Chapter 2
Methods to Determine Electrical Conductance
of Single-Molecule Junctions

Ryo Yamada

Abstract In this chapter, three major experimental methods, i.e., a break junction
(BJ) method, an electromigration (EM) method, and an ultrahigh-vacuum low-
temperature scanning tunneling microscopy (UHV-LT-STM), to measure electrical
properties of single-molecule junctions are explained with some remarkable exam-
ple of studies. The BJ method is the most widely used technique and explained
including statistical analytical methods to analyze data. Studies of molecular switch
and temperature dependence are shown as examples of studies based on statistical
analysis as well as examples of static current-voltage measurements with external
field modulations. Techniques related to the BJ method such as distance modulation
and electromechanical response measurements are also introduced. Although the
EM method can suffer from several problems, it is still useful to measure electrical
gate effects and in the preparation of nanoscale gap electrodes. A novel application
of the EM method to create in-plane nano-holes that would open a new application
field of the single-molecule measurement techniques is shown. The UHV-LT-STM
is capable of forming single-molecule junctions on single-crystal surfaces and
manipulating molecules on the surface that enables researchers to study single-
molecule junctions under controlled and well-defined structures and environments.
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2.1 Introduction

One of the great challenges in single-molecule electronics is the preparation
of single-molecule junctions. In the early stages of experimental studies, metal
contacts were deposited on top of monolayers prepared on metal surfaces by
Langmuir-Blodgett and self-assembly techniques to investigate the charge transport
through monolayers [1]. Other techniques including nano-pore technique [2],
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metal-nanoparticle contact [3-5], and cross wire contact [6] were developed.
Although interesting characteristics of the single-molecule and monolayer junc-
tions were reported, these techniques suffered low yield of working device and
reproducibility. The poor reproducibility is attributed not only to the difficulty of
experimental procedure itself but also to the nature of single-molecule junctions
that have a wide variety of structures and flexibility.

A mechanical break junction method enabled researchers to obtain a large
number of experimental results on the electrical conductance of the single-molecule
junctions and to discuss results on both the statistics and the detailed static
measurements on a single-molecule junction [7-10]. In this technique, a single-
molecule junction is formed during the breaking of metal electrodes with molecules
adsorbed on them by mechanical actuation mechanisms such as a scanning probe
microscope and specially designed devices. Actuating mechanisms allow the broken
electrodes to be reconnected so that measurements can be repeated. This technique
enables researchers to conduct measurements on a large number of single-molecule
junctions that make statistical analysis of the observed conductance possible in var-
ious environments such as vacuum, air, and solutions and at different temperatures.
This technique can also be used to sustain a single-molecule junction to measure
detailed current-voltage measurements and apply other important measurement
techniques introduced in Chap. 3. The ability to tune the distance between two
electrodes also used to control conformations of the junction mechanically.

In this chapter, techniques and the data analysis method used for the break
junction methods are explained followed by brief introductions of other impor-
tant measurement techniques, i.e., an electromigration technique and a scanning
tunneling microscope, to fabricate single-molecule junctions. Summaries for other
measurement techniques can be found in review articles [11-14].

2.2 Mechanical Break Junction Method

2.2.1 Principle and Instruments for the Break
Junction Method

In the mechanical break junction (BJ) technique, a contact between two metal
electrodes is broken by a precise mechanical control of a distance between the
electrodes [7—10]. The BJ is conducted either scanning tunneling microscope (SMT-
BJ) [15] and 3-point bending machines to break a metal contact prepared on an
elastic substrate (mechanically controllable break junction (CBJ)) [16]. In this
section, instruments and remarkable results on these techniques are explained.
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2.2.1.1 Scanning Tunneling Microscope-Break Junction (STM-BJ)

In the STM-BJ, the STM tip is brought into contact with the substrate and the current
during the retracting process is recorded. Figure 2.1a shows the relation between the
current transient and structure of the junction during the breaking process. Initially,
the electrical current decreases continuously following Ohm’s law as the junction
is stretched. When the dimension of the contact is as small as an atomic scale,
stepwise decrease of the current is observed at the integer multiples of the quantum
conductance Gy = 2¢?/h. The exponential decay of the current is observed due to
the tunneling transport after breaking the atomic contact of the electrodes (a dashed
curve in Fig. 2.1a). When the molecule is adsorbed on the electrodes or existed
in surrounding medium, conductance plateaus at conductance values below 1 Gy
are occasionally observed due to the formation of the single-molecule junction
(a black curve in Fig. 2.1a). The single-molecule junction is broken by the further
retraction of the STM tip. The break junction process can be repeated by making
the STM tip contacted to the substrate repeatedly. The so-called current-distance or
Z spectroscopy function implemented to most of commercial STM can be used to
conduct the STM-BJ measurement.

The conductance of the single-molecule junction is determined based on the
conductance histogram created from hundreds to thousands of the current transient
curves (Fig. 2.1b). To create the conductance histogram, the number of data points
measured at a certain range of conductance (bin-width of the histogram) is counted
in a conductance transient curve. A conductance plateau enhances the count of the
data points around the conductance value around it and a peak is formed in the
conductance histogram. The current transients showing without any plateaus are
sometimes removed to make the peak clearer.

Figure 2.2 shows conductance transient curves and conductance histograms
obtained for 4,4’ bipyridine using gold electrodes. The conductance steps above
1 Gy showing the formation of a gold atomic contact are evident in the conductance
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Fig. 2.1 (a) Scheme of a current transient observed during the retraction of the STM tip. Inset
schematics show structures of the junction corresponding to the current steps. A dashed smooth
curve shows the current decay without molecules. (b) A conductance histogram corresponding
to the current transient shown in (a). The peaks indicated by small and large arrows correspond
to the conductance of an atomic point contact, i.e., 1 Gy for gold, and single-molecule junction,
respectively
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Fig. 2.2 (a) Conductance transient curves and (b) corresponding conductance histogram above
1 Gy region measured by STM-BJ method using gold electrodes. (c), (d) represent conductance
transient curves and corresponding conductance histogram below 1 Gy region with the presence of
4,4/ -bipyridine, respectively, whereas (e), (f) show them without any molecules [15]

transient curve (Fig. 2.2a) and histogram (Fig. 2.2b). The conductance transient
curves pose additional plateaus below 1 Gy with the presence of molecules as
shown in Fig. 2.2¢, and corresponding peak is found in the conductance histogram
(Fig. 2.2d), whereas no plateaus are found without the presence of molecules
(Fig. 2.2e, f). The conductance histogram shows multiple peaks at the integer
multiples of the fundamental conductance of 0.01 Gy. The second and third peaks
are attributed to two and three molecule junctions in parallel and considered as a
strong evidence of the formation of a single-molecule junction at the fundamental
conductance peak.

