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We report on a new methodology for characterizing the adsorption
site of single-molecule junctions through the combination of
surface enhanced Raman scattering (SERS), current-voltage (I-V)
curve measurements, and density functional theory simulations.
This new methodology discriminates between three different
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junctions, which cannot be identified by solo measurements of
either SERS or |-V curve. Using this methodology, we determine
the interface geometry of these two prototypical molecules at the
junction and its time evolution.
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Single-molecule junctions are ideal test beds for investigating the fundamentals of charge transport at the
nanoscale. Conducting properties are strongly dependent on the metal-molecule interface geometry,
which, however, is very poorly characterized due to numerous experimental challenges. We report on
a new methodology for characterizing the adsorption site of single-molecule junctions through the
combination of surface enhanced Raman scattering (SERS), current-voltage (/-V) curve measurements,
and density functional theory simulations. This new methodology discriminates between three different
adsorption sites for benzenedithiol and aminobenzenethiol junctions, which cannot be identified by solo
measurements of either SERS or /-V curves. Using this methodology, we determine the interface
geometry of these two prototypical molecules at the junction and its time evolution. By modulating the
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1 Introduction

Single-molecule circuits, in which individual molecules are
wired into a circuit and act as active electronic components,
represent the ultimate limit to the miniaturization of electronic
devices."* Although conceptually simple, this goal has proven
elusive. Up to now, the charge transport properties of a variety of
individual molecules have been investigated using the scanning
probe microscope (SPM) and break junction techniques.>*
Diode, transistor, or switch functionalities have been reported
on single-molecule junctions.>® Pioneering studies have
demonstrated that connecting single molecules to source and
drain electrodes is difficult, as shown by large disparities in
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applied voltage, we can change and monitor the distribution of adsorption sites at the junction.

conductance reported for identical molecules or similar mole-
cules.”" In the case of the paradigmatic benzenedithiol (BDT)
single-molecule junction, the reported conductance varies by
over 3 orders of magnitude.® The large disparities in conduc-
tance arise from differences at the atomistic level in the struc-
ture of the metal-molecule interface, in particular in the
adsorption site of the molecule.> However, the direct link
between the adsorption site and junction conductance is very
poorly characterized due to numerous experimental challenges,
such as the impossibility of applying X-ray spectroscopies used
in molecular films or the short lifetime of a single-molecule
junction.™

Vibrational spectroscopies have been widely used to identify
the molecular adsorption site on flat metal surfaces.">** In the
case of single-molecule junctions, inelastic electron tunneling
spectroscopy (IETS) and point contact spectroscopy (PCS) have
been applied to characterize single-molecule junctions.™
However, IETS and PCS require low temperature (~4 K), and
molecular adsorption sites have not been identified with these
techniques. From an application standpoint, vibrational spec-
troscopy at room temperature is desirable for the characteriza-
tion of single-molecule circuits operating at room temperature.
Optical spectroscopic techniques are promising due to their
non-invasive nature and performance at room temperature.
Among the optical spectroscopic techniques, surface enhanced
Raman scattering (SERS) is particularly well-suited, because the
gaps of a few nanometers between metal electrodes have been
identified as hot spots with particularly strong Raman
enhancement.*"” Previous SERS studies on single-molecule
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junctions probed the presence of a molecule wired to the elec-
trodes, although the identification of the molecular adsorption
site has not been achieved.'®?* Meanwhile, the current-voltage
(I-V) response of the single-molecule junction provides infor-
mation on physical properties such as the position and
coupling of frontier orbitals, which are sensitive to the
adsorption site.'®*® Thus, the analysis of I-V characteristics is
also relevant to identify the molecular adsorption site of single-
molecule junctions.

