Nanotechnology

PAPER « OPEN ACCESS

Activation—relaxation processes and related effects in quantum
conductance of molecular junctions

To cite this article: F Gasparyan et al 2020 Nanotechnology 31 045001

View the article online for updates and enhancements.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 134.94.122.142 on 20/01/2020 at 13:52


https://doi.org/10.1088/1361-6528/ab4d96
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssasYixuZPUdgZT59ktkA2zqpa7gQm-DWpjHkqaawtH0mmyabiNQ5ZjWWBwcrMSRyxNaEHE7olRZilRw-CPoB70P7-TsYrPXBCMrClriM8tPjYSn4_f0mdTEbBVpyjFIaJ_5xqpJaEPkaR-nawxj4uAhAAckGUq_20TgbYomiFt4Fgt9i8jI8qJq9SPeN3rAId1yHZGJi0lx4chisQWnTie8G82TquKC3WLgDsCPjyI7w_ghinV&sig=Cg0ArKJSzD1infY0mcl3&adurl=http://iopscience.org/books

OPEN ACCESS
10OP Publishing

Nanotechnology

Nanotechnology 31 (2020) 045001 (7pp)

https://doi.org/10.1088/1361-6528,/ab4d96

Activation-relaxation processes and related
effects in quantum conductance of

molecular junctions

F Gasparyan'~, N Boichuk' and S Vitusevich'

! Bioelectronics (ICS-8), Forschungszentrum Jiilich, D-52425, Jiilich, Germany
2 Yerevan State University, 1 Alex Manoogian St., 0025, Yerevan, Armenia

E-mail: S.Vitusevich@fz-juelich.de

Received 26 April 2019, revised 2 August 2019
Accepted for publication 14 October 2019
Published 30 October 2019

Abstract

®

CrossMark

We reveal the comparative relationship between small changes in quantum conductivity

behavior for molecular junctions. We clarify the mechanisms of acquiring and losing additional
thermal activation energy during average current flow in a gold-1,4 benzenediamine (BDA)-gold
molecular junction and explain the quantum conductance modulation process. Small changes in
working temperature lead to a change in quantum conductivity, which is reflected in random
telegraph signal behavior. We demonstrate the high sensitivity of the BDA molecules to small
changes in temperature. For BDA molecules, conductance thermo-sensitivity values are
relatively high near to (0.8 <+ 1.6) x 1077 Q~! K~L. This advantage can be used to measure weak
variations in the ambient temperature. We show that the additional thermal energy arising from
the change in temperature can impact on the strength of the electrode-molecule coupling, on the
modulation of quantum conductivity. Local changes in quantum conductance of the order of
quanta or smaller are conditioned by small random changes in the working regime arising from
some of the activation processes. On the basis of the modulation of conductance, we calculate
the magnitude of the spring constant of the 1,4 benzenediamine molecule as

ky =~ 7.1 x 1073 N m™!' at the stretching length of 0.03 nm for the Au—NH, molecular junction.

Keywords: quantum conductance, molecular junction, random telegraph signal

(Some figures may appear in colour only in the online journal)

1. Introduction

Charge transport through organic molecular junctions has been
widely investigated in the past. In general, researchers are
focused on a detailed theoretical and experimental study of
transport mechanisms through several organic molecules. They
look at the peculiarities of the energy band structure between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of metal-molecule—
metal junctions [1-21]. It is well known that transport
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characteristics are determined by the intrinsic properties of the
molecules, such as their length, conformation and orientation,
the gap between the HOMO and the LUMO, and the alignment
of this gap to the metal Fermi level. Electrical transport through
the molecular model systems benzenediamine, benzenedithiol,
hexanedithiol and hexanediamine was investigated in detail in
[4, 20]. Conductance histograms under different experimental
conditions indicate that measurements using the mechanically
controllable break junction (MCBJ) technique in vacuum are
limited by the surface density of molecules at the contact. For
both benzenediamine and benzenedithiol, a large variability in
low-bias conductance was observed in the experiment [4].
Authors of [4] attribute this variability to the slow breaking of
the lithographically processed MCBJs. The low-bias con-
ductance of a series of substituted 1.4-benzenediamine (BDA)