The detailed analysis of the conductance histogram sometimes reveals multiple
sets of peaks [17-19]. Figure 2.3 shows conductance transient curves and his-
tograms observed for Au/nonane-dithiol/Au junctions. The conductance plateaus
are observed at different conductance ranges. The conductance histogram shows
multiple peaks that can be assigned to three fundamental conductance values,
indicated as L1, M1, HI, and their multiples. By comparing theoretical models,
these peaks are attributed to the junction structures with different contact geometry
as shown in Fig. 2.3e. The H1 and M1 correspond to the molecule junction in which
the contact is formed at a bridge and an atop site, respectively. The L1 peak is
assigned to the structure with bending in alkyl chain.
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Fig. 2.3 Current transient curves observed low (a) and high (b) conductance regions and
corresponding histograms (c, d). e Proposed models showing H, M and L conductance values [19]

The statistical method using the BJ method provided a way to quantify the single-
molecule conductance and is now considered as the most standard method. Based
on this technique, the charge transport mechanisms in the single-molecule junction
such as length dependence [15, 20, 21], twisting between adjoining -orbitals [22],
anchoring chemistry [23, 24], and orbital energy shift by substituent group [25] have

been investigated.
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The temperature dependence of the electrical conductance is one of the most
basic and important characteristics to understand the charge transport mechanisms.

In the single-molecule junction, tunnel transport is usually dominant. However,
thermal hopping charge transport mechanism, i.e., the thermally activated motion
of the localized charge injected in a molecule, is also expected to exist. As the
thermal hopping transport would open a path to create new device functions such as
hysteresis (memory) [26], it is important to clarify the existence of it in the single-
molecule junction.

The hopping transport would prevail the tunnel transport at a long distance
because the resistance due to the tunnel and hopping transport increases expo-
nentially and linearly, respectively [27]. Temperature dependence of the resistance
would give direct evidence for the hopping transport because the tunnel transport is
basically a temperature-independent process, although it should be noted that weak
temperature dependence can be observed even for the tunnel transport due to thermal
excitation of electrons in electrodes [28].

However, it has been difficult to evaluate the temperature dependence because
the change of the temperature would cause thermal fluctuations of a molecule
and deformations of device structures. The BJ method in which single-molecule
junctions are created at each measurement does not suffer from these problems.

The crossover between the tunneling and hopping transport was investigated
using oligothiophene molecule (Fig. 2.4a) [29, 30]. The exponential increase of the
resistance as a function of the molecular length with 8 = 1.4 nm™' is observed
between 5 and 14 mer (m = 1 ~ 4) which is attributed to the tunnel transport
following Rynnet = Ro exp (B1) where Ry is constant, 8 is a tunnel decay constant,
and 1 is molecular length as shown in Fig. 2.4b. The much weaker slope with
B = 0.5 nm™! is observed for longer molecules suggesting the change of the
transport mechanism to hopping. In fact, the resistance of the longer molecules
shows linear dependence on the molecular length as shown in Fig. 2.4c that is
expected for the hopping transport.

To confirm the hopping transport, temperature dependence of the conductance
was measured for 5- (m = 1), 14- (m = 4), 17-mer (m = 5) molecules. Figure 2.4d
shows the Arrhenius plot of the conductance values measured. The conductance
of 5-mer molecule does not show clear temperature dependence, whereas that of
17-mer molecule shows clear temperature dependence with an activation energy
of 0.3 eV. The conductance of 14-mer molecule is temperature independent below
300 K and starts to increase as temperature is raised. Above 400 K, the slope in
the Arrhenius plot is equivalent to that observed for 17-mer molecule. Their result
clearly demonstrated the crossover between tunneling and hopping transport as a
function of not only molecular length but also temperature.
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Fig. 2.4 (a) The structure of
oligothiophene molecule used
in the measurement. (b), (c)
show resistance values as a
function of molecular length
in semilog and linear scale,
respectively [29]. (d) The
Arrhenius plot of the
conductance for 5-, 14-, and
17-mer molecules [30]
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2.2.1.2 Mechanically Controllable Break Junction

The MCBJ method uses a suspended metal contact fabricated on an elastic substrate
as shown in Fig. 2.5a [7-10]. The substrate is placed in the three-point bending
machine. The rod (pushing rod) at the center of the substrate is moved vertically
by a screw and/or piezo-actuator to bend the substrate. The bending of the substrate
elongates and finally breaks the metal contact.

The elastic substrate is usually made of metal sheets such as phosphor bronze and
spring stainless steel. The surface of the metal substrate is insulated by polymer,
typically polyimide. Then, the metal electrodes are fabricated by either putting
metal wires with a notch created by etching or mechanical cutting or micro/nano-
lithography process. The latter is more popular because it can achieve higher
resolution. In case of using the lithography process to fabricate the electrode, the
insulating layer (polyimide) underneath the electrode is etched using the reactive
ion etching (RIE) method to make the electrodes suspended (Fig. 2.5b).