In this work, we overcome the challenging experimental
hurdles encountered in the identification of the adsorption site
in single-molecule junctions by combining SERS and I-V
measurements with density functional theory (DFT) simula-
tions. We illustrate the impact of this combined simultaneous
optical and electrical measurements on single-molecule junc-
tions of prototypical aminobenzenethiol (ABT) and BDT mole-
cules. The transport properties of individual ABT and BDT
molecules are measured with mechanically controllable break
junctions (MCB]Js) at room temperature. They feature three
distinct conductance values. We find that the Raman signals,
measured simultaneously with the I-V response, show distinc-
tive features for each of the three conductance values. By
combining the mode frequency from the Raman signal with the
molecule-metal coupling strength from the I-V response, we
can clearly identify multiple regimes, which are identified by
DFT calculations as different junction adsorption sites. This
identification cannot be possible by solo measurements of
either SERS or -V curves. This new combined analysis under
device operating conditions enables the observation of the
transition among different adsorption sites. We further apply
this combined analysis to unravel the time evolution and bias-
induced changes in the adsorption site, thus probing the
dynamics of single-molecule junctions in realistic device
conditions.

2 Methods

2.1. Simultaneous SERS and I-V curve measurements

Fig. 1a shows the photo image of the experimental setup. Single-
molecule junctions were prepared using MCBJs, which offers
high electrode stability and fine-tuning of the electrode spacing
(Fig. S1t).>***** The substrates used for the MCB]J technique
were prepared through a series of standard nanofabrication
techniques. An insulating SiO, film (1 pm) was deposited on
a polished phosphor bronze substrate of thickness ¢ = 0.5 mm
by means of sputtering. The SiO, layer atop the phosphor-
bronze substrate provides electrical insulation and limits the
intensity of the Raman background scattering. Over the oxide,
a polyimide film was deposited by means of spin-coating.
Nanosized Au junctions, with the size of the narrowest
constriction ~300 nm x 150 nm, were prepared atop the
polyimide-coated substrate using electron beam lithography
and lift-off processing. Metallic layers of Cr and Au (3 nm/130
nm) were thermally evaporated onto the substrate. Subse-
quently, the polyimide underneath the Au junctions was
removed by isotropic reactive ion etching using O, plasma (80
W) resulting in a free-standing Au nano-electrode. Typical span
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Fig.1 (a) Photo image of the experimental setup. (b) SEM image of the

freestanding Au nano-bridge. (c) Time series of current—voltage (/-V)
curves and SERS spectra of the ABT single-molecule junction. The bias
voltage is 0.1V during the SERS measurement. Example of the (d) SERS
spectrum and (e) /-V curve of aminobenzenethiol (ABT) single-
molecule junctions. The 1060 and 1560 cm™ modes correspond to
the C-S stretching (v75) and the C-C bond stretching mode (vg,),
respectively. The SERS spectrum was generated by averaging 10
samples and smoothing the operation. (f) /-V histogram of a single ABT
molecular junction constructed from 1567 samples. Three statistically
highly probable nonlinear curves (H, M and L) are observed.

lengths of the junction are in the range of ~2 pm (see the
scanning electron microscopy (SEM) image in Fig. 1b). The
nano-fabricated MCB]J substrate was mounted on a three-point
bending mechanism, consisting of a stacked piezo-element and
two fixed counter supports. Molecules were deposited on the
unbroken Au nano-bridge using self-assembly from 1 mM ABT
or BDT ethanol solution. In the present study, we first prepared
a Au atomic junction having a conductance of 3G, by control-
ling the separation of the electrodes. The Au atomic junction
spontaneously broke as a result of thermal motion of Au atoms
(self-breaking).?® This sequential process of breaking of the Au
atomic junction and formation and breaking of the single-
molecule junction was monitored by simultaneous SERS and
I-V curve measurements. The electrical measurements were
performed using a Keithley 428 programmable amplifier. The
SERS signals were collected using a NanoFinder30 Raman
microprobe (Tokyo Instruments) with a near-infrared laser (Aex
= 785 nm, 5 mW at the sample surface) as an excitation light.
The laser beam was focused onto the molecular junctions using
an objective lens with 50x magnification and 0.50 numerical
aperture. The irradiated area of the substrate was ~1 um?. Once
the irradiation area is setup, no further adjustments in the laser
position are required during the self-breaking process. The
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conductance of the junction was continuously measured during
SERS measurements. The acquisition of each Raman spectrum
took 960 ms. After the measurement of SERS, the bias voltage
was swept from +1 V to —1 V within 5 ms to get the I-V curve.

