one is through the
photothermal conversion of plasmonic nano metals. As a consequence, the LSPRs decays
through electron-phonon relaxation and subsequent thermalization of lattice phonons
(Fig2.2.4c). The hot electron process is a photoinduced electron transfer process, which is
similar to plasmonic sensitization. The hot electrons in this process generated by plasmon
irradiation inject into the available molecular orbital, conventionally the LUMO, to form
transition anions (Fig.2.2.4d).

Many experimental evidences are already reported induced by the LSPR. Thomann et al.
demonstrated nano metallic plasmonic resonances and multilayer interference impacts can
be engineered to strongly concentrate sunlight close to the electrode/lig. Interface,
precisely where the relevant reactions occur *’. In their system, semiconductor powers in
various shapes and sizes re dispersed in a water cell. Upon excitation with photons with a
larger energy than the band gap of the semiconductor, resulting in success of the water
splitting irradiated by solar light.
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Figure 2.2.5 Schematic band diagram depicting the semiconductor absorber (left) in contact
with the liquid, where the photo generated holes drive oxygen evolution 7.

A two photon adsorption reaction has been reported by Misawa group (Fig.2.2.6) 8. Their
work reveals that TPA can be induced under exposure to an incoherent radiation
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continuous-wave, involving a two-photon sensitivity of photopolymers has already been
employed the near-field imaging of nanoparticles plasmon modes under laser irradiation.
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Figure 2.2.6 a) Schematic of the checkerboard pattern of nanoblocks separated by nanogaps;
the nanoblocks are coated by a thin film of photoresist SU-8 and exposed to radiation from an
incoherent source; the inset illustrates polymerization of SU-8 in the intense near-field
existing in the nanogap. b) Optical extinction spectrum of the checkerboard pattern and the
spectrum of the incoherent source. ¢) SEM image of the structure after 3 h exposure to the
incoherent source polarized linearly along the direction indicated by the arrow. Panel d) is the
same as c), after exposure by unpolarized source. The polymerized regions are emphasized by
dashed circles. The scale bar length is 100 nm 18,

Even the molecular electronics, Selzer group have investigated the Au-
2,7-diaminofluorene (DAF)-Au system with laser irradiation enhance reaction *°. The
Fig.2.2.7 present their experimental realization. The conductance traces reveal the
enhancement of the conductance in the nano junction stemmed from the plasmon
resonance. Due to their results employed a pulse laser irradiation, which offer a possibility
to create rapid transient plasmons, opening a path to optical ultrafast gating of the
molecular devices.
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Figure 2.2.7 Schematic band diagram depicting the semiconductor absorber (left) in contact
with the liquid, where the photo generated holes drive oxygen evolution *°.

2.3 Water participated photon driven reactions on the metal

surface

Water covers about seven of tenth area the earth’s surface. The abundant storage of
water has given rise to the investigation for the applications of the water participating
processes. On the other hand, conversion of the significant reserving solar energy into
chemical energy is also considered as a subject of intense studies for many years. Thus,
diversities of the photon-driven water relative reactions has big interests in many years.

Since Fujishima and Honda firstly reported the generation of H, and O with TiO;
illuminated with near ultraviolet light 1. The TiO, system has been contributed to the
water attendance reaction in multiples diversities photon-driven systems 5%, However,
the reaction efficiency driven by TiO; only is limited. Varieties of co-catalysts have been
developed. Metallic nano structure has been added into the list due to its surface plasmon
resonance could enhance the efficiency of reaction. Ingram and Linic reported the visible
light photocatalytic activity ascribed to the electron transfer from Ag nanoparticles to
N-TiO, 2%, Their results demonstrated the Ag particles physically mixed with the N-doped
TiO; can increase the evolution of the hydrogen and oxygen by ~10 fold of the Au
presented system derived from the plasmonic sensitization mechanism of the Ag/N-TiO;
system 22,
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Figure 2.3.1 Schematic diagrams illustrating the Ag/N-TiO2 system (left), photocurrent
responses (per macroscopic electrode area) upon illumination with a broadband visible light
source (400-900 nm) (right) 2.

The plasmon resonance could benefit for the reaction, plenty of efforts concentrated on
the related structure. Mubeen et al. fabricated an autonomous, fault-tolerant and
easy-toimplement photosysthetic device Au nanorod-based plasmonic solar water
splitting system with a good stability, shown as Fig. 2.3.2 2%, Their system worked within
the hot-electron tunneling process, produced an over 1,000-fold enhancement in the
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conductance on illumination by 600 nm light. Unfortunately, their system still rely on some
complicated fabrication.
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Figure 2.3.2 Structure and mechanism of operation of the autonomous plasmonic solar water
splitter. a) Schematic of the cross-section of an individual photosynthetic unit showing the
inner gold nanorod, the TiO cap decorated with platinum nanoparticles, which functions as
the hydrogen evolution catalyst, and the Co-OEC material deposited on the lower portion of
the gold nanorod, b) Corresponding transmission electron micrograph (left) and magnified
views of the platinum/TiO; cap (top right) and the Co-OEC (bottom right), c) Energy level
diagram superimposed on a schematic of an individual unit of the plasmonic solar water
splitter, showing the proposed processes occurring in its various parts and in energy space. CB,
conduction band; VB, valence band; Er, Fermi energy.

The semiconductor involving water reactors are efficient and stability, however,
considered of fabrication difficulty and the economic cost with these systems. With the
similar plasmonic mechanisms, the metal was also considered for the water relative
reactions. The Cu surface was reported as a promising catalyst at elevated temperature 2,
Andersson et al. investigated a water dissociation reaction on Cu (110) at near ambient
condition. Fig.2.3.3. displays, the increase temperature promoting the reaction.
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Figure 2.3.3 Total OH coverage (6on) as a function of temperature on Cu- (110). The solid line
is shown to emphasize the trend for the observed OH coverage changes. The vertical dashed

line marks the highest temperature (428 K) at which molecular water can still be observed by
XPS (g0.03 ML) 24,

Torimoto et al. constructed a hybrid composed of two core-shell nanostructures
(CAS@SiOIAU@Si02), as shown in Fig. 2.3.4 %, Their study revealed the special role of
LSPR induced electric field in enhancing photocatalysis.
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Figure 2.3.4 Schematic illustration of the immobilization of CdS@SiO, on Au@SiO>
particles system (left), Time courses of hydrogen evolution by photocatalysts of CdS@SiO2
(solid circles) and CdS@SiO//Au@SiO; particles with SiO; layer thicknesses of 17 nm
(open circles) and 2.8 nm (open squares) on Au cores. The experiments were performed by
irradiation light from a 300-W Xe lamp (A > 350 nm). %.

The wide investigated systems for the water participant reactions are diversities.
However, due to the power consumption of the electricity and heat and the fabrication
cost of the complicated reactor systems, take advantage of the photon driven water
relevant reactions in industrial application still long way to go.

2.4 Purpose of this study

The chemical reactions on surfaces have attracted wide attention (eg. Catalytic reaction,
electrochemical reaction). One of the hot topics in surface chemical reaction is the
photo-driven H>O related reactions, which can produce hydrogen molecule with high
energy. The photo-driven H,O splitting reactions was first discussed on semiconductor
surface. For enhance the efficiency, metal nano particles are utilized as photo antenna. In
specifically, the localized surface plasmon (LSP) excitation in the metal nano particle
produce hot electrons, which can inject the conduction band in semiconductor, leading to
oxidation of water molecule. The LSPS in metal nano structure has attracted attention as a
trigger of chemical reaction, because various interesting reaction such as hydrogen
dissociation, two photon polymerization reaction proceeds via LSP excitation. Here, we
focus on the water decomposition reaction on metal atomic junction. It is because LSP is
effectively excited in metal atomic junction by irradiation of light. Second, the metal
atomic junction is highly reactive material. For example, hydrogen dissociation reaction
can proceed on the Au atomic junction, while this reaction does not proceed on flat Au
surface. Thus, the photo-driven H2O related reactions is more likely to proceed on metal
atomic junction than the surface. Despite these interest, there are no studies of the
photo-driven H20 relevant reactions even photochemical reaction on metal atomic junction.
In addition, the interaction of H>O (reactant), H., Oz (products) and metal atomic junction
is not well understood. So, in this thesis, the photo-driven H,O decompose reactions on
metal atomic junction has been studied, through the fundamental studies of pure Hs, O,
H2O/Au, Ag, and Cu junction.
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First of all, the stable and reliable system fabricated to obtain the electron transport
properties and the structural information of the molecules relevant to the water decompose
reaction. In the chapter 3, 4, 5, 6, | fabricated the metallic atomic contacts and single
molecular junction with mechanical controllable break junction (MCBJ) technique. With
comprehensively analysis of the conductance traces and histogram, inelastic electron
tunneling spectrum (IETS), the electron transport properties of the reactant molecule H-O,
the product molecules Hz, O single molecular junctions will be discussed. Besides, with
the length histogram and current-voltage characterization (I-V curves) measurement, the
structural information were performed. Consider the electric and geometric characteristics,
the Cu/H,0 system was chosen for the further investigate.

Rely on prior works, the water resolve reaction has been investigation with Cu
nanoelectrodes with irradiation, in chapter 7. The reaction would be evaluated based on the
conductance and vibrational behavior in the nano junction. The IETS employed to give the
experimental evidences to the reaction processes with comparing the vibrational mode
variation of the nano contact system. The results presented in this thesis reveal that the
water decomposition reaction can be excited in the Cu nano contacts. With analysis of the
wavelength dependence the mechanism will be presented.

The in-situ reaction monitoring method utilizing the MCBJ and IETS would benefit for
more molecular reactions information, the sensitivity of the IETS would be powerful
evaluation method for diversities of systems. In addition, the Cu nano electrode has a
similar surface plasmon behavior with Au, however, compare to the gold, copper is much
cheaper and has potential for commercialization in the application. The most importance in
present work, the water decomposition reaction executed in a molecular level, make
contribution to the molecular devices versatility.
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Chapter 3

Electrical conductance and structure of copper atomic

junctions in the presence of water molecules

3.1 Introduction

Nanoscale electronic devices in which a single atom, atomic chain or molecule is
suspended between metal electrodes have been extensively studied both experimentally
and theoretically due to their fundamental interest and potential application in
nanoelectronics . The aim is to miniaturize electronic devices by using a single molecule
as an active electronic component?*. The electronic properties of these nanostructures
depend strongly on the atomic species involved and the contact geometries. In order to
study the nature of atomic and molecular contacts and to advance in our understanding of
atomic scale quantum transport, there have been numerous studies regarding
single-molecule junctions using mechanically controllable break junctions (MCBJs) and
scanning tunnelling microscopy (STM). Transistor, diode, and switching behaviors have
been reported in recent years for single-molecule junctions >°. However, it is still
challenging to determine the detailed atomic structures of the single-molecule junctions,
including the metal-molecule contact configuration and the structure of the metal
electrode near the contact ®*. These difficulties arise from the technical limitations
regarding the characterization of single-molecule junctions using spectroscopic
techniques.

Single-molecule junctions with simple and small molecules are the systems best suited
for the investigation of the junction atomic structure, enabling the study of the
relationship between the physical properties (e.g. conductance) and the atomic structures,
because various advanced techniques can be applied to them. The Pt/H> junction has been
the most extensively studied system of this kind *°. It was revealed that a single
hydrogen molecule forms a bridge between Pt electrodes with its molecular long axis
parallel to the junction axis, and its conductance is 1 Go (2e%/h). The length analysis
revealed that the single Pt/H> junction can be stretched over 0.5 nm, forming an atomic
chain. The formation of an atomic chain indicates that the single-molecule junction is
highly stable in the presence of H, molecules. The stabilization of nano-junctions in the
presence of molecules has also been reported for other systems, namely: Co, Ni, Pd/H:
and Ag/O2 junctions 162,

Single-molecule junctions of uncomplicated homonuclear diatomic molecules are
becoming increasingly well understood. The next logic step is the study of small
heteronuclear molecules. Here we focus on H20 molecules. The H.O molecule, while still

57



being a relatively small molecule, plays an important role in many fields, such as catalysis,
corrosion, electrolysis, photosynthesis, and in hydrogen fuel cells. To the best of our
knowledge, H20 single-molecule junctions have been studied only for Pt electrodes %2 Tal
et al. reported the crossover between the enhancement and the reduction of the
conductance due to the electron-vibration interaction by measuring the Pt/H20 junction
using point contact spectroscopy (PCS) and inelastic tunneling spectroscopy (IETS) at 4
K 22, However, in their work the conductance histogram did not present a clear peak, and
the atomic structure of the Pt/H.O junction remains unclear. The fabrication of
single-molecule junctions with a fixed conductance value is of outmost importance for
developing reliable single-molecule electronic devices. One of the possible reasons for the
absence of a well-defined Pt/HzO junction is a strong molecule—metal interaction. Various
atomic configurations are possible for single-molecule junctions with strong molecule—
metal interaction, leading to various conductance values. We have already reported that a
moderate molecule—metal interaction is necessary to obtain single-molecule junctions
with reproducible conductance values Z.