The advantage of MCBJ technique is high resolution and stability. The vertical
motion of the pushing rod is converted to the lateral motion with an attenuation
factor that is determined by the geometry of the chip. With a configuration shown
in Fig. 2.5a, the attenuation factor (a) is estimated by a = Al/Az ~ 6ut/L2, where

Fig. 2.5 (a) A schematic of a a l
MCBIJ setup. (b) A scanning 9 <_ )
electron microscopy image of 2862 "‘fﬁ

a suspended electrode for
MCBJ measurements
prepared by lithography and
etching technique [58]
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Az is the displacement of the pushing rod, Al is the change of the gap distance, u is
the length of the suspended bridge, ¢ is the thickness of the support materials, and L
is the length between two supporting points in the three-point bending configuration
[31].

For example, L = 15 mm, u = 4 pum, and t = 100 um give a = 107>, The
pushing rod can be controlled within an accuracy of 1 nm by using piezoelectric
actuator, and thus, sub-pm resolution can be achievable theoretically. In addition
to the high distance resolution, the MCBJ setup is more robust against external
vibrations and thermal fluctuations than STM because mobile parts are assembled
in a small space and the bending machine itself can be also designed to be
compact which is favorable to make the device mechanically robust and achieve
high mechanical resonant frequency.

The resolution of the MCBJ method can be evaluated by measuring the decay of
the tunneling current at low bias voltages [32]. The tunneling current (/) at the low
bias voltages is described as

I o« exp (—21 \/m /ﬁ) ~ exp (—10.21 \/a(eV)_O'5 nm_l) ,

where [ is the gap distance, m is the electron effective mass, and ¢ is the tunneling
barrier height. The decay of the tunneling current from I; to I, according to the
change of the gap distance from /; to [, is expressed as

I/I, < exp {—10.2 (h—h)Je (eV)_O'5 nm_l}

By fitting the observed current decay as a function of the motion of the pushing rod
with assuming barrier height to be a few eV, the actual attenuation factor can be
obtained. Typically, actual distance resolution of MCBJ method is in the order of
tens of pm.

Due to the high distance resolution and stability, MCBJ is frequently used to
measure current-voltage characteristics of the single-molecule junctions. Figure 2.6
shows results on current-voltage (IV) measurements of 9,10-dihydroanthracene
bridged between gold electrodes carried out under the elongation of the gap distance
at 6 K [33]. The IV characteristics show negative differential resistance (NDR)
which is caused by breaking of the resonance tunneling between two -conjugating
units under the bias voltage as shown in Fig. 2.6a. As the gap distance increases,
the NDR is weakened and disappeared. The stable IV measurements under precise
control of the gap distance allows us to create the conductance transient by plotting
the conductance determined from the IV characteristics at low bias regions as
shown in Fig. 2.6b and to find the relation between NDR behaviors and structure
of the conductance plateaus which will be helpful to understand the structure of the
junction. Also, detailed IV characteristics and other interesting transport properties
such as inelastic tunneling spectroscopy and noise spectroscopy are measured,
which is discussed in Chap. 3.
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Fig. 2.6 (a) Current-voltage characteristics of the single-molecule junction of 9,10-
dihydroanthracene using gold electrodes as a function of different gap separations at 6 K.
Inset shows the structure of the molecule. (b) A conductance transient curve created from the IV
characteristics at different gap distances. Colored arrows show positions where the current-voltage
curves with the same color in (@) are taken [33]
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Fig. 2.7 (a) A schematic of a structure of the electrode used to measure MR effect in the
MCBIJ setup. (b) Resistance as a function of external magnetic fields (MR loop) observed for a
benzenedithiol single-molecule junction using Ni electrodes

MCBJ is also useful to measure effects of external fields on the charge transport
characteristics such as magnetic and electrostatic fields. However, the mechanical
deformations of the electrodes caused by the external fields should be avoided. For
example, to measure the magnetic field effects on single-molecule junctions using
ferromagnetic electrodes (magnetoresistance (MR)), mechanical deformations of
the electrode due to magnetic force and magnetostriction should be avoided
[34, 35].

Figure 2.7a shows the structure of the electrode used to measure the MR effect
of single-molecule junctions using Ni electrodes [36]. Initially gold electrodes with
a gap separation of 4 um were prepared by conventional photolithography. Then,
the gap separation was reduced to ~0.5 pm by electrodeposition of gold onto the
electrode pattern. Then, a ferromagnetic layer (Ni) was electrochemically deposited
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to form a nano-contact of Ni. In this electrode structure, the supporting gold
electrodes are robust enough to avoid the deformation due to the magnetic fields,
and the Ni layer is thin enough to remove the effect due to magnetostriction. By
using this device structure, MR loop is successfully measured as shown in Fig. 2.7b.
Device structures for electrostatic field will be explained in Sect. 2.3.3.

2.2.2 Statistical Data Analysis

Since the current transient measured during the break junction process can be
originated from various junction structures formed during the breaking process, a
statistical analysis is usually used to determine the conductance of a single-molecule
junction. The statistical analysis also reveals useful information such as sequences
of the structures appearing during the breaking process. In this section, typical
analysis methods in addition to the conductance histogram are explained.

2.2.2.1 Distance and Conductance: Two-Dimensional Histogram

The conductance transient curves contain information not only on conductance but
also on distance. Since changes of the gap distance can alter structures of a single-
molecule junction, dependence of conductance values on the gap distance would
give fruitful information on the structure of the single-molecule junction. Two-
dimensional (2D) histograms are useful to analyze distribution of the conductance
as a function of gap distance (or stretching length) [37].

Figure 2.8a shows conductance histogram obtained for 4,4’-bipyridine using gold
electrodes [38], showing two peaks as indicated as low and high. The conductance
transients (Fig. 2.8b) show a trend that the low conductance plateaus appear after
the high conductance plateaus.