2.2. Calculation of vibrational and electron transport
properties

The electronic and vibrational properties of the single-molecule
junctions were calculated using ab initio methods based on the
DFT-NEGF formalism.*”*® Exchange-correlation was described
using the semi-local GGA approximation in the PBE imple-
mentation.”” A local-orbital basis set was employed, consisting
of a doublezeta polarized basis for molecular atoms and
a single-zeta polarized basis for Au atoms. The amine-gold link
was modeled using three Au atoms since it is known that amine
groups bind selectively to undercoordinated Au structures.” For
the thiolate-gold link, we considered structures terminating in
one, two, or three Au atoms, which relaxed to atop, bridge or
hollow geometries, respectively. Structures containing ABT or
BDT were placed between fcc Au(111) layers, each of which
contained 16 atoms. Junction structures were optimized by
relaxing the molecular and Au tip motifs until the Hellmann-
Feynman forces on these atoms were less than 0.02 eV A~*. The
vertical inter-electrode separation was optimized. Subsequent
transport calculations were performed at optimized geometries
by adding additional Au(111) layers. 5 x 5 x 1 and 15 x 15 x 1
Monkhorst-Pack grids were used for calculating the electronic
structure and transmission spectra, respectively. Vibrational
properties were calculated within the classical force-constant
approximation using a 5 x 5 x 1 Monkhorst-Pack grid.

3 Results and discussion

A strong Raman signal is only observed when the excitation
laser is focused on the nano-gap between Au electrodes
(Fig. S21). Although molecules are adsorbed on the flat part of
the Au electrodes, no Raman signal is detected from this.
Raman scattering intensity is maximum when the incident light
is polarized parallel to the junction axis. These position and
polarization dependence results indicate that the Raman signal
is due to the localized surface plasmon excitation of the Au
nano-electrodes, and molecules between the Au electrodes are
selectively observed.*® The Raman signal is seen to be correlated
with junction conductance. A strong SERS signal is observed
when the conductance is around 0.01G, (2¢°/h), in agreement
with previously reported single molecule conductance values of
BDT and ABT**** (Fig. S3,} see below for a discussion of BDT
conductance values). The close agreement between the
conductance value of the junctions where the Raman signal is
most enhanced and those of the single-molecule junction
supports the single molecule origin of the observed SERS
signals.

Fig. 1c shows an example of the time evolution of the SERS
and I-V curves in the single-molecule junction regime (Fig. S47).
The SERS spectra (Fig. 1d) observed in the single-molecule
junction regime show two distinct Raman bands, which are
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assigned to a C-S stretching mode (~1060 cm ™", »,) and a C-C
stretching mode (~1560 cm ™", vg,).** The appearance of Raman
modes characteristic of ABT indicates the presence of this
molecule in the gap.** Dimerization reactions have been re-
ported for ABT and BDT molecules on Au nano-structures.***¢
The absence of 1380 cm ™" and 1430 cm ™! peaks corresponding
to the ABT dimer and the 485 cm ™' peak corresponding to the
BDT dimer indicates that the dimerization reaction does not
take place at the junction under the current experimental
conditions. We used a dilute ABT and BDT solution, and thus,
the coverage of the molecules on the surface of the Au electrode
is low. The distance between individual molecules would be too
large to favour the dimerization reaction. When we use a solu-
tion of higher ABT concentration, the dimerization reaction
takes place for the single-molecule junction (Fig. S5t). The non-
linear I-V curve (Fig. 1e) also indicates the bridging of single
molecules, as detailed below. The I-V curves of the ABT single-
molecule junctions are overplotted without any data selection in
Fig. 1f, showing three statistically highly probable states. We
call these three states high (H), medium (M) and low (L)
conductance states. The conductance profile of ABT and BDT is
not significantly affected by light irradiation.

3.1. Identification of molecular adsorption sites

A comparison between SERS and electrical measurements
reveals that the SERS signal is only observed for the H and M
states. This is explained by the chemical effect, which is one of
the enhancement mechanisms of SERS. The main source of the
chemical effect is the charge transfer resonance taking place
between metal states near the Fermi level and molecular elec-
tronic states.*” This charge transfer resonance effectively occurs
when the strength of the metal-molecule interaction is strong
(Fig. S7t). The strength of the metal-molecule interaction is
larger for the H and M states, compared with the L state, which
explains that the SERS signal is only observed for the H and M
states. More importantly, we found that the H and M states
exhibit different Raman shifts.