In the present chapter, we investigated the less reactive Cu. While Cu/H20 junctions
have not been studied previously, the Cu/H20 system is of great relevance due to the
catalytic role of Cu in the water—gas-shift reaction, hydrolysis reaction, and other useful
catalytic reactions 2. The dissociation reaction and proton relay reaction were reported on
Cu(110) surfaces studied using STM and first-principles calculations 2%, The
dissociation reaction has been reported on Cu nano-particles and Cu single crystal
surfaces at elevated temperature (>600 K) 2’2, The H0O dissociation does not proceed at
low temperature

Here we report experimental and theoretical studies of Cu/H:0 junctions. The
experimental results obtained using MCBJ at 10K reveal the formation of Cu/H:0
junctions with a stable conductance value of around 0.1 Go. The length analysis of the
conductance-distance traces showed the formation of the atomic or molecular chain.
Theoretical studies reveal that stretching of the Cu junction in the presence of H20 results
in the formation of a continuous Cu atomic chain bridging the junction with a H:0
molecule adsorbed to a bridging Cu atom. Prior to the formation of the chain the
calculated conductance of the junction initially decreases gradually and then, as the chain
begins to form, it drops abruptly to near 0.1 Go. This behavior closely resembles that
experimentally observed for the Cu/HzO junction. We therefore propose that the observed
0.1 Goconductance feature is due to the formation of a Cu atomic chain with an adsorbed
H20 molecule that backscatters electrons travelling along the chain, reducing the observed
conductance of the Cu/H20 chain to 0.1 Go.
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3.2 Experimental
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Figure 3.1 Schematic image of the MCBJ setup.
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Experiments were performed using a MCBJ technique at about 10 K in an ultrahigh
vacuum (UHV) as in our previously reported study (Fig.3.1) °. A notched Cu wire (0.10
mm in diameter) was glued on the top of a phosphor bronze substrate covered with a
polyimide tape. The substrate was mounted in a three-point bending configuration inside
a custom-made vacuum chamber. After the chamber was evacuated, it was cooled down
in a dewar filled with liquid helium. The notched part of the Cu wire was repeatedly
broken by bending the substrate using piezocontrolled elements. Ultra-pure H.O was
placed in a glass container and it was purified by repeated cycles of freezing, pumping,
and thawing. The H20 molecules were introduced into the junction through a heated
capillary during the breaking process. The DC two-point voltage-biased conductance
measurements were performed by applying a bias voltage of 100 mV. The experiments
were performed on 8 independent samples with Cu electrodes.

3.3 Results and discussion
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Figure 3.2 a) Typical conductance traces for Cu contacts before (black) and after (red) the
introduction of H.O. b) Conductance histograms for Cu contacts before (black solid line) and
after the introduction of H.O (grey). The number of conductance traces was 1024 (before
introduction of water) and 1078 (after introduction of water). The histograms were
normalized to the number of traces. The bin size is 0.004 Go.

Fig. 3.2a shows typical conductance traces obtained during the junction breaking process
before and after the introduction of H20. The stretch length is defined as the displacement
between the glued stems of the Cu electrodes. Before the introduction of H:0,
conductance plateaus appeared at ca. 1 Go, corresponding to the Cu atomic contact 3. The
length of the 1 Goplateau (~0.1 nm) was found to be shorter than the Cu—Cu interatomic
distance (0.3 nm). This result confirms the previously reported inability of Cu to form
atomic chains 3132, After the introduction of H-O, additional conductance plateaus
appeared at around 0.1 Go. It is noted that this 0.1 Goplateau could be extended over 0.3
nm. Since the Cu—Cu distance is 0.26 nm for bulk Cu, the present results indicate the
formation of the atomic or molecular chain. Fig. 3.2b shows the conductance histogram
constructed from more than 1000 conductance traces. The conductance histograms were
normalized to the number of conductance traces. Before the introduction of H:O, a
prominent peak appeared at 1 Go, corresponding to a single Cu atomic contact. After the
introduction of H20, an additional peak appeared at ca. 0.1 Go. Since the conductance of
the contact depends on its atomic configuration, the appearance of this new peak indicates
the formation of an atomic-scale contact with a well-defined atomic configuration. In
addition, the 1 Gopeak shifted to slightly lower conductance values compared to that of
clean Cu contacts.
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Figure 3.3 The 2D conductance histograms for Cu contacts before a) and after b) the
introduction of H.O. The histograms were constructed from 2020 (before introduction of
H.O) and 3179 traces (after introduction of H.O).

Fig. 3.3 shows the two-dimensional conductance histograms constructed from more than
two thousand conductance traces for Cu contacts before and after the introduction of H20.
These histograms were constructed by taking the first data point with a value of
conductance lower than 1.2 Goas a relative zero distance z = 0, for each individual trace.
Large counts were observed at around 1 Gofor both cases. After the introduction of Hz0, a

surge in the number of counts was observed in the 0.1 Goregion. The plateau in the 0.1 Go
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region extended to about 0.3 nm, which is consistent with the previously discussed
conductance trace (Fig. 3.2a)).

In order to evaluate the stability of the observed atomic chain at 0.1 Go, the length of the
conductance plateau was investigated for more than 2000 conductance traces (Fig.3.4).
The plateau length was defined as the distance between the points at which the
conductance dropped below 0.4 Go and 0.04 Go. Before the exposition to H:0, the
contacts broke within 0.2 nm, with an average plateau length of 0.05 + 0.01 nm. After
the introduction of Hz0, the contact was extended over 0.5 nm with an increased average
plateau length of 0.27 + 0.01 nm. These results quantitatively indicate the formation of
the atomic or molecular chain.
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Figure 3.4 The plateau length histogram for the Cu junction in the low conductance regime

(0.4-0.04 Go) before (black) and after (red) the introduction of H:O. The histograms were

constructed from 2020 (before introduction of H.O) and 3179 traces (after introduction of

H:0). The histograms were normalized to the number of traces. The bin size is 0.0012 nm.

Here, we comment on the possibility of the dissociation of the H.O molecule on Cu
atomic contacts. As previously discussed in the introduction part of this section, the
dissociation of H20 on the surface of Cu occurs at elevated temperatures. The reactivity of
a metal increases with a decrease in the coordination number. However, we consider that
H20 does not dissociate under the present experimental conditions. Upon dissociation of
H20 on the surface of the Cu atomic contact, hydrogen and oxygen are present in the
vicinity of the contact. The conductance response of the Cu atomic contact in the presence
of hydrogen has been studied at low temperatures (10 K). The conductance histogram
shows a peak at 0.3 Go*. While our experimental findings are explained very well by the
mechanism described above, we cannot completely rule out the possibility of an alternate
mechanism in which copper oxide resulting from a chemical reaction between copper and
water plays a role.

3.4 Theoretical calculation

These experimental findings are explained below with the help of our ab initio
calculations 34 of the low energy geometries of atomic junctions consisting of two
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copper clusters in the presence of water molecules, a semi-empirical extended
Hickel model of quantum chemistry 1 3 for the electronic structure that includes
electrostatic potentials obtained from density functional theory (DFT), and Landauer
theory-based transport calculations 1.

Experimentally, a single metal atom or atomic chain is formed by stretching a metallic
junction close to its rupture point -, In order to simulate the stretching of the Cu
junctions in our experiments, we carried out ab initio calculations to study the evolution
of the structure as the junction was elongated by increasing the distance between the outer
ends of two Cu clusters that were initially in direct contact with each other. Optimization
of the stretched structures, formed from this fully relaxed initial structure, was carried out
by systematically moving the leftmost and the rightmost Cu atoms further apart, freezing
them and relaxing the positions of all the other atoms. We repeated this to obtain junction
geometries with different distances between the outermost Cu atoms. All of the
relaxations were carried out using the GAUSSIAN’09 package and the minimum energy
configurations of the systems were found at the PBEL1PBE functional and Lanl2DZ
pseudopotential and basis set level 3435,

Since the behavior of the electrical conductance, G, for atomic and molecular
junctions under tensile stress can give a quantitative understanding of the system and
clarify whether or not the junction breaks, we use the Landauer formula Eq.3.1

G(Er) = Gy Xap Itag(EF)IZZ—: Eq. 3.1

to calculate the zero bias conductance at the Fermi energy, Er. Here t.p is the
electron transmission amplitude through the junction, g is the electronic state of a
carrier that is coming from the left lead, and a is the electronic state of a carrier that
is transmitted to the right lead. v, and vg are the velocities of the carriers in the right
and left leads at the Fermi level.

As in previous work 1011 384051 “\ye couple the outer parts of the two copper
clusters to a large number of semi-infinite quasi-one-dimensional ideal leads that
represent the macroscopic electron source and drain in the transport measurements.
The transmission amplitudes t.,p are found by solving the Lippmann-Schwinger
equation

[¥') = |#6) + 9o (EnW [F) Eq. 3.2

where |¢§) is an electron eigenstate of the i" ideal semi-infinite one-dimensional
left lead that is decoupled from the “extended molecule” that consists of the two
copper clusters and the water molecule, g,(Er) is the Green’s function of the
decoupled system of the ideal leads and the extended molecule, W is the coupling
between the extended molecule and the ideal leads, and |1,bi) is the scattering
eigenstate of the complete coupled system associated with the incident electron
state|¢3). The semi-empirical extended Hickel model ' with the parameters of
Ammeter et al. ® which we have improved “**° by inclusion of atomic electrostatic
potentials obtained from DFT calculations for each extended molecular structure
was used to evaluate the Hamiltonian matrix elements and the atomic valence orbital

overlaps that enter the Green’s function in Eq. (3.2). Note that this methodology
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involves no fitting to any experimental data relating to transport in molecular
junctions, as has been discussed in Refs. 1, 41 and 42. It is known to yield low bias
conductances in reasonably good agreement with experiments on gold atomic
junctions and for a variety of molecules bridging gold electrodes 1 10-11 41-42,52-35 5
well as molecules with silicon and tungsten electrodes 43

Some of the calculated geometries of our model Cu junction with an adsorbed H>O
molecule under tensile stress are shown in Fig. 3.5. In the present model, two 10 atom Cu
clusters are initially bonded to each other with a H,O molecule adsorbed to one of the
clusters as the starting optimized geometry, as shown in Fig.3.5a. We find that stretching
of the junction resulted in gradual deformation of its structure, punctuated by successive
Cu—Cu bond breaking events. Representative calculated geometries at different stages of
the stretching process are shown in Fig. 3.5b—e.

Figure 3.5 Relaxed structures of a Cu junction with an adsorbed H:O molecule for various
distances between the outermost atoms of the Cu clusters. As the junction is stretched
starting from structure a), Cu—Cu bonds break in succession and a Cu atomic chain with an
adsorbed H.Omolecule forms, as in b)-d). Upon further stretching, the Cu chain breaks, as in

e).

The behavior shown in Fig. 3.5 differs qualitatively from that of Pt junctions stretched in
the presence of H. molecules '2*° and of Au junctions stretched in the presence of
alkanedithiolate (ADT) molecules ®. Specifically after the metal point contact in a
stretched Pt/H,or Au/ADT junction has ruptured, a molecule is often suspended between
the two electrodes. In contrast, when the Cu/H-20O junction is stretched, our calculations
(see Fig.3. 6) do not exhibit evidence of a H.O molecule bridging the Cu electrodes after
the Cu chain between the Cu clusters has ruptured. Instead, our results indicate that the
observed decrease in conductance is due to the bonding between a H.0 molecule and the
metallic atomic chain bridging the two Cu electrodes, as shown in Fig. 3.5d. When the Cu
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atomic chain breaks, the H.O molecule does not bridge the junction but bonds to only one
of the Cu electrodes, as shown in Fig. 3.5e.