The distance distribution of the high and low conductance states is evident in the
conductance 2D histogram shown in Fig. 2.8c. In the 2D histogram, the number of
data points at a certain conductance and distance is counted and shown as a color
map. A huge peak is observed around the position where the displacement is 0.2 nm
and the conductance is 10~ Gy which corresponds to the high conductance state
observed in the conductance histogram shown in Fig. 2.8a. The small peak which
corresponds to the low conductance state is observed just below the huge peak. From
this 2D histogram, it is found that the high conductance state appears just after the
breaking of the junction, whereas the low conductance state appears after the gap
distance is separated more than 0.2 nm. In fact, these two conductance states can be
reversibly switched by controlling the gap distance as shown in Fig. 2.8d. With the
help of theoretical calculation, the transition between the high and low conductance
states is attributed to the sliding of the bonding site of nitrogen on the gold tip
(Fig. 2.8e).
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Fig. 2.8 Conductance
histogram (a) and transient
curves (b) observed for

4,4’ -bipyridine using gold
electrodes. (¢) 2D histogram
of the conductance transient
curves observed. The
displacement is measured
with respect to the position
where the conductance drops
from 1 Gy. (d) Conductance
measured with a distance
modulation showing
reversible conductance
switching between high and
low conductance states.
Dashed curve represents
motion of the STM tip. The
colored curves show the
conductance measured in
different experiments. (e)
Schematic models of the
junction for high and low
conductance states [38]
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2.2.2.2 Cross Correlation and Conditional Histogram Analysis

The conductance transient curves contain information on dynamics of the junction
formation. For example, in the molecular mechanical switch shown in Fig. 2.8, the
low conductance plateau appears following to the high conductance plateau. This
kind of correlation between different conductance values is useful to understand
the formation dynamics of the junction and is evaluated by cross correlation
analysis in which correlation between each bin of the conductance histogram for all
conductance transient curves is evaluated. In this section, the interpretation of the
cross correlation analysis is briefly explained by some examples because methods to
create cross correlation histogram are too technical to be explained here. For more
details, readers may refer other articles [39-41].

Figure 2.9a, b shows the conductance transient and histogram observed between
Co tip and Ge substrate, respectively [39]. The conductance histogram reveals
several sharp peaks indicated by a-g. The conductance transient curves tend to have
certain sets of sequence of the plateaus, such as f-c-a and f-d-a.

This trend is clearly resolved in cross correlation histogram shown in Fig. 2.9c.
In this histogram, the co-relation between two conductance values indicated in
horizontal and vertical axes is shown. White color (or bright area) corresponds to
positive values. The peaks at diagonal correspond to the peaks in the conductance
histogram shown in Fig. 2.9b. For example, when one looks at the horizontal
position at the conductance peak a, a strong peak is found at the location of the
peak c. On the other hand, there are no peaks observed at location of the peak b.
This result indicates that the peak ¢ appears in accordance with the peak a but not b.
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Fig. 2.9 Conductance transient curves (a) and histogram (b) obtained for Co-Ge junction. (c)
Conductance co-relation histogram. Typical scenarios of breaking sequence are indicated by solid,
dotted, and dashed lines [39]
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We can also find a peak between the peak c and the peak f. Therefore, a sequence
f-c-a is expected during the break junction process. Similarly, sequences g-e-b and
f-d-a are identified. This analysis gives information on the formation dynamic of the
junction.

The detailed analysis of the cross correlation on the break junction data revealed
that the cross correlation histogram shows not only the correlation in the occurrence
of the plateau but also that of the plateau lengths. Although two conductance
values are correlated in occurrence, the cross correlation value can be negative
due to negative correlation in plateau length, e.g., long plateau followed by short
plateau. The correlation in the occurrence can be evaluated by creating conditional
histograms that are made from data sets contributing to certain histogram peaks of
interest [40]. If two histogram peaks, A, B, posses anticorrelation (correlation) in
occurrence, the histogram created from the data contributing to peak A does not
(does) show peak B. The histogram created in this manner is called conditional
histogram.

Figure 2.10 show an example of correlation analysis on 4,4'-bipyridine molecule
junction shown in Fig. 2.8 [40]. The conductance histogram (Fig. 2.10a, black
shadowed) shows two distinct peaks. The cross correlation histogram (Fig. 2.10c)
shows negative value for these two peaks, which indicates anticorrelation of
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Fig. 2.10 Correlation analysis of the conductance of 4,4’ -bipyridine molecule junction using gold
electrodes. (a) Whole conductance histogram (black shaded) and conditional histogram for low
conductance (green line) and high conductance (blue line). (b) Proposed model for high and low
conductance states. (¢) Two-dimensional correlation histogram. (d) Typical conductance transient
curves [40]
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occurrence or plateau length. As the conditional histogram for the small conduc-
tance peak (Fig. 2.10a, blue curve) shows high conductance peak and vice versa, the
negative correlation is attributed to the anticorrelation of plateau length. Therefore,
the correlation in occurrence exists between the high and low conductance states
which support the proposed mechanism of the conductance switching.

2.2.3 Related Techniques
2.2.3.1 Distance Modulations

In the break junction measurement, formations of single-molecule junctions are
detected by the conductance plateaus that can be basically evident only after the
breaking of the junctions. A distance modulation technique [42] provides useful
information on the formation of the single-molecule junctions and convenient
especially when one would like to conduct static measurements such as current-
voltage measurements on a single-molecule junction.

In this technique, the distance between two electrodes is modulated at a certain
frequency and the AC component of the current synchronizing to the gap distance
modulation is measured. In brief, when a current (7) is measured at a gap distance
(D = dy), the amplitude of the AC current corresponds to dI/dD at dj that should
be close to 0 where the conductance plateau is formed.

The total current / is described as

I =1Ipc+dl/dD Agcos wt,

where Ipc, Ag, and @ are the measured DC current, amplitude of the distance
modulation, and angular frequency, respectively.

First of all, the expression for d//dD in case of the vacuum tunneling is discussed.
In this case, this technique is equal to the barrier height measurement used in the
conventional STM measurement [43]:

Inc ~ lpexp (—BD),
where f is the tunneling decay constant and I is a constant.
dIpc/dD = —Iy B exp (—BD) = —BIpc
Therefore,
p = —di/dD/Ipc

In the single-molecule junction, the current response with respect to distance is
not expressed by a simple equation because it can contain various effects such as
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Fig. 2.11 Ipc (red) and Iac/Ipc (blue) measured in the break junction measurement without
(a) and with (b) the presence of 1,8’-octanedithiol. The amplitude or peak value of Inc/Ipc gives
a [42]

mechanical elongation of the junctions and piezoelectric response of molecules [44].
However, dI/dD/Ipc is still a convenient parameter to describe mechanical response
of the single-molecule junction since d//dD should be normalized and referred as «.