Fig. 2 shows results for ABT and BDT, the two dimensional
mapping of the electronic coupling I' and the Raman shift of
the mode g, (ring C-C stretching) for the SERS active samples
i.e. samples for which the mode g displays over 10 counts per
second. Metal-molecule electronic coupling I' leads to the
broadening of molecular levels and is thus sensitive to the
interface structure of the single-molecule junction.® In the
present experimental study, the value of I' is obtained by fitting
the I-V responses to a single-level tunneling transport model
(Fig. S6t). In the mapping of Fig. 2, we can clearly observe two
intense regions corresponding to H and M states, and a clear
boundary between them, for both BDT and ABT. For ABT, the
state M extends around » = 1582 cm ' and I' = 0.064 eV
(conductance G = 4.9 x 10™® G,), and the state H extends
around » = 1580 cm ' and I' = 0.14 eV (G = 3.2 x 10 2 G,: see
Table 1). The energy of mode vg, for the conducting state H is
lower than that for M. For BDT, the state M extends around » =
1560 cm ™ 'and I' = 0.062 €V (G = 3.4 x 10> G,), and the state H
extends around » = 1567 cm ™' and I' = 0.12 €V (G = 2.4 x 107>

Chem. Sci,, 2019, 10, 6261-6269 | 6263
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Fig. 2 (a) Two dimensional I'-Raman shift (v : vg, mode) histogram of

ABT single-molecule junctions constructed from 3792 samples. The
bias voltage is 0.1 V during the SERS measurement. Two regions (high
and medium) with a large number of counts are separated by the white
dashed line. The M region extends around » = 1582 cm™t and I' =
0.064 eV, and the H state extends around » = 1580 cm™* and I' =
0.14 eV. One dimensional I and » histograms are shown to the right
and under the 2D histogram. Red and blue lines represent the distri-
butions of H and M states, respectively. While the distributions of H
and M states overlap in the 1D histogram, both states are clearly
distinguishable in the 2D I'-» histogram. (b) Corresponding 2D I'-»
histogram of BDT single-molecule junctions at a bias voltage of 0.1 V
constructed from 2038 samples. Two statistically highly probable
regions (M: » =1560 cm~tand I'= 0.062 eV; H: v = 1567 cm™tand I' =
0.12 eV) are clearly visible.

Gy). Each distribution of I' or » alone can be fitted by two
Gaussian functions with different positions of the peaks, indi-
cating the existence of two states with different I or ». However,
the two states overlap, and their boundary in one-variable
histograms is not clear. In contrast, states can be unambigu-
ously assigned to either H or M regimes from two-variable I'-»
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plots constructed from simultaneous SERS and -V data. Thus,
the combination of both techniques makes well-defined char-
acterization of different junction regimes possible (ESI S77).
DFT-based simulations of single molecule electron transport
characteristics and vibrational properties quantify the sensitive
role played by the molecular adsorption site and identify the I"
and v regimes as corresponding to different metal-molecule
configurations. We investigated different structures for the
metal-molecule contacts (ESI S81). We found that the number
of layers comprising the tip did not induce major changes in the
calculated conductance, which instead is strongly influenced by
the tip-molecule contact. For the amine bond in ABT, a trimer
tip motif is considered since other undercoordinated Au
structures’ resulted in small changes in conductance. To model
the S-Au contact we consider three possible motifs, consisting
of one, two or three Au adatoms (relaxed to atop, bridge or
hollow geometries, respectively). For BDT, the possible combi-
nations of these motifs on either electrode are considered.
The dependence of electron transmission and vibrational
properties on the atomistic details of the metal-molecule
interface allows us to establish a relationship via the tip struc-
ture between the softening of C-C vibrational frequencies and
conductance. We discuss the conducting and vibrational
properties of ABT (analysis of BDT is given in ESI S87). Fig. 3a
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Fig. 3 (a) Vibrational modes of ABT in the different binding configu-
rations. (b) Transmission eigenchannels of ABT at the Fermi energy. (c)
Transmission spectra of ABT after corrections to DFT resonance
positions have been taken into account.