© 2019 IOP Publishing Ltd  Printed in the UK
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molecules was measured while breaking a gold point contact in
a solution of the molecules in [18]. A conductance value of
BDA in a lower current range was found in [22]. The con-
ductance of individual BDA-Au molecular junctions was
measured in different solvent environments using a point
contact technique based on a scanning tunneling microscope. It
was shown that increasing the Au contact work function
reduces the separation between the Au Fermi energy and the
HOMO of BDA in the junction, thus increasing the measured
conductance [23]. A detailed discussion of the questions of
stability and conductivity of the molecular junctions are pre-
sented in [1, 10, 18]. Electron tunneling through a metal-
molecule-metal junction is considered as a sequential process
to explain the behavior of conduction through molecular con-
tacts [24]. In the sequential tunneling model, the molecule is
treated as a quantum dot with discrete energy levels weakly
coupled to both electrodes through tunnel junctions. The
molecule is successively charged and discharged. There are
tunnel barriers at both ends of the molecule. The nitrogen
species in 1,4 benzenediamine (CgHgN>»), chemically adsorbed
on the gold electrodes, contributes to the HOMO and LUMO.
As it is known electron-donating substituents, which drive the
occupied molecular orbitals up, increase the junction con-
ductance, while electron-withdrawing substituents have the
opposite effect [18]. The behavior of the single BDA molecule
bridging Au or Pt electrodes was also investigated in [25]. The
conductance of molecular junctions with Au—NH, bonds was
found to be equal to 1 x 1072 Gy (Gy is the quantum con-
ductance). Moreover, the stretching length of the molecular
contacts Au—-NH, was 0.03 nm. The conductance value of the
Au—NH, molecular junction was unexpectedly larger than the
value evaluated using the density of states of the metal elec-
trodes and the molecule—metal bond strength. The large con-
ductance value is explained by the small energy difference
between metal and molecular orbitals and the high degree of
m-conjugation of the Au—NH, molecular junction [25]. The
results of our previous investigations on the current behavior
and noise characteristics of gold-BDT (benzene-1,4-dithiol)
molecule-gold junctions at room temperature and low bias
voltages are presented in [20, 21, 26]. A Lorentzian-shape
noise component was registered in addition to 1/fnoise. The
Lorentzian-type noise was interpreted as a manifestation of a
dynamic reconfiguration of the molecular coupling to the metal
electrodes [26]. The transport properties of bare gold and
molecule-containing tunable Au-BDT-Au nanoconstrictions
were studied using low-frequency noise spectroscopy in [21].
Models describing the noise behavior for bare gold and BDT-
modified samples were developed and compared with the
experimental data for three transport regimes: diffusive, bal-
listic and tunneling [21]. The transport mechanisms in metal—
molecule-metal junctions after a break were analyzed in [20].
In [27] the process of formation of organometallic oligomer
chains is analyzed using the MCBJ technique operated in a
liquid environment. Alternating isocyanoterminated benzene
monomers coordinated to gold atoms is considered. The
behavior of quantum conductance versus relatively large dis-
placement G (Ad) at the opening and closing of the nanogap is
investigated.

The temperature independent ballistic tunneling current for
small molecules with a small vibrionic correction is discussed
in [28, 29]. The correction was observed in the inelastic tun-
neling spectroscopy as a very small modulation of the slope in
the current-voltage characteristic at the bias voltage corresp-
onding to the molecular vibration energy. The problems of
vibrations of a molecule in an external force field are demon-
strated also in [30]. It is known that transition from ballistic
transport to the hopping transport observed as a function of the
molecular length and temperature for both self-assembled
monolayers and single molecules is explained by the standard
theory [31, 32]. In these scanning tunneling microscopy break
junction experimental measurements, data are collected in the
area of the conductance plateau. The question of the instability
behavior (vibrations) of a conductance on a plateau remains
almost open and should be explained.