Figure 2.11 shows Ipc and Iac/Ipc whose amplitude represents o observed in
the experiment using 1,8’-octanedithol [42]. When no molecules are contained in
the measurement system (Fig. 2.11a), only exponential decay of Ipc and almost
constant « are observed. In the presence of 1,8'-octadecanedithiol (Fig. 2.11b), Ipc
shows stepwise changes (plateaus) and o becomes small at the plateau region. After
the break down of the plateau, a suddenly increased. These results demonstrate o is
a good indicator to monitor the formation of the single-molecule junctions.

The ability of the distance modulation technique was demonstrated in the
measurements of a molecular diode [45]. It is necessary to know the orientation of
the molecular diode with respect to the bias voltage to understand the rectification
behavior. However, it is not possible to maintain or identify the orientation of
the molecule in the break junction measurement. Therefore, the measurement was
conducted by gently contacting the STM tip to the surface of the self-assembled
monolayer of the diode molecule whose orientation is controlled by a sequential
two-step chemical deprotection method as shown in Fig. 2.12a. When the position
of the STM tip is held at the conductance of the single diode molecule determined
by the conventional break junction method, the alpha and Ipc stochastically change
(Fig. 2.12b). The jump of Idc to higher value is accompanied by the jump of
alpha to smaller value, which indicates the formation of the molecule junction,
allowing the detection of the formation of the molecule junctions. The current-
voltage characteristic is measured when the junction is formed (Fig. 2.12b). The
modulation in parallel to the substrate in the STM setup is used to evaluate the
lateral coupling between molecules and substrate [46].
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Fig. 2.12 (a) A method to prepare a monolayer of diode molecule (dipyrimidinyl-diphenyl
molecule). A thiol group at the top of the molecule in the figure is deactivated by a protecting
group so that the molecules adsorbed only through sulfur atoms at the bottom end of the molecule
(step I). After the formation of the monolayer, the protecting group is chemically detached and SH
groups which can bind to metal electrodes is generated on fop of the molecule. (b) Ixc/Ipc and Ipe
measured. The gap distance was held during the measurement. (¢) Current-voltage characteristics
measured at the region A (black) and B (red) in (b), which corresponds to the junction with a tunnel
gap and the single-molecule junction, respectively [45]

2.2.3.2 Electromechanical Responses

The breaking process of the junction is studied in more detail by using an
atomic force microscope (AFM) [47-51]. The force observed during the breaking
process combined with the electrical conductance gives information on the bonding
structure between molecules and electrodes. This measurement is also interesting to
understand changes of electrical characteristics caused by mechanical perturbations,
i.e., electromechanical responses, of the single-molecule junction that can be used
to design single-molecule electronic devices. In this section, the procedure and an
example of the measurement are briefly introduced. More detailed discussion is
given in Chap. 3.


http://dx.doi.org/10.1007/978-981-10-0724-8_3
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Fig. 2.13 (a) A schematic of the AFM-BJ method. The deflection of the cantilever is monitored
by the position of a laser reflected from the backside of the cantilever. The bias voltage is applied
between the tip and the substrate. (b) A conductance transient curve obtained for 4,4’-bypyridine
junction using Au electrodes and force measured simultaneously. (¢) Model structures representing
the force rupture event observed in the middle of the conductance plateau indicated by arrows [50]

Figure 2.13a shows a scheme of the measurement system. The BJ measurement
is carried out with a metal-coated AFM tip. The force acting on the tip is measured
from the deflection of a cantilever by a conventional AFM setup. A bias voltage is
applied between the AFM tip and the substrate and electrical current is measured
simultaneously with the force.

Figure 2.13b shows the conductance and force transient obtained for 4,4'-
bypyridine junction using Au electrode [50]. The conductance transient shows
clear two-step plateaus and sharp decrease of force is observed at the conductance
steps where the bonding between molecules and electrodes is broken. In addition,
another sharp drop in the force transient is observed in the middle of the first long
conductance plateau at 1073 G, where a small dip of the conductance is observed.
This result indicates that structural changes of the molecule junction without causing
significant changes in the conductance can be detected by the force measurement. A
proposed model for this structural change is shown in Fig. 2.13c. After the breaking
of the gold atomic contact, the molecule can bind to rough gold surface through both
specific bonding through N atom and van der Waals interaction through carbon ring.
Upon elongation of the gap distance, the van der Waals bonding raptures and causes
a drop of force, whereas the conductance does not change a lot. More detailed and
quantitative analysis of the rupture force can be used to deduce the strength of the
bonding between electrode and molecule as discussed in Chap. 3.


http://dx.doi.org/10.1007/978-981-10-0724-8_3
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2.2.3.3 Electrical and Electrolyte Gating

An application of an electrostatic gate field shifts the energy of the system and hence
the transport characteristics. When the junction is positively (negatively) charged,
the energy levels would be shifted to higher (lower) levels (Fig. 2.14a, b). The gate
effect is not only useful to investigate transport mechanism but also an important
step to realize active devices [52]. Fabrication of a solid-state gate electrode
to nm-scale junctions such as shown in Fig. 2.14c is still challenging [53]. To
prepare single-molecule junctions on solid-state gate electrodes, electromigration
which is explained in Sect. 3.1 and shadow mask techniques [54] have been
used. However, application of gate electric fields in the MCBIJ setup has been
desired.