Based on the formalism outlined above, the calculated conductance for each relaxed
structure versus the junction length d is plotted in Fig. 3. 6. When the molecular junction
with an adsorbed H20 molecule is stretched from d = 16.9 A (Fig. 3.5a) to 18.7 A (Fig.
3.5b, no bond breaking occurs in the Cu clusters and the electrical conductance during
this elongation, marked by a) and b) in Fig. 3. 6, shows a gradual decline from 1 Goto 0.6
Go. This is similar to the behavior observed experimentally in some cases for Cu junctions
exposed to Hz0; see the two leftmost red curves in Fig.3.2a. At d = 18.8 A (Fig. 3.5¢) a
Cu—Cu bond breaks between the Cu atom at the tip of the right Cu cluster and one of its
neighbours. This results in the junction’s conductance drop by ~0.36 Go from b) to ¢) in
Fig.3.6. Very similar abrupt conductance drops were observed in our experiments as seen
in the two leftmost red curves of Fig. 3.2a. The conductance decreases slightly upon
further stretching and G approaches ~0.12 Goat the 19.05 A distance in Fig. 3.6. Atd =
19.1 A, shown in Fig.3.5d and labelled (d) in Fig.3.6, one more Cu—Cu bond breaks, the
Cu atomic chain with the adsorbed H-O molecule is fully formed, and, counterintuitively,
the conductance increases slightly. This conductance increase may be attributed to the
reorientation of the Cu atomic chain (Fig. 3.5d) between the two Cu clusters with the H20
molecule located at the centre of the chain.
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Figure 3.6 Calculated conductance values at zero temperature of a Cu molecular junction
with a H.O molecule for different junction lengths. Red circles marked a)-e) show the
conductance values of the structures in Fig.3.5a)—e), respectively. The conductance values of
intermediate structures obtained by stretching the junction starting from the geometry in Fig.
5a) until the junction breaks (and beyond) are also shown.

It is worth noting that although the conductance increase is small, this small conductance
increase is in agreement with previous work on Au-propanedithiolate—Au molecular
junctions 3! which showed the conductance increase of that molecular wire under tensile
stress to be due to changing bond angles at the molecule—electrode interfaces and
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structural changes in the Au electrodes. Similar small conductance increases at the ~0.1
Goplateau were observed in our experiments in some cases; see, for example, the leftmost
red curve in Fig.3.2a.

Upon further stretching the junction from d = 19.1 to 19.6 A, the conductance again
decreases, while no Cu—Cu bond breaking occurs. This conductance reduction occurs due
to the elongation of the junction and as a result a slight increase in the O—Cu—Cu bond
angle is observed. Lengthening of Cu—Cu bonds which weakens the orbital overlap
between the two neighbouring Cu atoms in the vicinity of the oxygen atom also
contributes to the reduction of the conductance. At junction length d = 19.8 A the
junction eventually breaks down resulting in the structure shown in Fig.3.5e. The
adsorbed H20 molecule is pulled back to its nearest Cu cluster and the conductance value
becomes extremely small as labelled (e) in Fig. 3.6.

Based on the above description, a possible explanation of the Cu junction experiments in
the presence and absence of H20 is as follows: initially there is no H20 attached directly
to the atomic Cu junction and the conductance is 1 Go. When a H.0 molecule attaches,
forming a structure such as that in Fig. 3.5a or b, a gradual decline in the conductance
from ~1 Goto a plateau at around ~0.7 Gooccurs as shown in Fig.3. 6. The corresponding
plateau in our experiment is located above ~0.5 Go. Upon further stretching the structure
changes (Fig. 3.5c) and there is an abrupt conductance drop to the plateau at 0.1 Go. Thus
both our experimental and theoretical results show a sequence of plateaus: first, at 1 Go;
second, at an intermediate conductance value; and third, at 0.1 Go. In some cases, our
experiments signal another possibility where the H-O molecule attaches directly to the Cu
junction in a structure similar to Fig.3. 5¢ or d, without going through the intermediate
steps (Fig. 3.5a or b); therefore the conductance goes directly from 1 Goto values close to
0.1 Goas in the rightmost curve in Fig.3. 2a).

As well as the Cu junctions with an adsorbed HO molecule that we have discussed
above, we have also studied other related junctions theoretically. For Cu clusters not
linked by a Cu atom or Cu atomic chain but instead bridged by a H-O molecule, hydroxyl
group or oxygen atom chemically bonded to both Cu clusters, we found very small
junction conductance values, up to a few times 0.001 Go. We therefore conclude that such
molecular junctions are not relevant to the present experiments where the observed
conductance values prior to rupture of the junction were larger by 2 orders of magnitude.

Here, we propose a possible reason why only one preferred structure was formed for the
Cu/H20 system in contrast to the Pt/H.O system 22 The interaction between the H.O
molecule and Pt is stronger than for Cu, which is supported by the binding energy of H-0
to Cu(111) and Pt(111) surfaces . When the interaction between a molecule and metal
contact is strong, various kinds of contacts with different atomic configurations can be
formed. Since the conductance of the contact depends on its atomic structure, the contact
would show various conductance values. In contrast, when the interaction between a
molecule and metal contact is weak, only the most energetically stable structure could be
formed, which leads to the formation of the contact showing a fixed conductance value.

Other meta-stable structures would immediately break. Next, we discuss the stabilization
mechanism of the Cu/H:O junctions. Through our experimental and theoretical studies, it
is revealed that the hydrated Cu junctions showing a conductance value of 0.1 Gowere
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highly stabilized and an atomic chain was formed. This stabilization could be explained
by the reduction of the surface energy. The H.O molecules should adsorb on the chain and
the stem part of the Cu electrodes. The adsorbed molecules reduce the surface energy of
the metal contacts, leading to the stabilization of the contact °*®. The adsorbed H-O
molecules would also act as scattering center of the conduction electrons in the Cu atomic
contact. Therefore, the conductance of the 1 Gopeak was decreased by the adsorbed H.O
molecules, as shown in Fig.3.2b.

3.5 Conclusion

We have studied the effects of mechanical stretching on the conductance of Cu
nano-junctions in the presence H-O molecules both experimentally and theoretically. The
conductance of Cu nano-junctions was found to decrease in stages from near 1 Goupon
elongation, exhibiting a stable conductance plateau near 0.1 Gobefore the junction rupture.
Based on ab initio density functional theory and semi-empirical methods, we have
demonstrated theoretically that the adsorption of a single H.O molecule on the junction
and ultimately to a Cu atomic chain bridging nano-junction can account for the observed
behaviour. Our results demonstrate that the conductance values of molecular junctions
using Cu electrodes are sensitive to the presence of an aqueous environment. This
behavior may be of relevance in the development of Cu based mechanical nano-switches.
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Chapter 4

Atomic structure of water/Au, Ag, Cu and Pt atomic

junction

4.1 Introduction

It is becoming apparent that silicon semiconductors cannot satisfy the increasing
demands of miniaturization in modern electronic technologies. Low dimensional atomic
and molecular devices have been studied since the 1970s as a result of their unique
electrical, optical and reactive properties, which are different from those of macroscopic
materials 2. Single atomic and molecular junctions have been used as active components
in nanoelectronics based on mechanically controllable break junctions (MCBJs) and
scanning tunnelling microscopy (STM) break junction techniques 2. Molecular diodes,
switches, transistors and sensors have now been realized with single atomic and molecular
junctions >° Fujii et al. reported the properties of a single molecular junction consisting
of p-stacked donor and acceptor molecules °. Bui et al. reported the high sensitivity to
DNA of single molecular junctions based on conductance measurements **. Most current
research focuses on electron transport properties without a detailed understanding of the
atomic and electronic structures of the target single molecular junctions. As a result of the
lack of structural information, the reproducibility of the experimental results for single
molecular junctions is low. This is the main difficulty in the practical application of
devices based on molecular junctions.

The characterization of single molecular junctions is possible for small, simple
molecules 12%°, Smit et al. investigated Pt/H. junctions using point contact spectroscopy,
conductance fluctuation and conductance measurements 4. A single hydrogen molecule
was shown to bridge the Pt electrodes with its molecular axis parallel to the junction axis.
Asymmetrical single hydrogen molecular junctions were formed for Cu electrodes and
symmetrical single hydrogen and oxygen molecular junctions were formed for Au and Ag
electrodes based on the current— voltage characteristics of the single molecular junctions
15

Single molecular junctions with diatomic molecules have been investigated in detail and
the next target is simple heteronuclear molecules. In this chapter we focused on water
(H20) molecules. Water—metal systems have attracted widespread attention as a result of
their applications in catalysis, corrosion, electrolysis, photosynthesis and hydrogen fuel
cells. Rodriguez et al. showed that the effectiveness of the water gas shift reaction
improved on Cu and Au nanoparticles supported on CeO2(111) and ZnO(0001) at 625 K
18, Bedu"fftig et al. showed that water molecules decomposed on Pt(111) at 600 K and the
resultant the OH species could be detected by vibrational spectroscopy . Tal et al.
investigated single water molecule junctions with Pt electrodes and found that they did

71



not have a fixed conductance value 8. The structure of single water molecule junctions is
not yet clear. Geometrical information about single molecular junctions can be revealed
by a detailed analysis of the change in conductance during stretching of the junction.
Length analysis of the conductance plateau has shown the chain structure of Au, Pt, Ir and
Pt/H; junctions 192,

We investigated water—Au, Ag, Cu and Pt junction systems using MCBJs at 10 K. We
focused on the coinage metals Au, Ag, Cu and Pt as the metal electrodes because
surface-localized plasmons are formed for the nanostructures of these metals and
photochemical reactions using an enhanced field can be studied with water—coinage metal
junction systems. The coinage metals are non-reactive and we therefore investigated the
water—Pt junction system for comparison. Conductance measurements and length analysis
of the conductance traces showed that the strength of the water—metal interaction
decreased in the order Pt > Cu > Au > Ag. Au is inert in bulk materials. The change in the
order of chemical reactivity can be explained by the chain structure of the water—Au
junction system.

4.2 Experimental

The experiments were performed with an MCBJ setup at about 10 K °. The metal wires
(ca. 0.1 mm) were notched in the center and then glued onto phosphor bronze substrates
and covered with polyimide tape. A three-point bending configuration in a custom-made
vacuum pot was used for the break junction process. A metal wire was broken by bending
the substrate and a metal atomic contact could be formed just before breaking the wires.
Deionized H20 was placed in a quartz tube and was degassed by three cycles of freezing,
pumping and thawing. While the metal junctions were repeatedly broken and formed,
water molecules were introduced to the junction through a heated capillary. DC two-point
voltage-biased conductance measurements were made during the breaking process under
an applied bias voltage of 100 mV.
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4.3 Results and discussion
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Figure 4.1 Conductance histograms of (a and e) Au, (b and f) Ag, (c and g) Cu and (d and h)
Pt contacts before (grey) and after (blue) the introduction of water. The bin size was 0.004
Go.

Figure 4.1 shows the conductance traces and histograms of the Au, Ag, Cu and Pt
contacts before and after the introduction of water. The conductance histograms were
constructed without data selection from more than 1000 conductance traces recorded
during breaking of the metal contacts. The intensity of the conductance histograms was
normalized by the number of conductance traces. For pure metal contacts, 1 Go (Go =
2e?/h) peaks were observed for Au, Ag and Cu, whereas a 1.4 Go peak was observed for
the Pt contacts, in agreement with previously reported results 22!, No feature was
observed in the conductance regime below 1 Go for any of the pure metal contacts,
indicating the absence of adsorbates and impurities on the metal atomic junctions. The
introduction of water to the metal contacts induced changes in the conductance (blue line).
In the low conductance regions (<1.0 Gofor Cu, <1.4 Gofor Pt), new, clear conductance
features appeared for the Cu and Pt contacts, indicating the formation of single water
molecule junctions. A clear 0.1 Gopeak was observed for the Cu contacts, whereas the
clear 1.4 Gopeak was suppressed and a continuous broad feature was observed for the Pt
contact. The change in the conductance histogram in the low conductance regime was less
obvious for the Au and Ag contacts. Small, continuous features were observed for the Au
contact, but there were few features for the Ag junctions. These results indicate that single
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water molecule junctions were sometimes formed for the Au contacts, but not for the Ag
contacts. The intensity of the 1 Go peak increased for the Ag junctions, but this change
was less clear for the Au and Cu junctions. Analysis of the conductance histograms
indicated that the water—metal interactions decreased in the order Pt > Cu > Au, Ag.
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Figure 4.2 2D conductance histograms for (a and ) Au, (b and f) Ag, (c and g) Cu and (d
and h) Pt contacts before and after the introduction of water.

Figure 4.2 shows the 2D conductance histograms of the Au, Ag, Cu and Pt contacts
before and after the introduction of water. These histograms were generated by
identifying the first data point that had a conductance value <1.2 Gofor the Au, Ag and Cu
contacts and 0.5 Gofor the Pt contacts, and assigning this as a relative zero distance (z = 0)
for each trace, then overlapping all the individual traces in 2D space. Large counts were
observed in the region >1 Go for all contacts. The effect of the introduction of water was
clear in the 2D histograms of the Pt and Cu contacts. After the introduction of water,
intense counts appeared in the conductance regime at <0.5 Gofor the water—Pt junction
system and some weak counts were observed around 0.3 Gofor the water—Cu junction
system. In contrast with the Pt and Cu contacts, the counts were not clear in the
conductance regime 1-0.03 Gofor the water—Au and water—Ag junction systems.
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Figure 4.3 Length histograms of the a) Au, b) Ag, c) Cu and d) Pt contacts before (grey) and
after (red) the introduction of water.