The analysis of our experimental results here indicates
that a new effect appears in molecular junctions, particularly
at the transition from a diffusive to a ballistic regime or in the
ballistic transport mode except of universal conductance
fluctuations (UCF)°. This effect may cause weak instability in
conductance in a narrow temperature range. It appears as local
changes in quantum conductance in the order of quanta or
smaller conditioned by small random changes in working
regime (temperature, gap enlargement etc), resulting in some
activation processes. On the basis of empirical data, we
explain the unusual, observed conductance behavior for small
changes in temperature and displacement for a gold-BDA-
gold molecular junction. Since the quantum conductance is
very sensitive to the energy structure of HOMO-LUMO, even
weak effects impacting on the HOMO-LUMO can sig-
nificantly affect the nature and behavior of the quantum
conductance.

2. Experimental details

2.1. Fabrication procedure

We used MCBJs, fabricated at the Helmholtz Nanoelectronic
Facility of Forschungszentrum Jiilich GmbH, Germany, as
experimental samples. The samples were fabricated from
rectangular, flexible substrates made of stainless steel. The
lateral dimensions were 12 X 55 mm and the thickness was
0.15 mm. Several layers of polyimide PI2561 were subse-
quently spin-coated onto the substrates to create an insulating
layer. The samples were then covered with a stack of e-beam-
sensitive polymers (polymethyl methacrylate PMMA 649.04
and PMMA 679.04). After e-beam patterning, metal deposi-
tion was used to create large contact pads and nanoconstric-
tions simultaneously. After the lift-off process and reactive
ion etching, the samples were ready for measurements. More
detailed information on the fabrication technology can be
found in [33-35].

3 UCF observed in mesoscopic conductors for which the phase coherence
length is much longer than the sample size, while the elastic scattering length
is much smaller than the size of the system [24].
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Figure 1. Gold-BDA-gold resistance R, versus inverse temperature
measured in the near-ballistic regime. E, indicates the corresponding
activation energies for the three processes of resistance change with
decreasing temperature. A detailed description of these processes is
given later in the text.

2.2. Resistance measurements of gold-BDA-gold molecular
junctions

After fabrication, we introduced 107®M 1,4-benzenediamine
solution in ethanol to the surface of our sample by drop casting.
We used an immobilization time of several minutes, during
which amino groups of the investigated molecule bond with the
gold via covalent bonding. The excess of molecules that did not
bind to the gold was later removed by rinsing in ethanol. To
measure the electrical properties, we first bent our sample until
the gold nanoconstriction on the top broke and a single BDA
molecule bridged two electrodes (lock-in state). We obtained a
resistance value of 1.2 M2 for the system at room temperature,
which agrees well with the literature data [25]. All measure-
ments were performed in high vacuum (~10 ®mbar) in a
shielded environment. After establishing the molecular junction,
we measured the conductance at different temperatures in the
range 274.5-278.7 K. This range is relatively narrow because
even low temperature changes alter the stiffness of the gold and
break the junction. To investigate the influence of mechanical
strain on the electrical properties of the system, we altered the
gap width by bending our sample. This resulted in a change of
system resistance at room temperature. The dependence of the
sample resistance on inverse temperature at different bending
points is shown in figure 1. First of all we measured the
resistance change of gold-BDA-gold molecular junction with
decreasing of the temperature. When resistance increases due to
MCBJ break we reduced distance between two electrodes and
continue to measure the temperature dependence of resistance
with definite position of molecule bridged two electrodes (red
points in figure 1). At some temperature, resistance increases
rapidly and distance between the contacts was again adjusted to
attach the BDA molecule. In this configuration the temperature
measurements (green points) were continued. The dependences
R, (1/T) and data given in figure 1 are taken from a number of
measurements. Each data point is obtained by the averaging of
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Figure 2. Dependence of thermal (kT") activation conductance on
temperature for an Au-BDA-Au molecular junction plotted using
R,(1/T) dependence (see figure 1). Through Ax we marked

elementary change (growth) of the gap length between electrodes.
Through 7, and 7. marked RTS emission and capture times for
corresponding conduction states (see text below for details). The
transitions from point ‘a’ to point ‘b’, ‘c’ to ‘d’ and ‘e’ to ‘f” are
marked with green, red and black dots in figure 1, respectively.

resistances, measured about 5 times with a step of two minutes
at a certain temperature. The reproducibility of the data was
confirmed by following experiment. After decreasing the
temperature the behavior of the resistance dependence with
increase of the temperature was obtained to be about the same
within the experimental error. The most typical resistance
dependence on temperature is used for the analysis.