When electric field is applied to source and drain electrodes from a gate electrode
placed underneath them in the MCBIJ setup (Fig. 2.15a), electrostatic force causes
deformations of the cantilever-shape source and drain electrodes, and the atomic
contact can be reversibly opened and closed by the application of gate field as
shown in Fig. 2.15b [55]. A side gate structure was developed by electron-beam
lithography as shown in Fig. 2.15c [56]. However, the distance, typically in the
order of tens of nm, between the gate electrode and the molecule junction is too large

A LUMO
TUMO J
A HOMO
HOMO ¥

C d

Source

©

Drain Source [T~ » Drain

Insulator

i

Fig. 2.14 Energy shifts of a molecule junction when negatively gated (a) and positively gated (b).
Schemes for solid-state gate (c) and electrolyte gate (d). HOMO and LUMO represent highest
occupied and lowest unoccupied molecular orbitals, respectively
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Fig. 2.15 (a) Schematic of the device structure and measurement circuit. (b) Switching character-
istics of the device under the application of the gate voltage. (¢) A scanning electron microscopy
image of a MCBIJ device with a side gate. (a), (b) [55,56]

to generate electric fields effective to tune the electronic structure of the molecule
junctions.

To realize the effective electrostatic gate effect without deformation of the source
and drain electrodes, the sandwich-type electrode structure was developed [57, 58].
In this structure, the source and drain electrodes are fabricated on the gate electrode
covered with aluminum oxide layer and whole electrode is suspended (Fig. 2.16a).
Under the bending of the supporting substrate, only the source and drain electrode
can be broken allowing the BJ measurement.

Performance of the MCBJ with the stacked gate electrode is demonstrated
by using the thiol-terminated zinc-porphyrin molecule [Zn(5,15-di(p-thiolphenyl)-
10,20-di(p-tolyl)porphyrin)] (ZnTPPdT) (Fig. 2.16b) [58]. The current-voltage
characteristics of the single-molecule junction of ZnTPPdT shows Coulomb block-
ade as shown in (Fig. 2.16c). Figure 2.16d and e shows color maps of the differential
conductance under the application of the source and drain voltages and gate
voltages. Note that peaks appearing in the differential conductance correspond to
the voltages where the current start to increase in the current-voltage characteristics
shown in Fig. 2.16c and, thus, energy levels of transport channels. Figure 2.16d
shows peak shifts to higher energy under the application of positive gate voltages,
whereas peak shifts toward lower energy is observed in Fig. 2.16e. The observed
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Fig. 2.16 (a) Scanning electron microscopy images of a MCBIJ electrode. A gate electrode is
attached underneath suspended source (S) and drain (D) electrodes through an oxide layer [57]. (b)
Structure of ZnTPPdT. (c) Typical current-voltage characteristics of the single-molecule junction
of zinc porphyrin measured at various gap separations showing Coulomb blockade. (d), (e) dI/dV
color maps under the application of gate voltages (horizontal axis) and source-drain voltage
(vertical axis). (f) An energy diagram showing the effect of a gate voltage, Vg. The b in the figure
represents the effective gate coupling strength which is used to estimate the effective electrostatic
field from the applied gate voltage [58]
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behavior is explained using energy diagram shown in Fig. 2.16f. When positive
gate voltage is applied, energy levels in the molecule are shifted to lower energy.
The downward shift opens the gap between Fermi level and highest occupied
molecular orbital (HOMO)-like transport channel, resulting in the shift of the peak
in differential conductance toward higher energy, which is observed in Fig. 2.16d.
On the contrary, the gap between Fermi level and lowest unoccupied molecular
orbital (LUMO)-like transport channel would become small under the application
of positive gate voltage, which is observed in Fig. 2.16e. Note that HOMO-like and
LUMO-like indicate the energy levels of the molecule in the junction used for the
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charge transport that does not always correspond to the HOMO and LUMO of the
molecule in gas phase.

The electric field effect can be also studied by using electrochemical environ-
ment, i.e., in electrolyte solutions, as shown in Fig. 2.14d [59]. In this method, the
gate electric field (electrochemical potential) is applied through the electric double
layer formed by ions in the solution. In terms of electrochemistry, electrochemical
potentials of source and drain electrodes are controlled with respect to the refer-
ence electrode put in the solution. There are two possible gating mechanisms in
electrochemical environment. One of the mechanisms uses the electric field applied
through electric double layers formed by ions whose thickness can be reduced in
the order of 0.1 nm, allowing the generation of strong electric field for the gating. In
the electrochemistry term, this process corresponds to the potential scan in the so-
called double-layer region where no electrochemical reactions (or Faradic current)
take place. In another mechanism, the electrochemical reaction of the molecule takes
place, i.e., the electronic state of the junction is tuned by the charge injection into
the molecule. The former and the latter are sometimes referred as electrolyte and
electrochemical gating, respectively.

The electrolyte gating is convenient because it can be applicable for both
STM-BJ and MCBJ. However, one should pay attention that the charge transport
mechanism can be affected by polar solvents. For example, single-molecule junc-
tions of perylene tetracarboxylic diimide (PTCDI) derivatives show temperature-
independent tunneling transport and temperature-dependent hopping transport in
nonpolar and polar solvent, respectively [60].

2.3 Other Experimental Methods to Prepare
Single-Molecule Junctions

2.3.1 Electromigration Technique

When sufficient electrical current is applied in a narrow metal wire and a critical
temperature is reached by Joule heating, metal atoms in the metal wire become
mobile and start to drift due to the transfer of momentum of electron [53, 61].
The drift of the metal atoms results in the gradual reduction of the size of the
wire and eventually formation of atomic contact and a gap. This process is called
electromigration.

To fabricate a gapped electrode by this technique, a necked wire pattern is
prepared where the gap should be created (Fig. 2.17a). When a voltage applied
to the wire is increased, the electrical current starts to collapse at a certain
voltage (Fig. 2.17b, denoted 1) where the electromigration process begins. The
voltage should be quickly decreased to avoid the catastrophic breaking of the wire
(Fig. 2.17b, denoted 2-3) and then increased again to cause the next electromigra-
tion process (Fig. 2.17b, denoted 4). By repeating this cycle, the wire is narrowed
to reach atomic size and finally a gap is formed. This process can be monitored
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Fig. 2.17 (a) Scheme of an electrode subjected to the electromigration. Atoms at the necked
region will be stacked around the area indicated by a dotted circle. (b) A scheme of electrical
current observed under the successive electromigration process

from the stepwise decrease of the conductance by a quantum conductance after the
electromigration process. A fast feedback control of the electrical power during the
electromigration process followed by spontaneous self-breaking of atomic contacts
enables researchers to prepare an atomic contact and an electrode gap with a
separation of a few or less than nm [62—-64]. When molecules are adsorbed on metal
electrodes before breaking, molecule junctions can be formed after the breaking of
the wire.