To obtain structural information about the water—metal junction system, the length of the
conductance plateau was analysed for >1000 breaking processes. The plateau length was
defined as the distance between the points at which the conductance dropped below 1.20
Goand 0.04 Gofor the Au, Ag and Cu junctions and 1.80 Goand 0.04 Gofor Pt junctions.
Fig. 4. 3 shows the length histograms of the Au, Ag, Cu and Pt junctions before and after
the introduction of water. For the pure Au and Pt junctions, the junctions can be extended
more than 1 nm, indicating the formation of metal atomic wires. The average plateau
lengths were 0.47 and 0.49 nm for the Au and Pt junctions, respectively. For the Ag and
Cu junctions, most of atomic junctions broke within 0.30 nm and the average plateau
length was 0.14 nm for both metal atomic junctions. The short plateau length meant that
metal atomic wires were not formed for the Ag and Cu contacts, in agreement with
previously reported results 2. The formation of metal atomic wires is only observed for 5d
metals, including Au, Pt and Ir, and the formation of wires can be explained by relativistic
effects 22,

After the introduction of water, the plateau length of the Au and Ag junctions did not
change dramatically. The average plateau length increased by 36% for the Au junctions
(average 0.64 nm) and 50% for the Ag junctions (average 0.21 nm). The Cu and Pt
junctions were obviously stretched after the introduction of water. The average plateau
length increased by 270% for the Cu junctions (average 0.52 nm) and 220% for the Pt
junctions (average 1.55 nm). Metal atomic wires or single molecular wires were formed
after the introduction of water for the Cu junctions, although the wires were very short.
The introduction of water caused an increase in the plateau length for all metals, although
the degree of change varied with the metal. The elongation of the plateau length can be
explained by the decrease in the surface energy of the metal atomic junctions caused by
the adsorption of water molecules %. A similar elongation of the plateau length has been
observed for other systems, including H2—Pd, Co junctions and benzenedithiol-Au
junctions 2. Analysis of the plateau length indicated that the water—metal interactions
decreased in the order Pt, Cu>Au, Ag.

Conductance measurements and analyses of the plateau length indicated that the strength
of the adsorption of water molecules to the metal electrodes decreased in the order Pt, Cu,
Au and Ag and can be discussed on the basis of the chemical reactivity of metals and the
structure of the junction. A previously reported theoretical study showed that the
adsorption energies of water molecules on the metal surface were 0.35, 0.24, 0.18 and
0.13 eV for Pt, Cu, Ag and Au, respectively 23. The strength of the interaction between the
water molecule and the metal decreased in the order Pt >Cu >Ag >Au. This order is
different from our results for Au and Ag. One possible reason for this is the formation of
long atomic wires for the Au junctions, whereas Ag did not form stable atomic wires. The
plateau length analysis showed the formation of atomic wires for the water—Au junction
system. The chemical reactivity of metal atoms increases with decreases in the
coordination number of atoms 2°. For example, the isomerization and hydrocracking
reactions of hydrocarbon molecules selectively proceed at the step or kink sites on the
metal surface (Ni, Pt, Ir, Au) 222" The coordination number of atoms in the step and
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kink is smaller than that on the flat surface. The decomposition of hydrogen molecules
proceeded on the Au atomic wires, whereas the hydrogen molecules only weakly
interacted with the flat Au surface 262, When the metal atoms formed wire configurations,
the coordination number reduced to two, so the interaction between the water molecule
and the metal atomic wire was larger than the metal atomic contact (not a wire). In the
current results, the metal atomic wire was less stable in the water—Ag junction system,
thus the interaction between the water molecule and the Ag atomic contact was smaller
than that for the Au atomic wire. This explains why the change in the conductance

histogram was larger for the water—Au contact than for the water—Ag contact.
Metal junction system Water/Metal junction system

o Go@ Gl
o Po@ MO

Figure 4.4 Structural model of pure metal and water—metal junction systems. a) Au, b) Ag, ¢)
Cu and (d) Pt.

The conductance behavior and structure of the water—-Au, Ag, Cu and Pt junction
systems was investigated. An atomic wire was formed for the water—Pt junction system.
The atomic Pt wire provided a variety of adsorption sites for water molecules. The
adsorbed molecules acted as a scattering center for the conduction electrons in the metal
junction. The conductance of the metal contact or wire decreased with the number of
adsorbed molecules . The water—Pt junction system therefore showed different
conductance values depending on the number of water molecules adsorbed and a
continuous broad feature was observed in the conductance histogram. The strong water—
Pt interaction interfered with the formation of a pure Pt atomic junction, leading to
suppression of the clear 1.4 Go peak observed for pure Pt junctions. We did not make
vibrational spectroscopy measurements and thus it is difficult to determine whether a
single water molecule bridged the Pt electrodes or whether a single water molecule was
adsorbed on a Cu atom of a Cu atomic junction. Thus two possible model structures are
shown in Fig. 4. 4d. For the coinage metal (Au, Ag and Cu) contacts, the interaction
between the water molecule and the metal junction was much weaker tha the Pt junctions
and the 1 Go peak corresponding to the pure metal atomic junction was still observed after
the introduction of water. Among the coinage metals, the water—metal interaction was
largest for Cu. The change in the 1 Gopeak width in the conductance histogram was
largest for the water—Cu junction system. In this system, only a short atomic wire was
formed and thus the adsorption sites for the water molecule were limited. The atomic
configuration of the water single molecular junction was fixed, leading to a clear 0.1 Go
peak in the conductance histogram. A previously reported theoretical study for the water—
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Cu junction system showed that the conductance of the junction when a single water
molecule bridges the Cu electrodes was 0.001 Go, which is much smaller than 0.1 Go
observed in the present study .. Therefore we concluded that the observed 0.1 Go peak
corresponded to the formation of a junction where a single water molecule was adsorbed
on a Cu atom at the Cu atomic junction (Fig.4.4c). For the water—Au junction system, a
long atomic wire was formed. The Au atomic wire offered plenty of adsorption sites for
the water molecules and increased the strength of the water molecule—metal interaction.
The adsorption of the water molecule on the surface of the Au atomic wire led to a weak
but continuous feature in the low conductance region of the conductance histogram. The
interaction between the water molecule and Au was close to that of Cu . The atomic
structure of the water—Au junction system was close to that of the water—Cu junction
system (Fig.4.4a). Metal atomic wires were not formed in the water—Ag junction system.
The absence of formation of a metal atomic wire and the weak water—metal interaction
resulted in only a small change in the conductance histogram (Fig. 4. 4b)

4.4 Conclusion

We investigated the structure and electrical conductance of water-Au, Ag, Cu and Pt
junction systems using MCBJs at 10 K. The conductance measurements indicated the
formation of single water molecule junctions for the water-Au, Cu and Pt junction
systems. The conductance histogram for the Pt contacts changed dramatically after the
introduction of water, reflecting the high reactivity of the Pt metal. For the water—Cu
contacts, a clear sharp peak appeared in the conductance histogram, which was caused by
the significant interaction between the water molecule and the Cu metal and the fact that
the water—Cu junction system did not form an atomic wire. As the possible adsorption
sites were limited for the short atomic contact, the atomic configuration was fixed for the
water—Cu junction, leading to a well-defined peak in the conductance histogram. This
weak but continuous feature also appeared for the water—-Au contacts. Although the
interactions between the water molecules and Au are weak in bulk materials, the atomic
wire offered plenty of adsorption sites for water molecules and increased the strength of
the molecule—metal interaction. The atomic wire was less stable for the water—Ag
junction system than for the water—Au junction system and the strength of the molecule—
metal interaction did not increase as much for the water—Ag junction system. Therefore a
single water molecule junction was not formed for the water—Ag junction system.
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Chapter 5

Symmetry of Single Hydrogen Molecular Junction with Au,

Ag, and Cu Electrodes

5.1 Introduction

The theoretical proposal of a molecular device by Aviram and Ratner 1. and the
subsequent realization of single-molecule junctions 22 have opened a new frontier in
nanoscience research *'°. Among various single-molecule junctions, single hydrogen
molecular junctions have been studied as a model system of single-molecule junctions.
Single hydrogen molecular junctions have been studied with Pt, Pd, Fe, Co, Ni, Au, Ag,
and Cu electrodes ''"'®, The Pt/H. junction has been most extensively studied, by
conductance, point-contact spectroscopy, inelastic electron tunneling spectroscopy (IETS),
conductance fluctuation, and shot-noise measurements, as well as theoretical calculations
1129 Detailed studies revealed that a single hydrogen molecule bridges between Pt
electrodes with its molecular axis parallel to the junction axis and that electrons transport
through a single channel with a transmission probability close to one. In the case of Pd and
Co electrodes, the formation of single hydrogen molecular wires was revealed by
conductance measurements ***°, Here, it is noted that clean Pd and Co do not form atomic
wires. The introduction of hydrogen onto the metal atomic contact stabilizes the single
molecule wires.

Interest has been growing in single hydrogen molecular junctions with coinage metals
(Au, Ag, and Cu), because their application to molecular electronics is easier than that of
more reactive transition metals '*~'¥. However, few systematic studies have been reported
on single hydrogen molecular junctions with coinage metals, in contrast with
transition-metal electrodes. Two-dimensional (2D) conductance histograms have not been
reported for coinage metals, and IETS results have not been reported for Ag/H: junctions.
Recent conductance and IETS measurements of Cu/H> junctions suggested the formation
of asymmetric single hydrogen molecular junctions 8. The structural symmetry of the
single-molecule junction is an interesting topic. The appearance of diode properties is
predicted theoretically for asymmetric molecular junctions 2°. However, few experimental
investigations have been conducted on the symmetry of single-molecule junctions,
including Cu/Hz junctions. Here, we consider the current- voltage (/—7) characteristics as a
tool for studying the symmetry of single-molecule junctions. Because the symmetry of a
single-molecule junction affects its electron-transport properties, the current—voltage
characteristics should provide information about the symmetry of the single-molecule
junction. We systematically investigated Au/H,, Ag/H. and Cu/H: junctions using the
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mechanically controllable break junction (MCBJ) technique at low temperature.
Conductance, IETS, I-V curve and length analyses of single-molecule junctions were
performed. The formation of single hydrogen molecular junctions was confirmed by
conductance and IETS measurements. The /—V characteristics revealed that Au/H. and
Ag/H:; junctions have symmetric metal-molecule contacts, whereas Cu/H, junctions
exhibit asymmetric metal-molecule contacts. The structural symmetry of single hydrogen
molecular junctions are discussed on the basis of the chain-length analysis of single
hydrogen molecular junctions.

5.2 Experimental

Experiments were performed under ultrahigh vacuum (UHV) using an MCBJ setup at
about 10 K, following previous research 8. Briefly, a notched Au, Ag, or Cu wire (0.10 mm
in diameter) was fixed on top of an electrically insulated phosphor bronze substrate with
polyimide tape. The substrate was mounted in a three-point bending configuration in a
custom-made vacuum pot. The metal wire was broken at the notch by bending of the
substrate. A single atomic contact could be formed just prior to the breaking of the wire.
Hydrogen gas was introduced onto the metal contacts through a capillary. Then, dc
two-point voltage-biased conductance measurements were performed during the breaking
process under an applied bias voltage of 100 mV. The differential conductance was
measured using a standard lock-in technique with ac modulation at 1 mV and 7.777 kHz.
The conductance was monitored for a fixed contact configuration during the dc bias
between —100 to +100 mV. The -V characteristics were measured by sweeping the bias
voltage. The bias voltage started from 50 or 100 mV, increased to +1.0 V, decreased to —1.0
V, and returned to the initial bias voltage. The sweep rate of /- characteristic
measurements was 100 kHz. Experiments were performed for seven, six, and five
independent samples for Au, Ag, and Cu electrodes, respectively.
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5.3 Results and discussion
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Figure 5.1. Typical (a—c) conductance traces and (d—f) conductance histograms of (a,d) Au, (b,
e) Ag, and (c, f) Cu before (black lines) and after (red lines) the introduction of hydrogen. The
conductance histograms were constructed without data selection from more than 1000
conductance traces during a breaking process of the metal contacts. The intensity of the
conductance histograms was normalized to the number of the conductance traces used for
constructing the histogram. The bin size was 0.004 Go.