3. Conductance analyses

Small fluctuations in the working temperature regime apply to
all devices. For molecular junctions, this occurs when there is
a certain gap between the metal electrodes. These fluctuations
are random processes. Molecular junctions are much more
sensitive to such influences than the more ‘macroscopic’
devices. To investigate the quantum conductance (G) beha-
vior, even small changes in temperature and in the gap length
between electrodes have to be taken into consideration. To
physically explain the processes, it is more convenient to use
the direct temperature gradient than the inverse temperature
gradient. Therefore, we describe the processes using the
inverse value of R,, i.e. quantum conductance G (T') instead of
R, (1/T). Figure 2 shows the G(T') dependence on temper-
ature change in small intervals from 274.5 to 278.7 K with
values taken from the experimental data for resistance
R,(1/T) (see figure 1).

3.1. Description of the quantum conductance behavior
(figure 2)

At a certain gap length, the conductance of the molecule
corresponds to the state value G, ~ 7.8 x 1073 G (point ‘a’)
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Figure 3. Schematic of the energy levels for a gold-BDA-gold
junction at zero applied voltage. Here, the low-energy stable state is
taken as the lowest unoccupied molecular orbital (LUMO) level.
The excited energy level is presented as a sub-level Ey. Here, the
HOMO is the highest occupied molecular orbital. Eg is the Fermi
energy.

and the molecule is in a low-energy state E;. Here, the
quantum conductance is Gy = (12.9 kQ)~!. Increasing the
temperature by ~0.8 K molecule receives additional thermal
energy AE and it is excited from a low energy level (point
‘a’) up to a higher excited energy level Ey (point ‘b’) and the
conductance increases to G, ~ 9.5 x 1073G,. This is
described below in section 3.2 (see also figure 3). The
temperature change of 0.8 K corresponds to the change in the
thermal energy of the molecule AE = 0.04 meV =
6.4 x 107%* J. A simultaneous increase in the gap on Ax
results in conductance modulation. The molecule quickly
acquires additional thermal energy AE ~ 0.04 meV to com-
pensate the forces arising from the extension of the gap ele-
mentary length, from the molecule orientation and/or from
position changes. Conductance again falls, dropping to a low
value of G, = 8.1 x 103G, (point ‘c’). The molecule
therefore returns to the low-energy stable state. Further
temperature increases with the same temperature step of
~0.8 K and transfer energy AE causes the molecule to revert
to a highly conducting metastable state Ey at point ‘d’
(G; ~ 8,9 x 1073Gy). Continuing increases in the gap
length between the electrodes of the elementary magnitude
Ax causes the molecule to return again to a low-conductance
stable state E; (point ‘€’, G, ~ 8, 3 x 1072G,). When the
temperature increases further, the molecule moves to a high-
energy state level Ey (point ‘f, G ~ 9, 3 x 1073G). During
all transitions from point ‘a’ to point ‘b’, ‘c’ to ‘d” and ‘e’ to
‘", the change in conductance (modulation deepness) is not
very large and is only (1.1-1.2 quanta). For comparison,
stable contacts were observed in [36] with both low con-
ductance in the order of 10~ conductance quanta as well as
with high conductance values above ~0.5 quanta. Our data
unambiguously show that the conductance of the BDA
molecule is determined by a single transport channel provided
by the same molecular level, which is coupled to the metallic
electrodes through the whole conductance range.