The advantage of this technique is that one can prepare single-molecule junctions
on a gate insulator as explained in detail below. The disadvantages are as follows:
fake signals are sometimes obtained by metal particles and grains generated in
electromigration process [65]; yield of molecule junction is low, typically a few %;
and the conductance of a single-molecule junction should be determined by different
techniques such as the BJ techniques.

Using electromigration techniques, a single-molecule junction can be pre-
pared on a gate insulator as schematically shown in Fig. 2.18 inset [66]. In
this structure, an electrode pattern subjected to the electromigration process is
fabricated on an Al,O3 layer formed on an Al electrode which is used as a gate
electrode. The electromigration was performed to prepare molecule junctions of
1,4-benzenedithiol (BDT). The formation of the molecule junction is confirmed
by inelastic tunneling spectroscopy (IETS) that is explained in Chap. 3. The gate-
modulated current-voltage characteristics were successfully observed as shown in
Fig. 2.18.

The electromigration technique may have a potential for a mass production of
gap arrays with a separation less than 1 nm which is difficult to be fabricated by
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Fig. 2.18 Schematic of device (inset) and current-voltage characteristics of a BDT molecule
junction at various gate voltages. S and D represents source and drain electrodes created by the
electromigration of the gold electrode. G represents Al gate electrode. An Al,O3 layer is formed
on the Al electrode by oxidation [66]

lithographic technique since sophisticated methods avoiding generation of metal
nanoparticles are developed [63, 64]. The technique to control crystallinity of the
electrode edge is under progress [67]. Moreover, this technique is utilized to create
a novel lateral in-plane nano-hole that allows single molecules to flow in it [68].
Figure 2.19 shows the device structure. The electrode for the electromigration
is sandwiched between oxide insulating layers. When the electrical current is
applied, the electrode is narrowed by electromigration process. The gold atoms
drift in the space confined by two insulating layers and spill over at the side
of the electrode pattern (Fig. 2.19c). After the resistance of the metal electrode
becomes higher than 1 k€2, the bias voltage is held at 0.1 V to cause spontaneous
breaking of the electrode which results in the formation of regulated gap fitting
to a size of single molecules [64]. By combining a fluidic channel fitting to this
structure, single molecules passing through the gap in solutions are detected by
measuring the electrical current between the gap. Identification of molecules is
possible by analyzing the current. This technique opens a new application field for
single-molecule electrical measurement techniques as an analytical tool for single
molecules as explained in Chap. 9.


http://dx.doi.org/10.1007/978-981-10-0724-8_9
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Fig. 2.19 (a) Scheme of the
device to create an in-plane
nano-hole. Thickness of a
gold layer is 15 nm. (b) A
scanning electron microscopy
image of the junction
subjected to the
electromigration process
followed by spontaneous
breaking. (¢) Scheme of the
junction imaged in (b) [68]
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2.3.2 Ultrahigh-Vacuum and Low-Temperature Scanning
Tunneling Microscope

A scanning tunneling microscope (STM) is a powerful technique to observe surfaces
with atomic resolution in real space. It is, therefore, natural to use STM to
measure electrical properties of single-molecule junctions. Although the stability
of the instruments has been an issue, recently, commercial ultrahigh-vacuum low-
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temperature (UHV-LT) STM possesses sufficient stability to create, maintain, and
measure single-molecule junctions. The advantages of UHV-LT-STM are as follows:
one of the electrodes can be a single-crystal surface, i.e., a well-defined structure;
the existence of a molecule is confirmed directly by imaging; the location of
the electrical contact in the molecule is controlled with intramolecular resolution;
and the position of molecules can be manipulated on a surface. The possible
drawbacks of UHV-LT-STM are as follows: it requires ultraclean environments and
low temperature that requires very specialized and sophisticated knowledge and
techniques; it is very time consuming, e.g., a surface should be imaged to find
molecules which takes hours; and good probe tip conditions are needed for reliable
measurements, which is always the case for UHV-LT-STM measurements.

In this section, some remarkable examples showing the benefit of UHV-LT-STM
are briefly explained. For basic principles and mechanism of STM, readers might
refer other books [69].

Manipulation of atoms and molecules is one of the fascinating and unique
capabilities of UHV-LT-STM that enables researchers to investigate effects of sur-
rounding molecules on the conductance of a single-molecule junction. Figure 2.20a
shows STM images of three phenol molecules adsorbed on Cu(110) surface taken
at 4.5 K [70]. The three bright spots represent each phenol molecule. The dark area
observed at the right of the bright spots in Fig. 2.20a corresponds to the oxygen
of phenol from which orientation of molecules can be identified. The lattice lines
indicate the position of Cu atoms. Two molecules sit next to each other and one
molecule is isolated. When the STM tip is approached to the molecule indicated by
1 in Fig. 2.20a, the tunneling current suddenly jumps up to around 35 nA as shown in
the curve 1 in Fig. 2.20c. At this point, the molecule 1 adsorbed on the STM tip by -
bonding of benzene ring and STM tip. When the same measurement was carried out
on the molecule 3, i.e., the isolated molecule, the current reaches around 40 nA. This
result indicates the neighboring molecule reduced the conductance of the molecule.
To make sure the molecule 1 is identical to the molecule 3, the neighboring molecule
was flipped to be separated from the molecule 1. The flip of the molecule can be
done by lifting the molecule by approaching the tip and then moving laterally. Now,
the molecule 1 is isolated as shown in Fig. 2.20b and indicated as 2. When the
molecule junction is formed using the molecule 2, the measured current is the same
with that observed for the molecule 3. This result clearly demonstrates the effect
of neighboring molecules on the conductance of the single-molecule junction. The
energy level shift caused by the electrostatic potential of neighboring molecules
including dipole moment is attributed to the reduction of the conductance.