Figure 5.1 shows typical conductance traces and conductance histograms for Au, Ag, and
Cu contacts before and after the introduction of hydrogen. The stretch length was defined
as the displacement between the stem parts of the metal electrodes, which were fixed with
an epoxy adhesive. Conductance histograms were constructed from over 1000 conductance
traces obtained during the breaking process. For clean metal contacts, steps appeared at 1Go
(Go = 2€?/h) in the conductance traces, and the conductance histograms showed prominent
peaks at 1 Go, corresponding to clean metal atomic contacts /. After the introduction of Ha,
additional steps appeared below 1 Go. The conductance values of the steps fluctuated with
the conductance traces for the Au and Ag electrodes, leading to a broad feature in the
conductance histograms. For the Cu electrodes, clear steps appeared at 0.3 Go in the
conductance traces, and a sharp 0.3 Go peak appeared in the conductance histogram. The
appearance of a broad feature for the Au electrode and a sharp 0.3 Go peak for the Cu
electrode agreed with previously reported results ¥ 2%, In addition to the appearance of
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features below 1 Go, the 1 Go peak in the conductance histogram changed after the
introduction of hydrogen for Au and Ag electrodes. The intensity of the 1 Go peak
decreased for the Au and Cu electrodes, and the conductance value of the 1 Go peak
decreased for the Ag electrodes. We discuss these conductance behaviors later in this
section.
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Figure 5.3. Examples of (a—c) dI/dV spectra and (d—f) corresponding differential spectra for (a,
d) Au/H, (b,e) Ag/Ha, and (c,f) Cu/Hz junctions.

The differential conductance (dl/dV) curves were investigated for Au/Hz, Ag/H. and
Cu/Hzjunctions, showing conductance values of 0.01—1 Go for a fixed electrode separation.
Figure 5.3 displays the dI/dV curves and their derivatives for Au/H>, Ag/H. and Cu/H>
junctions. Symmetric peaks in the derivatives were found around +33 and 342 meV for the
Au and Ag/H: junctions, respectively. The conductance enhancement and reduction in the
d1/dV curves can be explained by the excitation of a vibrational mode °. For Cu/H; junctions,
symmetrical peaks were observed in the dI/dV curves at around +35 meV, which can be
explained by the abrupt switching between two slightly different local geometric
configurations induced by phonon excitation. The energies of the peaks in the dl/dV curves
provide the vibrational energies of the single-molecule junctions and have been utilized for
the vibrational spectroscopy of single-molecule junctions ?2. More than 15 d1/dV spectra
were collected for each metal. Vibrational modes were observed for all systems around
30-40 meV. Because the phonon modes of the clean metals are below 20 meV %, the
observed features correspond to vibrational modes between a hydrogen molecule and metal
electrodes, which confirmed that a hydrogen molecule bridged the gaps between the Au,
Ag, and Cu electrodes.

83



10 05 00 05 1.0 02 00 02

0 05 00 05 10
Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)

Figure 5.3 Typical -V characteristics for clean (a) Au, (b) Ag, and (c) Cu atomic contacts and
(d) Au/Hz, (e) Ag/H2 and (f) Cu/H; junctions.

To discuss the symmetry of the single hydrogen molecular junction, we measured the
1=V characteristics for Au/Hz, Ag/H. and Cu/H; junctions. Figure 5.3 shows typical I-V
characteristics for clean Au, Ag, and Cu atomic contacts, as well as for Au/H», Ag/H>, and
Cu/H2 junctions. Linear symmetric /—V characteristics were obtained for clean metal
atomic contacts. The single hydrogen molecular junctions provided nonlinear and
asymmetric /—V characteristics 2%, An increase in the applied bias voltage brings the
chemical potential of the electrode closer to the level of the molecular orbital leading to the
steep increase in the charge flow across the junction. Now, we focus on the symmetry of the
I-V characteristics. Symmetric /—V characteristics were observed for Au/H; and Ag/H:
junctions, while asymmetric /—V characteristics were observed for Cu/H: junctions.
Similar /—V characteristics were observed for more than three samples for each junction. In
the case of a single-molecule junction with a symmetric molecule, the electric field is
uniform in the molecule when the molecule symmetrically binds to the metal electrodes
and the metal-molecule couplings are the same at both ends of the molecule. Symmetric
IV characteristics are obtained for symmetric single-molecule junctions. Meanwhile,
asymmetric /—V characteristics are obtained when the molecule asymmetrically binds to
the metal electrodes. The previously reported theoretical studies revealed that the
difference in the potential drops and/or metal-molecule couplings cause the asymmetry of
the /-1 characteristics of a single-molecule junction 2 26, When the molecule
asymmetrically binds to metal electrodes, the potential drop at the molecule—metal
interface is larger and the metal-molecule coupling is weaker for the electrode where the
interaction between that molecule and the metal is weaker. Therefore, the asymmetric -V
characteristics of Cu/H; junctions suggest that the interaction between the metal and the
molecule should be asymmetric, which implies the formation of an asymmetric
single-molecule junction.
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Figure 5.4 (a—c) Two-dimensional conductance histograms for (a) Au, (b) Ag, and (c) Cu

contacts after the introduction of hydrogen and (d—f) length histograms for (d) Au, (e) Ag, and
(f) Cu contacts before (black lines) and after (red lines) the introduction of hydrogen. The inset
in panel f shows a typical conductance trace for Cu contacts after the introduction of hydrogen

The length of the single hydrogen molecular junctions was evaluated by statistical
analysis of the conductance traces. Panels a—c of Figure 5.4 show the 2D conductance
histograms of Au, Ag, and Cu contacts, respectively, after the introduction of hydrogen.
These histograms were generated by identifying the first data point that had a conductance
value lower than 1.2 Go and assigning it as a relative distance of z = 0 for each trace and
then overlapping all of the individual traces in 2D space. Large counts were observed in the
region of 1Go for all cases. For the Au and Ag contacts, the features extended more than 1
nm, together with the decrease in the conductance values. For Cu contacts, the 1 Go feature
extended within 0.3 nm, and small counts appeared around 0.3 Go, corresponding to single
molecule junctions. Panels d—f of Figure 5.4 show the length histograms of the single-atom
or -molecule junctions for Au, Ag, and Cu contacts, respectively, before and after the
introduction of hydrogen. The length of the single-atom or -molecule junctions was defined
as the distance between the points at which the conductance dropped to the range of
0.04—1.1 Go. Before the introduction of hydrogen, the Au atomic wire extended to 1.5 nm,
and a sequence of peaks was observed in the length histogram. The interval of the peaks
was 0.255 nm, which corresponds to the Au—Au distance of a clean Au atomic wire °. In
contrast, the Ag and Cu atomic contacts broke within 0.5 nm, indicating that metal atomic
wires were not formed for the Ag and Cu contacts. These results agree with previously
reported results 2’2, After the introduction of hydrogen, the lengths of the single-atom or
-molecule junctions extended further compared to those for the clean Au and Ag contacts.
On the other hand, the length of the single-atom or —molecule junction did not change
before and after the introduction of hydrogen for the Cu contacts. An atomic wire was not
formed for Cu contacts after the introduction of hydrogen. The average lengths were 0.58,
0.45, and 0.13 nm for clean Au, Ag, and Cu contacts, respectively, and 0.82, 1.60, and 0.24
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nm for Au/Hz, Ag/H2 and Cu/H: junctions, respectively.

a)

b)

Figure 5.5 Formation processes of single hydrogen molecular junctions a) symmetric Au/H;

and Ag/H> junctions are formed after the metal atomic wire is broken and b) an asymmetric
Cu/Hz junction is formed after the metal atomic contact is broken.

Here, we discuss the origin of the formation of the symmetric Au/H; and Ag/H:
junctions and asymmetric Cu/H; junctions based on the experimental results in the length
histograms (Figure 5.4). A single hydrogen molecular junction is formed by the following
process: (1) A metal atomic wire or contact breaks; (2) hydrogen molecules diffuse onto the
surface of the metal electrodes; and (3) a single hydrogen molecule is trapped between the
metal electrodes, forming the single hydrogen molecular junction. In the case of Au/H; and
Ag/H2 junctions, metal atomic wires formed (Figure 5.5a, left). After the metal atomic
wires broke, protruding single metal atoms remained on the surface of both metal
electrodes. Then, a single hydrogen molecule bound to the protruding Au (Ag) atoms on
the metal electrodes, leading to locally symmetric metal-molecule contacts (i.e.,
symmetric single hydrogen molecular junctions), as shown in Figure 5.5a (right). In the
case of Cu/H> junctions, no metal atomic wire formed. After the metal contact (not a wire)
broke, one Cu atom remained on the surface at either side of the metal electrodes, whereas
the surface of the other side of the metal electrode was rather smooth without any
protruding single metal atom, as shown in Figure 5.5b. The hydrogen adsorbed on an atop
site on the protruding surface and on various adsorption sites (atop, bridge, hollow) on the
rather flat surface. Therefore, locally asymmetric single hydrogen molecular junctions
formed for the Cu/H; system.

Finally, we briefly comment on the conductance behaviors of the single hydrogen
molecular junctions. The Au/Hz junctions provided a broad feature below 1 Gq in the
conductance histogram. The Ag/H: junctions also provided a broad feature below 1 Go,
together with a decrease in the conductance value of the 1 Go peak. For Cu/Hz junctions, a
sharp peak of the H, molecular junction appeared at 0.3 Gy in the conductance histogram,
but the intensity of the 1 Go peak did not change, in contrast with the behavior of the Au/H>
and Ag/Hz junctions. When the interaction between the metal contacts and the molecule is
strong, the single-molecule junction can take various atomic configurations, whereas only
most energetically favorable structure can be formed when the metal-molecule interaction
is moderate 2. Because the conductance of a single molecule junction depends on its
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atomic configuration, a strong interaction provides a broad feature in the conductance
histogram. The appearance of broad features below 1 Go for Au/H> and Ag/H> junctions
and a sharp peak at 0.3 Go for Cu/H; junctions indicates that the interactions between the
hydrogen molecule and the metal contacts were large for Au and Ag contacts and moderate
for Cu contacts. Comparison of the 1Go features in the conductance histograms of Au/H>,
H2/ Ag, and Cu/H> junctions suggests that the interactions between the hydrogen molecule
and the Ag, Au, and Cu contacts decrease in this order. The large interaction of the Ag
contacts can be explained by the decrease in the coordination number of the atoms of the
contacts. Ag contacts formed atomic wires, as verified by the length analysis (Figure 5.4e),
and the coordination number of the atoms in the metal wire was small. Because the
reactivity of a metal increases with decreasing coordination number, the reactivity
increased for the Ag atomic wires. The strongly interacting hydrogen molecules acted as
scattering centers for conduction electrons. The conductance of the Ag atomic contact (1 Go
peak) decreased because of this scattering process. A similar decrease in the conductance
value was observed for Au atomic contacts decorated with hydrogen atoms.

5.4 Conclusion

We have investigated single hydrogen molecular junction with Au, Ag, and Cu electrodes
using the mechanically controllable break junction technique at 10 K. Conductance
measurements and differential conductance spectroscopy showed the bridging of hydrogen
molecules between the metal electrodes. The current—voltage characteristics of the single
hydrogen molecular junctions showed the formation of asymmetric Cu/H> junctions and
symmetric Au/Hz and Ag junctions. The symmetry of the single hydrogen molecular
junction was discussed based on the length of the single-molecule junction. Statistical
analysis of the lengths of the single-molecule junctions showed the formation of single
atomic or molecular wire for Au/Hz and Ag/H: junctions and the lack of formation of wires
for Cu/H2 junctions. By breaking Au and Ag atomic wires, protruding single metal atoms
were prepared on the surface of both metal electrodes. A single hydrogen molecule bound
to the protruding Au (Ag) atoms to form single molecule junctions with symmetric
metal-molecule contacts at both ends. The Cu contact broke without metal wire formation,
which caused the formation of structurally asymmetric electrodes with protruding and flat
surfaces. Hydrogen adsorbed on an atop site on the protruding electrode and on various
sites (atop, bridge, hollow) on the flat electrode to form single-molecule junctions with
asymmetric metal-molecule contacts.
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Chapter 6

Atomic and Electronic Structures of a Single Oxygen

Molecular Junction with Au, Ag, and Cu Electrodes

6.1 Introduction

Since the physical limitation of silicon-based semiconductors has been anticipated '3,
researchers started to look for the alternative solutions. Utilization of single atoms or
molecules as active components in electronic devices is one of the promising ways. In 1974,
the first theoretical consideration of the single molecular diode was reported by Aviram and
Ratner, where donor and acceptor units are connected with the insulating unit *. Thanks to
the development of the measurement techniques, including mechanically controllable
break junctions (MCBJ) and scanning tunneling microscopy (STM)-BJ techniques, the
electrical conductance of the single atom or molecule can be measured experimentally >,
Currently, various functionalities have been reported for single atomic and molecular
junctions, where a single atom or molecule is bridged between metal electrodes.*® 12715,