Each transition process from low to high energy levels
‘a’=b’, ‘c’—‘d’ and ‘e’—‘f" is accompanied by the character-
istic activation energy E, (see figure 1), calculated according

to following relationship:
E
R(T) = Const x exp| ——=|. 1
(T) P( kT) ey

We used experimental data from figure 1. For the transitions, the
following activation energy values were calculated: for ‘a’-b’
Epop~21x10797=13eV; for ‘c-d E, 4~
096 x 107 J =0.6eV; and for ‘©—f E,, ;~0.5x
1071°J = 0.31 eV. It should be noted that the energy is reduced
almost twofold for each step. These experimental data will be
explained below.

3.2. Analyses of the experimental data

It is quite clear that observed and presented above effect of
the quantum conductance modulation. At the transitions from
states ‘b’ to ‘c’ and ‘d’ to ‘e’, the conductance decreases with
an increasing gap on Ax. Similar behavior of the quantum
conductance amplitude at 4.2 K was also observed in [37].
Features of these transitions will be discussed later. For a
visual understanding of the molecule conductance (energy)
temperature modulation process, figure 3 presents a schematic
of the energy levels for a gold-BDA-gold junction. The low-
conductance stable energy state is taken as the LUMO level,
and the level with energy Ey corresponds to the excited state.

The behavior of the currents through the junction was
considered. The presented results (basic data in figure 1) were
obtained after bond breaking in the junction. Under a low
applied voltage (V < ®/e, ® is the metal work function)
through the junction, a direct tunnel current flows (see also
[20]). The current values corresponding to high-conductance
and low-conductance states at the applied voltage 20 mV
were calculated as®:

In = GyV=G,V~95 x 103GV =~ 14.7 nA.
I, =G,V=G,V~18 x 103G,V ~ 12.1 nA.
The average current was calculated as:

Vi TN

Iav
The high and low current states differ by 2.6 nA and the
maximum magnitude of the conductance modulation is equal
t0 (Gmax — Gmin)/Gmax ~ (G, — G,) /G, =~ 0.18, or 18%.
For further analysis, we used information obtained from
random telegraph signal (RTS) measurements on gold-BDT
(benzene-1,4-dithiol)-gold junctions in [38] (see figure 3 in
[38] and its description). A small RTS signal was registered,
and the difference between the high and low current states
was about Al =~ 1.5 nA at an average current /= 14 nA with
current fluctuations below 12%. In our experiment, the
average current, /, was also used at a level of ~14 nA. The
conductance modulation effect was small for the BDA
molecule and BDT molecules. We assume that the quantum
conductance weak modulation discussed above directly
affects the RTS behavior. In this case such, the emission and

4 Measurements of resistance as a function of temperature were performed at
an applied voltage of 20 mV and are shown in figure 1 as dependence on the
inverse temperature.
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capture times 7, and 7, in the RTS process can be described as
follows. Capture time is the time during which the molecule is
in the low-conductance steady state corresponds to the
LUMO energy level (E; level). This corresponds to low-
conductance states (points ‘a’, ‘c’ and ‘e’). During the
emission time, the molecule moves in an ‘excited’ metastable
state Ey (see figure 3), and conductance and therefore current
increase (states ‘b’, ‘d’ and ‘f’). The conduction modulation
value is ~18% and the depth of the current modulation is
~12%. The difference in modulation depths in these pro-
cesses is not large. It should be also noted that a relatively low
value of the conduction modulation deepness (18%) can be
associated with small changes in temperature. For compar-
ison, in nanotubes, giant RTS values of 60% [37] or more
than 80% [2] have been reported.

The regular recurrence of the conductance in each
temperature step of 0.8 K has to be conditioned by the BDA
molecule ‘energy gap construction’ peculiarities. We assume
that the BDA molecule has a sub-band near LUMO with an
energy corresponding to (0.04 eV). The conductance activa-
tion energy E, also decreases approximately twice during
each temperature increase of 0.8 K (1.3 eV, 0.6 eV and
0.31 eV, respectively). Such regularity in quantum con-
ductance and activation energy changes could be related to
physical and mechanical effects and can be used to char-
acterize the molecular junction with a BDA molecule.
Assuming that there are some regularly distributed energy
barriers, it is clear that with increasing temperature such
barriers can be more easily overcome and the effective E,
decreases. In such a case, there are quasi-levels regularly
distributed in energy between HOMO and LUMO, and acti-
vation processes can be performed through those levels. The
higher the temperature, the easier the electron transition from
a stable state to a metastable state. However, if the electric
field is high, the hot electrons may also overcome the barrier.
In our case where the applied voltage is 20 mV, the resulting
electric field in the junction is small (of the order of
10*-10°V cm_l), which reflects that the effect of hot elec-
trons can be neglected.