A difficult issue in handing single molecules with UHV-LT-STM is sample
preparation. Most of the measurements are limited to molecules that can be
sublimated in vacuum conditions. Although techniques to introduce large molecules
into vacuum, such as pulse valve [71] and electrospray [72, 73], were developed, it
is difficult to find right conditions to put molecules on the substrate without damages
and contaminations.

For studies of large molecules by STM, on-surface polymerization is useful [74—
76]. In this technique, firstly, unit molecular structures that can be sublimated are



52 R. Yamada

< 40F

.

=20 2 3 1 M
0;—1— T 1 1 I 1 L L 1 | L L
0.5 1.0 1.5

Az (A)

Fig. 2.20 STM images of phenoxy molecules on Cu(110) surface taken at 4.5 K before (a) and
after (b) the flip of molecule next to the one denoted 1. (¢) Current transient observed during
approaching the STM tip to the molecules denoted /, 3(a), and 2(c) at the center position of each
molecule. The curves not indicated by numbers are current transient taken at clean Cu(110) surface
with the same STM tip used to form molecule junctions. Az is displacement of the tip normal to
the surface plane from the feedback point. Positive values correspond to the direction approaching
to the surface [70]

adsorbed on a surface. And then, the surface is heated to cause chemical reactions
between molecular units. Figure 2.21a shows an example of the molecular unit,
dibromoterfluorene (DBTF), for the on-surface polymerization [75]. Figure 2.21b
and ¢ shows an experimental and calculated STM image of the DBTF molecule
on an Au(111) surface at 10 K. Three intense lobes corresponding to the dimethyl
groups connecting two phenyl rings in the DBTF molecule are imaged. When the
Au(111) surface is heated, Br atoms dissociate from the molecule and C-C bond is
formed between the molecules which thermally diffuse and collapse. Figure 2.21d, e
shows STM images after heating the Au(111) surface at 520 K for 5 min. It is evident
from the image that the long well-defined fluorene oligomer more than 100 nm
is synthesized on the surface. The electrical conductance of the oligomer can be
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Fig. 2.21 Chemical structure (a) and observed (b) and calculated (¢) STM images of DBTFE.
(d) STM image of gold surface after on-surface polymerization. (e) Magnified STM image for
a polyfluorene oligomer and its molecular structure [75]

measured by contacting the STM tip with one end of the oligomer and lifting the
molecule.

The on-surface polymerization is useful not only for preparation of samples for
STM measurements but also for synthesizing molecules that are not prepared in
solutions. In fact, the long fluorene polymer shown in Fig. 2.21d cannot be prepared
in solutions due to the lack of solubility.

2.4 Summary and Perspective

In this chapter, three representative methods used to measure electrical properties of
single-molecule junctions are explained. The major difficulty of measuring single-
molecule junction is confirmation of single-molecule junctions and low yield of
formation of the junction. The STM-BJ and MCBJ techniques solve these problems
by using mobile electrodes and have become the standard methods. Conductance
traces observed during the breaking of the metal wire by mechanical motion of the
electrode enable researchers to detect the formation of single-molecule junctions
and also repeat measurements for many times sufficient for statistical analysis. The
STM-BI is suitable for the statistical determination of the molecular conductance
because the STM setup affords thousands of measurements contentiously. Even
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simple statistical analysis using conductance histogram reveals interesting nature
of the single-molecule junctions such as relation between conductance and contact
geometries. More sophisticated analysis such as correlation analysis and conditional
histogram would provide information to understand formation process of single-
molecule junctions with different configurations. The MCBJ method is capable
of sustaining a single-molecule junction for a long time enough to measure
current-voltage characteristics and apply more sophisticated measurement methods
introduced in Chap. 3.

External modulations such as electrostatic fields and magnetic fields of single-
molecule junctions are still challenging. For this purpose, the MCBJ method
encounters difficulties, although some challenges have been done. Different tech-
niques such as electromigration are used. However, the capability of distance
modulation is essential to confirm the formation of single-molecule junctions, and
the method to measure external modulation with MCBJ should be developed.

The stability and imaging capability of UHV-LT-STM allows researchers not
only to confirm the existence of a molecule and bonding site on a substrate but
also to identify orientation of molecule that is essential for the study of molecular
diodes. The electromechanical properties should be also investigated more precisely
by using UHV-LT-AFM. Although it still is difficult to put large molecules on
surfaces without contaminations, on-surface polymerization opens a new path to
prepare large molecules on clean surfaces in vacuum.

The statistical approach to determine the conductance of a single molecule by
the BJ method is reliable and successful. However, the deviation of the conductance
histogram often reaches several orders of magnitude. Although this deviation can
be justified because conductance values for a wide variety of structures are involved
in the conductance histogram, it is not straightforward to understand what the peak
value and width of the histogram represent. It can represent the most frequently
observed plateau and/or the most long-lasting plateau in conductance transient
curves. This difference can be problematic especially in low-temperature MCBJ
measurements of long molecules because various metastable structures can be
stably sustained. Other analytical method should be applied to understand the
meaning of plagues in the conductance transient and peak of the conductance
histogram as discussed in Chap. 3. Design of molecule junctions showing small
conductance deviations should be developed for creating single-molecule devices.
For this purpose, new anchor structures such as tripods [77, 78] and insulation of
conductive path in a molecule should be studied such as discussed in Chaps. 5 and 6.

Fabrication of stable solid-state single-molecule devices is the most challenging
topic remained. For this purpose, well-defined electrodes in atomic scale and robust
contacts between electrodes and molecules are required. These requirements can be
potentially fulfilled by using graphene and nanoribbons as electrodes [79]. Devices
possessing functions of single molecules would be also produced by using self-
assembled monolayers [80, 81].


http://dx.doi.org/10.1007/978-981-10-0724-8_3
http://dx.doi.org/10.1007/978-981-10-0724-8_3
http://dx.doi.org/10.1007/978-981-10-0724-8_5
http://dx.doi.org/10.1007/978-981-10-0724-8_6
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