While there have been enormous studies of the single molecular junctions with a variety
of molecules, the atomic and electronic structures of the single molecular junction were not
fully characterized with experimental techniques. The atomic structure of the single
molecular junctions has been discussed by comparing the experimentally obtained
conductance values with the theoretical values obtained using possible model structures in
most of the studies. To overcome the difficulty in identifying the atomic structures in the
molecular junctions, some experimental methods have been applied to the simplest
molecular junctions of atomic and molecular hydrogen. The atomic structure of the Pt/H:
junction was fully characterized by point contact spectroscopy, inelastic electron tunneling
spectroscopy (IETS), shot noise, and conductance fluctuation measurements, together with
the theoretical calculations. These measurements revealed that the single hydrogen
molecule bridges between Pt electrodes with its molecular long axis parallel to the junction
axis. The single hydrogen molecular junctions with other metals have been also well
characterized with these techniques °. The next candidate system is the single oxygen
molecular junction. The oxygen molecule is a simple and small molecule, which makes
measurements easy to compare with more complex molecular systems. In addition, the
interaction between the oxygen molecule and metal atomic contacts provides the basic
understanding of the oxidation process of the metal surface. Despite these interests, atomic
structure and electronic properties of the single oxygen molecular junction have not been
fully characterized. The conductance measurements suggested the formation of the atomic
wire containing the oxygen molecules for the Au, Ag and Cu/O2 junctions *’. However,
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oxygen incorporation into the atomic wires has not been directly detected with some
spectroscopic techniques. The atomic and electronic structures of the single oxygen
junction have not been clear up to now. In the present study, we investigated atomic and
electronic structures of the Au/O2, Ag/O., and Cu/O> junctions using conductance, IETS,
and current—voltage (/—V) response measurements. The length analysis of the junction in
the conductance measurement revealed the formation of the atomic wire. The IETS and
IV response measurements confirmed the bridging of the oxygen molecule between metal
electrodes. The /—V response provided the information about the electronic structure of the
Au/O2, Ag/O; and Cu/O; junctions. The symmetric /—V responses together with other
experimental results confirmed the formation of the atomic wire containing the oxygen
molecules.

6.2 Experimental

Experiment was performed in the ultrahigh vacuum (UHV) at low temperature (10 K)
using the MCBJ setup ® 1% The notched Au, Ag, and Cu wires (0.10 mm in diameter)
were fixed with epoxy adhesive (Stycast, 2850FT) on the top of the electrically insulated
phosphor bronze substrate with polyimide tape. By bending the substrate using a
three-point bending configuration in a custom-made vacuum pot, the metal wire was
broken at the notched part. During the whole measurement, the metal wire was repeatedly
broken and made contact using the piezo element. Oxygen was introduced into the metal
contacts through a heated capillary. All DC two-point voltage-biased conductance
measurements were performed under a bias voltage of 100 mV. The differential
conductance was measured using a standard lock-in technique with AC modulation at 1
mV and 7.777 kHz. The conductance was monitored at a fixed contact configuration during
the DC bias between —100 and +100 mV. The /—V responses were measured by sweeping
the bias voltage, which started from 100 mV, increased to +1.0 V, decreased to —1.0 V, and
returned to the initial value. The sweep rate of the /—J response measurements was 100
kHz. The electrodes’ separation was fixed during the /—J response measurement.
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6.3 Results and discussion
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Figure 6.1. Examples of conductance traces for (a) Au, (b) Ag, (c) and Cu junctions and
conductance histograms of (d) Au, (e) Ag, and (f) Cu junctions before (black line and gray
filling) and after (red line) introduction of oxygen under the bias voltage at 100 mV. The inset
figure is the magnification of the conductance histogram at low conductance regime in (f). All
the conductance histograms were constructed without data selection from more than 1000
traces during a breaking process of the metal contacts. The intensity of the conductance
histograms was normalized by the number of traces. The bin size is 0.004 Go.

Figure 6.1 shows the typical conductance traces and conductance histograms of Au, Ag
and Cu junctions before and after introduction of oxygen. The intensity of the conductance
histograms was normalized with the number of the conductance traces. For the pure metal
contact, conductance plateaus appeared at 1 Go (Go = 2e%/h) in the conductance traces, and
clear 1 Go peaks appeared in the conductance histograms, which indicated the formation of
metal atomic junctions "?°. After the introduction of oxygen, conductance plateaus
appeared below 1 Go in the conductance traces, and features appeared below 1 Gy in the
corresponding conductance histograms. Among Au, Ag, and Cu junctions, the change in
the shape of the conductance histograms before and after the introduction of oxygen was
the largest for the Ag junction. The 1 Go peak was suppressed, a continuous broad feature
appeared below 1 Gy for the Ag/O; junction; while the 1 Go peaks were still clear for the
Au/O; and Cu/O; junctions. The suppression of the 1 Go peak for the Ag/O; junction and
little change in the shape of the conductance histogram for the Au/O; junction agreed with
the previously reported study ’. In the case of the Cu/O; junctions, a weak but broad peak
(conductance distribution) appeared around 0.1 Go in the conductance histogram,
indicating the formation of the preferential atomic configurations with the conductance
around 0.1 Go. While the conductance behavior due to the introduction of oxygen varied
with the choice of the metals, a similar tendency of conductance steps below 1 Go in the
conductance traces and similar distribution below 1 Go in the conductance histograms

appeared for all Au/O2, Ag/O2 and Cu/O; junctions. These experimental results indicated
92



the formation of the single oxygen molecular junctions.
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Figure 6.2. Examples of differential conductance and its derivative for (a, d) Au/Og, (b, €)
Ag/O2, and (c, f) Cu/O; junctions.

The formation of the single oxygen molecular junctions was verified by IETS. Figure 6.2
displays examples of differential conductance and its derivative for Au/O2, Ag/O; and
Cu/O; junctions. Symmetric peaks are found in d?1/dV?2 curves around 90 meV, 100 meV,
and 360 meV for Au/Oz, Ag/O, and Cu/O: junctions, respectively. The conductance
enhancement and reduction in dl/dV curves are explained by the excitation of a vibration
mode. Around 20 curves were collected for each junction with zero-bias conductance of
0.01-1.2 Go, in order to determine the average vibrational energy. The average vibrational
energy was 85, 106, and 69 meV for Au/O., Ag/O and Cu/O2 junctions, respectively. Since
the energy of the phonon modes for clean metal contact is below 20 meV 2?2, the observed
modes correspond to vibrational modes between oxygen atom/molecule and metal
electrodes, which indicated the interaction between oxygen atom/molecule and Au, Ag and
Cu electrodes.
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Figure 6.3. Length histograms of the last plateaus for (a) Au, (b) Ag, and (c) Cu junctions
before (black) and after (red) introduction of oxygen.

In order to obtain information on the structure of the Au/O2, Ag/O, and Cu/O; junctions,
the plateau length was analyzed for the conductance traces during the junction breaking
process (Figure 6.3) 1°. The plateau length was defined as the distance between the points at
which the conductance dropped below 1.2 Goand 0.04 Go. Here, we defined the threshold

conductance values in order to evaluate the length of the junction including the metal
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atomic wire and oxygen. For the clean Au junction, the plateau extended to 1.5 nm, and a
sequence of peaks were observed in a length histogram of the Au contact, which indicated
the formation of the Au atomic wire %.In contrast, the clean Ag and Cu junctions broke
within 0.5 nm, indicating the formation of the short atomic contact (not a wire). The
average plateau length was 0.55 £0.07 nm for Au, 0.34 £0.14 nm for Ag, and 0.19 £0.05
nm for Cu junctions. The obtained results for the clean Au, Ag and Cu junctions agreed
with the previously reported results 22, After introduction of oxygen, the Au junctions
showed no obvious change in the length, while Ag and Cu junctions showed a drastic
change. The atomic junction could be extended to 0.8 nm even for the Ag and Cu junctions.
The average plateau length was 0.75, 0.86, and 0.44 nm for the Au/O2, Ag/O> and Cu/O>
junctions, respectively. Considering the interatomic distance of Au, Ag and Cu (~0.25 nm)
20 the present results showed the formation of the atomic wires for all Au/O,, Ag/O; and
Cu/O; junctions.

Here, we briefly comment on the reason why the Au/O,, Ag/O2 and Cu/O; junctions
formed atomic wires. The formation of the atomic wire requires relatively strong
metal-metal bonds in the wire compared to metal bonds in the base part of the electrodes
(bulk) 222%, In general, the metal-metal bond becomes stronger with the decrease in the
coordination number of neighboring atoms. Since all atoms in the metal atomic wire are at
surface, the metal-metal bond within the wire is stronger than that in the bulk. It is known
that the ratio of bond strength between atomic wire and bulk increases in the order 3d < 4d
< 5d metals 2%, In the case of 5d metals (Au, Pt, and Ir), the metal—metal bond within the
wire is much stronger than that in bulk, thus, pure Au and also the Au/O; junctions form
atomic wires. The atomic or molecular adsorption could further stabilize the atomic wire by
the decrease in the surface energy of the atomic wire 2°2*, Therefore, the atomic wire
formed for the Ag/O, and Cu/O: junctions. The wire formation could affect the
conductance behavior during the elongation process of the junctions. As shown in the
previous section, a clear 0.1 Go peak was observed in the conductance histogram only for
the Cu/O- junction (Figure 6.1). This can be explained by the formation of a shorter metal
wire for the Cu/O; junction. The electric conductance is suppressed by the atomic or
molecular adsorption on the metal atomic wire 2>’ The decrease in conductance value of
the wire depends on the amount of atom or molecule adsorbed on the wire 22°. The Au/O;
and Ag/O- junctions were much longer than the Cu/O- junctions. For the longer Au and Ag
wires, there are many available adsorption sites (area) for the oxygen adsorption. Thus, the
Au/O. and Ag/O: junctions could show various conductance values depending on the
number of atoms or molecules adsorbed, which caused a broad feature in the conductance
histogram. In contrast, the Cu/O; junction formed only a short wire, and there are less
available adsorption sites on the wire surface. The effect of the atomic and molecular
adsorption would not be so large for the Cu/O; junction, which leads to a sharp peak in the
conductance histogram.
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Figure 6.4. (a—c) Distribution and (d—f) examples of /- responses of (a,d) Au/O-, (b,e)
Ag/O- and (c,f) Cu/O2 junctions. The total number of I- V responses was 130, 71, and 293 for
a) Au/Oz, b) Ag/O, and c) Cu/O- junctions, respectively, and the bin size is 16 mV <100 nA.
The red lines are experimental I-V responses, and black ones are fitting results.

We then investigated the electronic structures of the single oxygen molecular junction by
analysis in the 1-V responses of the Au/Oz, Ag/O. and Cu/O: junctions. Figure 6.4 a-c
shows histograms and examples of the I-V responses for the Au/O,, Ag/O; and Cu/O;
junctions. Within the single channel transport model, the transmission probability of a
single molecular junction is represented by

417 I
() = ey

Eq.6.1

where g and I'Lr) are the energy of the conduction orbital and the electronic coupling
between the molecule and the metal electrode, respectively. At 0 K, the current through the
molecular junction is written by
1) =22 [ dE <(EV)I L (E) — o (E)] Eq.6.2
where f is the Fermi distribution function. When electronic temperature, T, is set to 0 K,
Eq. 6.2 can be analytically described as

(V) = 8—:a(1 —a)lr {arctan (aevr—so) + arctan (%)} Eq.6.3

where I' = 'L + T'r and a = T'L / T. By fitting the experimental results with Eq.6.3,
asymmetric factor a, energy of the conduction orbital &o, and the electronic coupling (I'L +
I'r) could be obtained . The fitting results are shown by black curves in Figure 4 and are
listed in Table 6.1. The & was around 0.5 eV, and the I" was around 130 meV for the
Cu/O; junction. Since the number of the I-V responses were not so large, it is hard to
discuss the difference of these values among the Au/O2, Ag/O. and Cu/Ozjunctions. It is
clear that the electronic coupling for the Au/O., Ag/O, and Cu/O; junctions are larger
compared with other typical single molecular junctions -1, The electronic coupling was
60 meV for the single molecular junction with both benzenedithiol (BDT) and bipyridine
(BPY). The energy of the conduction orbital was 0.59 eV and 1.2 eV for single BDT and
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BPY molecular junctions, respectively ***!. The conductance of the single BDT and BPY
molecular junction was 0.01 Go and 6 x10* Go, which were smaller than the conductance of
the Au/O,, Ag/O. and Cu/O; junctions (~0.1 Go). The larger electronic couplings lead to the
higher conductance values for the Au/O2, Ag/O> and Cu/O> junctions. The asymmetric
factor was around 0.5 (i.e., symmetric coupling) for the Au/O., Ag/O, and Cu/O; junctions,
suggesting formation of symmetric molecular junctions.