Table1 Comparison of the measured and calculated conducting and optical properties of the junction. Conductance (G), electronic coupling
(I') and Raman shift (v : vg, mode) for ABT and BDT single-molecule junctions. The G and I' values in the parentheses are scaled by the values for
the bridge (high conductance) states. The v values in the parentheses are shown relative to the frequency of the bridge (high conductance) states.

No SERS signal is observed for the atop (low conductance) state

G (Go) T (ev) vib. (em ™)
Exp. Calc. Assignment Exp. Calc. Exp. Calc.
ABT High 3.2 x 1072 (1) 3.5 x 1072 (1) Bridge 0.14 (1) 0.95 (1) 1580 (0) 1604 (0)
Medium 4.9 x 10* (0.15) 6.6 x 107° (0.19) Hollow 0.064 (0.46) 0.38 (0.38) 1582 (2) 1607 (3)
Low 1.9 x 107° (0.06) 5.2 x 107 (0.15) Atop 0.031 (0.22) 0.21 (0.22)
BDT High 2.4 x 1072 (1) 2.9 x 107% (1) Bridge 0.12 (1) 0.67 (1) 1567 (0) 1572 (0)
Medium 3.4 x 107 (0.14) 4.5 x 107 (0.16) Hollow 0.06 (0.52) 0.28 (0.42) 1560 (—7) 1561 (—11)
Low 3.9 x 10~* (0.02) 2.1 x 107 (0.07) Atop 0.01 (0.10) 0.11 (0.16)
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shows the C-C bond stretching mode (vg,) of ABT for the
different junction structures. Transmission calculations of ABT
yield a scenario where the conductance is dominated by the
highest occupied molecular orbital (HOMO). The real-space
representation of the scattering state at the Fermi energy,
responsible for low-bias transmission, is shown in Fig. 3b. The
nodal pattern of the scattering states resembles that of the
HOMO of the isolated molecule. The width and position of this
HOMO-derived resonance change with the S-Au binding.
Across the different tip motifs, the results for calculated
conductance G show a trend which is also seen in the electronic
coupling I' (Fig. 3c). Specifically, both the conductance G and
the HOMO peak width I" decrease when going from bridge to
hollow to atop structures. This trend in conductance seen in the
calculations arises from the different hybridization of the S
atom with the Au atom(s) which constitute the tip. It is well
known that DFT calculations inherently overestimate the
conductance due to errors in the position of frontier molecular
orbitals,**?? Here the DFT-based conductance values of ABT and
BDT were corrected by taking into account alignment errors at
the junction. For each structure, the position of the HOMO-
derived resonance was rigidly shifted and the conductance
was calculated within a Lorentzian model. The magnitude of
each shift is the sum of two contributions of opposite sign: (i)
a self-energy correction to the ionization level of the isolated
molecule, (ii) a term due to screening by the metal surfaces (ESI
S87).%

Conductance values resulting from these shifts are smaller
than those predicted by DFT-based calculations. This post-DFT
analysis is necessary to achieve good agreement with measured
conductance values and to reproduce the experimental trend.
Table 1 compares the measured and calculated electrical and
optical properties of ABT and BDT for the conductance states
considered. Although the calculated conductance values still
overestimate measurements, there is very good agreement in
the ratios scaled to the largest value. For the L state we discuss
conductance and resonance broadening alone due to the lack of
vibrational information. The good match in conductance,
resonance broadening, and vibrational frequency trends
suggests that the conducting state probed experimentally is the
one described in the simulations. For BDT junctions, combi-
nations of different binding motifs introduce multiple
conductance states. This leads to a range of calculated
conductance values (ESI S87).