The results in [39] show that increasing the molecular
length results in a decrease in the HOMO-LUMO gap, a
decrease in the electrical conductance and an increase in the
value and oscillation of the thermo-power, reflecting thermo-
activation processes in the structure. The RTS was observed
during break junction experiments with gold binding mole-
cules in [40]. The authors attributed the emergence of signals
to the spontaneous binding and unbinding of the molecular
anchor groups to and from the electrode tips. Both the for-
mation and the breaking of the molecule-metal bonds are
thermally activated and show an exponential distribution of
lifetimes for the different conductance states. The difference
in RTS amplitudes as well as in capture and emission times is
associated with different microscopic conduction mechan-
isms. The large RTS amplitude observed in [40] is related to a
total break between the molecule and metal contact. In our
work, in contrast to [40], we studied transport phenomena
with only a small configurational change in the contact with
no break or disconnection between the molecule and metal.

It should be noted, that in opposite to the case considered
in [27] in our measurements we demonstrate the dependence
of quantum conductance versus displacement G (Ax) only at
the gap opening and the simultaneous action of slow temp-
erature activation. Our measurements also show that magni-
tude of G decreases with the increase of displacement (from
point ‘b’ to ‘c’, ‘d’ to ‘e’, figure 2), but the process occurs
with weak thermal activation (from point ‘a’ to ‘b’, ‘c’ to ‘d’).
With the growth of Ax, we do not see a plateau in the
dependence G (Ad), (see e.g. figure 1(c) [27]) because Ax is
much smaller and it does not reach the formation of a plateau.
As we can see in figure 2(b) [27] the decreasing of G with Ad
accompanied by plots of local growth of G (for example,
between points 1 and 2, or points 3, 4, 5, figure 2(b) [27]). In
the figure 1(c) and figure 3(a) in [27] on the plateau of the
dependency G (Ad), nanoscale fluctuations of conductance
are clearly visible. These fluctuations are probably also the
result of some activation processes. Note also that these
nanoscale fluctuations occur at distances of the order of 0.1
nm (figure 3(a) [27]), which is a comparable value with our
Ax value. When we change the gap size on Ax, we also have
nanoscale fluctuations of conductance, which we explained
by thermal activation processes.

Conductance (resistance) thermo-sensitivity Sy (or S7g)
of the molecule can be presented as the change in con-
ductance AG (resistivity AR) at the temperature change in
AT:

5,0 AG
TG AT’ TR

AR
= AT 2
Based on the data in figures 1 and 2 for the BDA molecule,
we get Srg ~ (0.8 +~ 1.6) x 1077 QK ! (Sqr~ (2.5 + 5) x
103 Q K~'). This reflects sufficiently high sensitivity.

The molecule with additional energy has to lose it on
some processes. The additional energy AE = 6.4 x 1072*]
(corresponding to a temperature change of 0.8 K) is much
smaller than the potential energy. Assuming that the molecule
with additional energy AE spends this additional energy to
compensate for the force F arising from the elongation of the
gap length®, then

AE = FAx. 3)
For example, in the case of a one-dimensional elastic force in
linear approximation, we use Hooke’s law:

AE

Fy = |k;Ax|, AE = kgT = k(Ax)?, ky = ———.
=l | B (Ax) Bx?