Table 6.1. Energy of the Conduction Orbital (¢o), the Electronic Coupling between the
Molecule and the Metal Electrode (I'L + I'r), and o=I"/T" for Au/O2, Ag/O; and Cu/O-
junctions

£0 (V) I'L +T'r (MeV) o
Au/O; 0.70 130 0.54
Ag/O; 0.59 100 0.50
Cu/O; 0.51 130 0.51

It is noted that the asymmetric factor a was close to 0.50, indicating the symmetric
coupling of the junction with respect to left and right metal electrodes. In our previous
study for Au/Hz, Ag/H2, Cu/H; junctions ®, symmetric 1-V responses were observed when
longer single atomic or molecular wires were formed, while asymmetric 1-V responses
were observed when the longer wire was not formed. In this study, the plateau length
analysis revealed that longer atomic wires were formed for all Au/O2, Ag/O2 and Cu/O;
junctions, and symmetric I-V responses were observed, which agreed with the previously
reported results. When a metal atomic wire is broken, protruded single metal atoms are
remained on the surface of the both metal electrodes. The single oxygen molecule binds to
the protruded metal atoms on metal electrodes, leading to the locally symmetric
metal-molecule contacts, and symmetric I-V response.

6.4 Conclusion

We have investigated the atomic and electronic structures of the single oxygen molecular
junctions with the Au, Ag and Cu electrodes. The single molecular junction was fabricated
with the MCBJ technique at low temperature (10 K). The conductance profiles obtained
during break-junction measurements showed the formation of the atomic wire. The
bridging of the oxygen molecule between metal electrodes was confirmed by the inelastic
electron tunneling spectroscopy and /—J responses. The /—V responses also provided the
information about the energy difference between conduction orbital and Fermi level of the
metal electrodes, the strength of the metal-molecule coupling, and symmetry of the
junctions. The large strength of the metal-molecule coupling explained the higher
conductivity of the single oxygen molecular junction. The obtained symmetric /-V
responses could be explained by the formation of the atomic wire. These systematic
experimental investigations confirmed the formation of metal atomic wire containing the
oxygen molecules for the Au/O2, Ag/O, and Cu/O- junctions.
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Chapter 7

Photo-driven reactions excited in Cu/H20 contacts

7.1 Introduction

As mentioned in former sections, our final goal is to achieve photo-driven chemical
reaction in the nano junction with MCBJ technique. In present work, we focus on the
water splitting reaction, 2H,O — 2H>+0,. The water dissociation reaction is important in
our daily, as an essential reaction with offering the hydrogen with energy from clean and
cheap reactant, water. Besides, this reaction is relevant to three simple modeling
molecules, which were evident that posses different electron transport properties as we
discussed in the former chapters. The target reaction has been reported conventionally
excited by electrification, photoexcitation, thermal methods with metallic complexes
catalysts systems !. However, the widely investigated catalysts system, mainly
concentrated on TiOz and its derivatives are useful but not effective and economical. For
better performance, the Au, Ag nano structure were added to improve the efficiency of the
water hydrolysis with their unique plasmonic characteristics 2. From then, the plasmon
resonance generated in the nano structures has been discussed. Years of effort, the
experimental evidenceof plasmon induced reaction were observed. Mubeen et al. reported
an autonomous photocatalyst device working rely on the surface plasmons only 4. Their
device based on an Au nanorod capping with TiO> layer obtained a good stability and
efficiency in the water splitting reaction. Their study performed a plasmonic nano
metallic structure, which inspired the present work with the similar conditions, in
specifically, metallic nano structure, where is potential for plasmon resonance.

Based on the fundamental studies in previous chapters, the Cu nano electrodes has been
considered as the promising photocatalyst for water molecule. Actually, the Cu plays
important role in water dissociation reaction for a long time inverstigation °. However, in
the most cases, the Cu could not work rely on itself only, due to the instability of the
plasmonic properties than the Au, Ag and absence of the proper band gap like TiO, **.
On the other hands, the external stimulations required in the previous catalysts system to
offer enough energies for the reaction, such as heat, electrical power ®'. Neither the
expensive materials mixed nor the consumption of the power are not fit for the
commercial application in the further developing of the Cu participate catalyst system. In
this chapter, we will settle with these issue for exploiting Cu nano junction as
photocatalysts system. Copper nanoelectrode, which takes advantages of the localized
surface plasmon resonance (LSPR), convenience to fabricate and low cost, is an ideal
photocatalyst for water photo-driven reaction.

In the current work, we investigate the photo-driven reaction of water molecule in the
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Cu nano junctions in a UHV at 10K. Under the UV-vis irradiation, the conductance and
IETS measurements revealed that the water splitting in the Cu nano junctions. The
mechanism of the reaction will be discussed on the wavelength dependence of the
reaction in the Cu-H,O system by conductance behavior.

7.2 Experimental

The experiments were investigated in the ultra-high vacuum (UHV) condition with
mechanically controllable break junction (MCBJs) technique at 10K. The substrate was
prepared with a series of electron beam lithography (EBL) technique 8. Briefly, the
phosphor bronze covered by an insulating polyimide layer, the Cu electrodes fabricated
by physical evaporate deposition (PVD) method. The whole substrate (shown as Fig.7.1)
was fixed by a three-point bending configuration in a custom-made vacuum pot. The Cu
nanoelectrodes were broken at the notch by bending of the substrate with piezoelement.
Water was introduced onto the metal contacts through a capillary with heating. The
conductance was monitored for a fixed contact configuration during the dc bias between
—100 to +100 mV. The differential conductance was measured using a standard lock-in
technique with ac modulation at 1 mV and 7.777 kHz.

7.3 Results and discussion

7.3.1 Chemical reaction in the Cu/H20 junctions

The break process of the contact operates dependent on the behavior of the
piezoelement. When the piezoelement goes up to stretch the Cu electrodes, the junction
break. Then goes down and the electrodes reconnect, the break and reconnection process
defined as one cycle. Every cycle, only one conductance trace can be recorded. Every
conductance histogram contains over 1000 conductance traces without any selection in
the current work. Due to the advantage of the UHV conditions with MCBJ, we would
achieve a stable and long lifetime junction during the break processes. The conductance
histogram of Cu, Cu-water and Cu-water contact shown in Fig. 7.1. For the bare Cu
electrodes (Fig.7.1a), a 1 Go (Go=2e?/h) peak was observed, which derived from a Cu
atomic contact °. Figure 7.2b displays the Cu contact with water present. The water
molecule was introduced via the capillary connected to molecule container with
pre-heating for 30 minutes. In the conductance histogram, a fraction peak that located
around 0.1 Go was observed. This result has a good agreement with our previous work .
Figure 7.1c displayed the Cu/H.O contacts with UV-vis (>200 nm) illumination. The
Cu/H20 contact has been exposed to the irradiation in wavelength larger than 200 nm for
60 mins. As the Fig. 7.3c performs, an additional peak around 0.2 Go was obtained and
the 0.1 Go peak increased. As conference, the conductance histograms of Cu/H, and
Cu/O2 junctions are also illustrated in fig. 7.1d, e.
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Figure 7.1 Examples of conductance traces for (a) Cu (b) Cu-H20 and (c) Cu-H20 junctions
irradiated by UV-vis light and as reference (d) Cu-H. () Cu-O junctions under the bias
voltage at 100 mV. All the conductance histograms were constructed without data selection
from more than 1000 traces during a breaking process of the metal contacts. The intensity of
the conductance histograms is counts normalized by the number of traces. The bin size is
0.004 Go.

Varieties of effects have impact on the electron tunneling through the nano junction,
leading the conductance behavior change, like molecular species, structure, orientation etc.
Thus, in order to understand the change caused by the irradiation, the vibration modes were
investigated via inelastic electron tunneling spectroscopy (IETS), the results shows in Fig.
7.2. The dI/dV spectra for Cu/H20 contact without illumination (Fig.7.2a, b, colored in blue)
exhibit symmetric peaks located around 55 meV and £150 meV, more clear peak can be
seen in its derivative spectra (Fig.7.3 d, e, blue). The dl/dV curve displayed the conductance
under 0.5 Go with an “step-up” shape above the zero bias, which is conventional shape in
d1/dV curves interpreted as a one-level mode . In contrast, as the Figure 7.2 ¢, f shows the
typical dl/dV curves represent photoexcitated Cu/H2O system. In a higher conductance
regime, smaller symmetric peaks were observed around 340 meV with step-down shape.
The IETS gave the information of the changes in the nano contact. Generally, two aspects
were considered, one is the value of the vibration energy. The vibration energies are quite
separated before and after the UV-vis light excitation. The typical higher vibration mode
were observed before illumination, 355 meV and %150 meV, which corresponding to “free
OH” and Cu-H mode of H,0-Cu system, respectively 123, With exposure of the UV-vis
illumination, the vibration energy that observed around 240 meV, derived from Cu/H;
contact, this result has high consistency with the results reported in former work **. Besides,
the other side has been considered is the shape of the dI/dV spectra with irradiation. With
one molecule mode, the “step-up” and “step-down” shape divided by the 0.5 Go or minimal
cross . In specific, smaller than 0.5 Gp shows “step-up”, otherwise,
“step-down”. However, it is a special feature has been obtained only in Hz/metal contacts,

which has been proved experimentally “step-up” shape were observed below 0.5 Go 1528,
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Thus, we speculated the hydrogen molecule has generated possibly.
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Figure 7.2 Typical dl/dV spectra and its derivative measured via inelastic electron tunneling
spectroscopy (IETS) method of H,O/Cu junctions, before (a, b, d, e, shown in blue) and after
(c, f, shown in red) the UV- vis irradiation (>200 nm).

Real-time IETS has been investigated for clarify the dynamics process in-situ in the
junction with UV-vis irradiation. The real-time IETS was obtained by fixed the electrodes
and kept measuring continuously. Figure 7.3a performs one time real-time IETS, which
expressed as conductance varies as the function of time, short for C-t plot here. The black
dots are the conductance at zero bias of the dI/dV spectra. One cycle start defined as the 0.1
Go contact was fabricated in IETS spectra controlled by the piezoelement to the junction
break. The cycle has been recorded lasts from 1 mins to about 2h, depended on the inner
situation of the contacts under evaluation. The conductance variation versus time, shows
the dynamic of the reaction in the Cu/H,O nano contacts with irradiation. At the beginning,
the conductance stuck around 0.1 Go regime with altering slightly. After exposure about 1h,
the conductance changed suddenly to a higher conductance (the yellow arrow marked),
furthermore, this value kept stable over 40 minutes. Besides, the vibration energy has been
considered, shown in Fig.7.3b, c, also, marked in the Fig.7.3a. The conductance possesses
continuity, while the vibrational energy did not. As the principle described in section
1.4.2.3, the electron tunnels the junction via elastic and inelastic channels. Only the
electron through the inelastic channel can be observed in IETS. However, the conductance
at zero bias will not be influenced. The vibration energy at beginning was seen around £100
meV, which had been calculated as the libration mode of water reacted with Cu surface .
Along the conductance increase, the vibration mode differed, as the Fig.7.3c shows, the
peaks were observed around 240 meV, which might be the Cu/H; vibration mode, as we
reported before °.
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7.3.2 Mechanism of the water decomposition reaction utilizing Cu contacts
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Figure 7.4 Examples of conductance traces for Cu junctions irradiated by UV-vis irradiation
at 100 mV. The intensity of the conductance histograms is counts normalized by the number of
traces. The bin size is 0.004 Go.

Next, the mechanism of the experimental realities observed in conductance behavior and
vibration mode variation in the previous section will be discussed. Firstly, as a control
experiment, the bare Cu contact has been irradiated under the UV-vis illumination (> 200
nm) over 60 mins, the result shown in figure 7.4. Without the water molecules present,
after the irradiation, there is no noticeable changes observed in conductance histogram for
Cu contact. According to this reality, the illumination did not affect the Cu atomic contact
conductance behavior. Similarly, electrify and subsequent thermal effects can be excluded
by the previous work in chapter 3 and 4. All the measurements for Cu contact operate
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under the same UHV at 10K condition, with H.O molecules introduced into the chamber
but without illumination. The minor peak located around 0.2 Go did not obtain.
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Figure 7.5 lllustrations of conductance histograms for (a) Cu-H20-400 nm (b) Cu-H»0O-500
nm, (¢) Cu-H20-600nm and (d) Cu-H>0O-700nm irradiation at 100 mV. All the conductance
histograms were constructed without data selection from more than 1000 traces during a
breaking process of the metal contacts. The intensity of the conductance histograms is counts
normalized by the number of traces. The bin size is 0.004 Go.