“4)

Here, k; is the molecular spring constant, kg is the Boltzmann
constant. The stretching length of the Au—NH, molecular
junction was 0.03 nm [25]. Assuming that the elementary

5 Itis also possible that this additional energy will be spent on the molecule
orientation or position change or on the formation and breaking of molecule—
metal bonds, as noted in [28]. A change in configuration can be effected on
the molecular level (Er — Exomo) position and level broadening [36].
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enlargement is equal to stretching length Ax = 0.03 nm, then

v 4 10 -2 -3 —1
B (Ax)? - (0.03 x 10792 eVm?2=71x 103 Nm
(%)

According to experimental and theoretical results presented in
[19] for Au-BDA-Au molecular junctions, the rupture force
Frpt = 0.4 nN (expt), Finax = 1.0 nN (expt fit), Lbngd =14A
(expt fit), Li,ax = 0.46 nN (theory), Lyinq = 1.09 A (theory),
Eying = 0.37 eV (theory). Here K is the Au—N rupture force
and bond strength, F., is the maximum sustainable force,
Eying is the metal /molecule binding energy, Lpiyg is the binding
distance.

In our case, k, = 7.1 x 103N m~! and Ax = 0.03 nm.
Using equation (4), we obtained Fy; = 0.00021 nN. This is 3
orders of magnitude smaller than the rupture force in [19].
This confirms that there is no breaking in our case.

For comparison, we will consider the case when expan-
sion forces are compensated by Coulomb forces Fr. For
simplicity, we assume that the ends of the molecule are singly
ionized (effect of monovalent gold atoms). Then, instead of
equation (3), we get

5

FoeF,— K@ A (6)
N L
Here, BDA molecule length is [, ~ 0.57 nm, and

k. =899 x 10°Nm?>C~2 is Coulomb’s constant. At
Ax = 0.03nm, k¢ = 21.31 Nm~'. Comparison of magni-
tudes for k, and k- shows that the forces arising due to the
activation energies are hundreds of times weaker than elec-
trostatic forces. The forces arising due to the activation
energies cannot significantly influence the current transport
processes, but can affect the strength of the electrode-mole-
cule coupling, the fluctuation of quantum conductivity and
hence the RTS behavior. This result is in good agreement
with the assumption that different bond states influence the
strength of the electrode-molecule coupling at the tilt angle of
the molecule and the binding of the end group on the top or
hollow site, which is also referred to in [36]. Another study
[41] also showed that the energetic position of the molecular
orbital may determine the transmission conductivity.

4. Conclusion

We presented and analyzed the electric and enlargement-
specific characteristics of gold-BDA-gold molecular junc-
tions. The nanoconstriction junctions were fabricated using
electron beam lithography. We performed and analyzed
measurements of quantum resistance dependence on small
changes in temperature and displacement. We revealed the
relationship between the small changes in quantum con-
ductance and RTS behavior. We showed that RTS measure-
ments (determination of the capture and emission times,
deepness of the current modulation, values of the minimum
and maximum currents) can help us understand quantum
conductance modulation processes and clarify the mechan-
isms of acquiring and losing additional thermal energy during

average current flow in a gold-BDT-gold molecular junction.
We showed that small changes in working temperature led to
a change in quantum conductance, which was reflected in the
RTS behavior. On the basis of RTS measurements, we
revealed energy sublevels of the BDA molecular orbitals
(LUMO, HOMO) and peculiarities of HOMO-LUMO gap, in
particular the broadening and narrowing of the gap, the
energy position of the excited state and regularly distributed
levels in the gap. Using capture and emission times from RTS
measurements, we determined the mechanisms and kinetics of
the change in conductance. We propose that RTS measure-
ments and the determination of the high and low current states
can be utilized to determine changes in conductance under
external influences, such as temperature or irradiation. We
registered a high sensitivity of the molecules to small changes
in temperature. For the BDA molecule, the conductance
thermo-sensitivity is relatively high equal to (0.8 + 1.6) x
1077 (QK)~!. This can be used to measure weak variations in
the ambient temperature. We showed that the additional
thermal energy produced by the change in temperature can
affect the strength of the electrode-molecule coupling, the
fluctuation of quantum conductance and hence the RTS
behavior. We demonstrated a new approach on the basis of
conductance modulation to define the spring constant. We
determined the value of this spring constant for the BDA
molecule at the stretching length of the Au—NH, molecular
junction (0.03 nm) as k, = 7.1 x 107> N m~. These results
can be used to develop devices for molecular electronics.
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