Main concern in the present system is the photoexcitation process in the Cu/H0
contact. Numerous previous theoretical and practical evidences of the optical response
related to the Cu nanoparticles has been investigated 8. As well known, the
photoelectric properties of the noble metal are dependent on the wavelength of the
incident illumination °. However, the light source used in former section has a wide
range of wavelength, which providing too much information. Therefore, we estimate the
conductance behavior of Cu/H.O contact with the irradiation in separated rang of
wavelength, the conductance histograms showed in Fig. 7.5. The color correspond to the
wavelength of the incident irradiation, which shown in purple, green, orange and red for
400, 500, 600 and 700 nm, respectively, only colored for distinguish. With the
illumination, the similar conductance properties were observed with 400 nm, 600 nm and
700 nm. In specific, the minor 0.2 Go peak obtained after exposure to the light. In contrast,
with exposure under 500 nm over 1 hour, the conductance histogram did show much
difference. These results were confirmed for repeating the experiments. The evaluation
time is the same as the previous work. The mechanism based on the wavelength
dependence will be discuss in the later section.
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Figure 7.6 Typical differential dI/dV spectra of H,O/Cu junctions with irradiation (700 nm).

The differential of typical dI/dV curve with 700 nm irradiation was shown in Figure 7.6.
Symmetrical peak were observed around #35 meV. The vibration mode is corresponding
to the Cu/H. like we discussed in the last section. With conductance properties and
vibration behavior revealed the excitation of the reaction in the Cu/H>O contact.

Here, we briefly comment on the reaction processes of the present work. The procedure
for the light irradiated reaction in the Cu/H2O system was illustrated in figure 7.7. In
specific, the Cu-H,O photocatalysis system working principles can be concluded as
following:

Figure 7.7 Schematic of the mechanism of the water dissociation reaction in the Cu/H,O
irradiation system.

1) The adsorption of the water molecule onto the Cu surface or into the nano junction,
with few decomposed into O* and H*;

2) The O* reconstructed with the Cu electrodes surface to form Cu/Cu,O structure;

3, 4) More H* and O* generate subsequently, the H* obtained electron to form Hz on the
Cu surface while the O* transfer electron to hole on the Cu,O side into Oa.

The formation of Cu/Cu,O structure is unexpected but reasonable and essential in the
reaction processes. Here, the origin of the Cu/Cu,O structure will be discussed. Obviously,

the water provided the O atom. In specific, the H,O decomposed, the O atom generated
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and reconstructed the Cu surface. Therefore, let us consider the dissociation of the intact
water molecule on the bare Cu surface. Firstly, water was introduced into the chamber in
UHYV condition through the capillary. Then, the intact water molecule adsorbed on the Cu
surface and dissociated into OH and H at low temperature because the forward reaction is
exothermic on the Cu surface, with reaction energies AE about -0.12 eV %. The similar
result has been observed by STM image directly at 6K 2. Also, the IETS measurement
shown in fig.7.2b, e confirmed the “free OH” existed experimentally. But then the next,
the dissociation subsequent, in specifically, the OH* decomposed into O* and H* reaction
is endothermic, it calls for energy to satisfy the reaction energy AE about 0.55 eV 2. This
step hinder the water to decompose completely. Hence, we did not obtain any
experimental evidence to show the water splat completely before irradiation. In contrast,
with the illumination, any of the light sources we exploit can offer sufficient energy to
excite the water to decompose, leading to evolution of O*. The O* binds strongly on Cu,
since this reaction is also exothermic %. Hereto, the Cu/Cu,O structure has been
constructed.

a) o b) %
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Figure 7.8 Schematic of the mechanism of the water dissociation reaction in the Cu/H,0
photocatalysis system a) Cu,O photoexcitation mechanism with Cu nanoparticles acting as
co-catalysts to provide additional surface sites via the trapping of electrons, b) Cu, plasmon
working principle with Cu, O structure, CB, conduction band; VB, valence band; Er, Fermi
level.
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In the subsequent Hz and O2 generation, the Cu/Cu,O conformation plays important
roles. Here, the mechanism of this structure will be commented briefly, the main working
principles were illustrated in figure 7.9. Considered the dependence of the wavelength,
two separated mechanisms attribute to the Cu-H.O photocatalysis reactions. The
photoexcited produce at 400 nm drove by the Cu,O with Cu acting as co-catalysts
(fig.7.8a), and the reaction excited under 600-700 nm illumination rely on Cu, (fig.
7.8b). First, the Cu,O is p-type semiconductor, which can be excited under 500 nm under
exposure 222, Besides, the Cu,O regarding as photocatalyst for water decomposition
reaction due to its separation by a band gap energy of 2.0-2.2 eV reported before 242°,
Specifically, the electron in the valence band was excited to the conduction band around
400 nm, the electrons go subsequently to Cu side and denoting to H> generation. The Cu
existence is essential here, for improving charge separation, reported as “inter-particle
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electron transfer” %. On the other hand, the Cuy structure has plasmon resonance in a
range of 670-760 nm with Cu,O present 228, As shown in figure 7.8, the hot electron (¢)
generated by the Cun plasmon resonance excited to the plasmon level along with left a
positive hole (h*) on the surface. The hot electron-hole pair works separately in Cu and
Cu,O surface respectively. Subsequently, more H* and O* were generated by water
decomposition, then H* obtained electron on the Cu side to form H> while the O* got
hole on the Cu,O side to form.

Generally, the incident light in current investigation contribute significantly to the
reaction in 3 aspects. To drive the H,O decompose completely, to excite the Cu,O at 400
nm and drive the Cu, plasmon at 600-700 nm. Cushing et al. reported the similar
structure as photocatalyts 3. In the present work, not only the Cu,O photo-induce but also
the Cun plasmon mechanisms can generate the electron-hole pair and transferred to the
Cu/Cu,O surface to drive the photocatalysis.

7.4 Conclusion

In this chapter, we explored the photochemical reaction, particularly, water photo-driven
reaction in the Cu contacts excited by UV-vis light. The conductance histogram gave the
evidence to show that electron transport properties of the Cu/H20 contact changed with the
irradiation. An additional peak was observed around 0.2 Go after excited by the UV-vis light.
Vibration energies were investigated by IETS. The dI/dV curves and its differential spectra
revealed that the #40 meV with conductance located around 0.2 Go at zero bias
corresponding to Cu-H.-Cu configuration. Moreover, the conductance and vibration
energy vary continuously as the function of excitation time has been considered simulate.
The results demonstrate the H, derived from the reaction with the in-situ measurements.
With the wavelength dependence investigation of the Cu/H2O photocatalyst system, the
results demonstrated the photoexcited produce at 400 nm drove by the Cu,O with Cu
acting as co-catalysts, and the reaction excited under 600-700 nm illumination rely on Cun
plasmon resonance.
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Chapter 8

General Conclusions

Since the molecular device has been proposed as a fancy dream in 50s last century in
Feynman’s speech. The low dimensional world kept attracting many attentions for decades
due to the unique properties, like quantization, it possesses. With development of
sophisticated technology in the nano scale investigation, today, we, human beings made the
dream come true. More and more theoretical and experimental realities support that the
molecular electronics will has its day in the near future. However, even great efforts has
been made over 50 years, so many riddles are still waiting for us to uncover.

In this thesis, we explored chemical reaction in the nano junctions with mechanically
controllable break junction (MCBJ) technique. All the experiments measured under the
ultra-high vacuum (UHV) condition at 10K. UHV-MCBJ technique enables to offer the
researches in this work a precise and reproducible condition.

Generally, the photo-driven reactions in metal/H>O contacts has been focused on. Water
and relevant reactions is essential in our daily life. The metal materials are regarded as
conventional catalysts participated in the related reaction as many mechanism. However,
in terms of the water splitting reaction, the prior catalysts system calling for high energy
input and high cost needed to be alternated. Besides, photocatalyst has been developed
due to its potential usage of the solar energy. Photo-induced metallic water splitting
system was even proposed half century ago. The main photo water hydrolysis catalysts
take advantage of the expensive and structure-complicated semiconductor-base system.
With the nano technology developed, the nano metal structural plasmon resonance has
been observed and applied to the solar energy water decomposition process. This idea
provided a brand new mind to the photon-drive reaction.

On the other hands, take advantages of the localized surface plasmon resonance (LSPR),
convenience to fabricate and investigation in nano scale, the metallic nano contacts has
been considered as promising water photoncatalysis system. In this thesis, metallic
nanoelectrodes has been fabricated as potential photocatalysts. With evaluation the
electron transport and structure behavior in molecular level, the H>O photo-driven
reaction generated in the suitable nano junction.

For the photocatalsis the water dissociation reaction utilizing the nano junction structure,
we endeavored in the fabrication, selection, optimization of the photo-driven catalyst
system for water first. Furthermore, employing the system to run the water photoexcitation
reaction. In specific, | studied as following:

At the beginning, we constructed available condition with MCBJ technique to investigate
the electron transport properties and the structural information of the molecules relevant to
the water splitting. First, we evaluated the electron transport properties of H.O molecule

with Au, Ag, Cu and Pt, totally for 4 metallic electrodes. All the metals we chose are able to
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work in a principle of surface plasmon.

The conductance behavior indicated the formation of single water molecule junctions for
the water—Au, Cu and Pt junction systems. The reaction strength were evaluated relied on
the conductance histograms and plateau length histogram, in order of Pt>Cu>Au>Ag.
With strong interplay of Pt, Cu with water attributed to obvious changes in the
conductance behavior, on the other hand, the atomic chain offer more adsorption site of Pt
enhanced the interaction strength. In contrast, absences of the atomic wire conformation
lead Cu a well-defined peak in the conductance histogram. Oppositely, for the weak
interactions between Au, Ag and water cases, the atomic chain leads the electrical
transport properties in the nano junctions. Au atomic wire provides plenty of adsorption
sites, achieve a slight change in the conductance behavior while without wire formation,
Ag did not vary at all.

Next, we investigated the Cu/H2O contacts in experimentally and theoretically. The 0.1
Go peak was simulated by the calculation demonstrate the water presence could enhance
the Cu atomic configuration with a wire. This special structure exhibited as a specific
conductance peaks in the conductance histogram.

Also, the products, Hz, Oz/metal contacts should be considered. Here, we choose the Au,

Ag and Cu for concern about further application. With comprehensively investigate the
conductance histogram, length histogram, inelastic electron tunneling spectrum (IETS),
we confirmed the H and O bridge in the metallic contacts. Additionally, I-V
characteristics reveal Cu/H» with ratification behavior. For the hydrogen, oxygen/ metal
contacts, the Cu electrodes performed discernable. The Cu/H; possesses a around 0.3 Go
peak, besides, Cu/O; peak was observed at 0.1 Go. Additionally, the vibration modes in the
junction measured by the IETS also show potential for reveal the reality happened in the
nano junction. Until here, we established of the identifications system of the water
decomposition reaction via conductance histogram and IETS. The further experiments
would concentrate on the Cu/H»O contacts.
Finally, rely on all the efforts we have done before, we explored the photochemical reaction,
particularly, water photo-driven reaction in the Cu contacts excited by UV-vis light. The
conductance histogram gave the evidence confirmed that electron transport properties of
the Cu/H,0 contact changed with the irradiation. An additional peak was observed around
0.2 Go after excited by the UV-vis light. Vibration energies were investigated by IETS. The
di/dVv curves and its differential spectra revealed that the #40 meV with conductance
located around 0.2 G at zero bias corresponding to Cu-H2-Cu configuration. Moreover, the
conductance and vibration energy vary continuously as the function of excitation time has
been considered simulate. The results demonstrate the H> derived from the reaction with
the in-situ measurements. With the wavelength dependence investigation of the Cu/H,O
photocatalyst system, the results demonstrated the photoexcited produce at 400 nm drove
by the Cu,O with Cu acting as co-catalysts, and the reaction excited under 600-700 nm
illumination rely on Cun plasmon resonance.

As a summary, in this thesis, water decomposition reaction has been generated employed
Cu nano electrodes. This finding demonstrated a high possibility of the single molecular
junction becoming a powerful alternative solution of the current photocatalyst for water
decomposition reaction. Additionally, the economical and easy-to-fabrication plasmonic
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materials, like Cu we used in this thesis can be considered.

Besides, in-situ reaction monitoring method relied on the conductance and vibration
energies has been put forward. With this method, the experimental evidences for the
reactions dynamics in the nano contacts can be evaluated at molecular junction. The
molecular level understanding is foundation of precise-manufacture for the nano-sized
devices, is the first step for application. Therefore, this method would make contributions
to the molecular devices in the near future.
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