Early studies compared the measured and calculated values
of conductance alone. Subsequently, vibrational spectroscopy
techniques provided further details. In the present work, we
could unambiguously identify the molecular adsorption site
through the combination of SERS, I-V measurements, and DFT
simulations. Thiol-bonded conducting junctions, particularly
BDT, have been examined in the literature from experi-
ments,**"* calculations,**** and joint studies,>*"*"* where the
large discrepancies in conductance have been subject to debate.
Although Xiao et al. reported a single conductance state
(0.011G,),** most studies have reported multiple conductance
states®'*»** or continuous extended conductance states.*>*
Tsutsui et al. showed a high (0.1G,) and a low (0.01G,)

This journal is © The Royal Society of Chemistry 2019
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conductance state and argued that these different conductance
states were caused by the positions of the adsorbed molecule.
They concluded that the high and the low conductance relate to
the hollow and top sites, respectively.** Leary et al. observed two
conductance peaks (2 x 107> and 3 x 10~* G,) for BDT and
proposed the formation of oligomeric Au-(RS), units at the
molecule-metal interface to explain the low-conductance
feature based on conductance and plateau length analysis and
an atop geometry for the higher conductance peak." A combi-
nation of several experimental techniques thus seems essential
in aiding the characterization of the junction geometry of this
nontrivial system. Kim et al. employed conductance and IETS
measurements and assigned low (6 x 10™* G,) and high
conductance states (0.5G,) to binding via top and hollow sites,
respectively.® Karimi et al. showed that low (2.5 x 10~2 G,) and
high conductance states (0.2G,) correspond to hollow and top
sites, respectively, based on experimental (conductance IETS
and shot noise) and theoretical investigations.® Komoto et al.
reported three conductance states, low (3.1 x 10™* G,), medium
(1.7 x 107* G,) and high (3.7 x 107> G,), from conductance and
I-V response, and interpreted them as binding via top, hollow,
and bridge sites, respectively, with the aid of theoretical calcu-
lations.** It is worth highlighting that atop or hollow binding
configurations are ascribed in the literature to high and low
experimental conductance values, which can differ by one or
more orders of magnitude. We note that we consider single
molecule junctions having conductance values below 0.05G,,
thus excluding from our study structures where the phenyl ring
interacts directly with the Au electrodes.® The observed results
and the assignment given in Ref (44) agree with the present
study. As for the formation of Au-thiolate molecular oligomers,
such elongated junction structures were not found in our
results, thus ruling out their role or that of metallic chains
under the experimental conditions investigated.

Here, we briefly comment on the fabrication technique of the
single-molecule junction. In most of the studies, the conduc-
tance of the single-molecule junction is evaluated by using the
break junction technique. In the break junction process, the
meta-stable atomic configuration can be formed due to the
short measurement time. In contrast, we have prepared the
single-molecule junction by using the self-breaking technique.
In contrast with the break junction technique, the atomic
configuration would change into a thermally stable configura-
tion. Therefore, the atomic configuration and conductance
values can be different from those obtained by the break junc-
tion technique.

3.2. Thermal- and voltage-induced transitions in the
molecular adsorption site

Having resolved the characterization of the molecular adsorp-
tion geometry underlying the junction electrical characteristics
through simultaneous SERS and I-V response and DFT simu-
lations, we now address the dynamical fluctuations between
these sites. Fig. 4 shows two examples of temporal change, from
state S1 to S2, and from state S3 to S4, in conductance (G) and
metal-molecule electronic coupling (I'), determined from the I-
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Fig. 4 (a) Time evolution of conductance (G: left), I' (middle) and v

(right) of the ABT single-molecule junction. Red and blue regions
correspond to bridge and hollow sites, respectively. Both regimes
overlap in the I and » panels in the purple region. Transition is clear
from both coupling and Raman shift in (a) and the transition is clear
only from the Raman shift in (b). (c) Transition from the bridge to
hollow sites is observed in the 2D I'-»v mapping. G, I' and v are
0.018Gy, 0.11 eV, and 1579 cm* for S1, 6.7 x 10~ Go, 0.066 eV, and
1583 cm™! for S2, 0.016G,, 0.090 eV, and 1585 cm™* for S3, and
0.016Go, 0.091 eV, and 1579 cm™* for S4.

Vresponse, as well as from the Raman frequency (v) for the ABT
single-molecule junction. The time evolution of conductance/
coupling and Raman shift was collected simultaneously. The
bridge and hollow regimes are indicated in blue and red colors,
respectively. A fringe region between these regimes is shown in
purple color, which corresponds to structures which cannot be
unambiguously identified from transport or vibrational
measurements alone. In Fig. 4a the conductance of the initial
state S1 is 0.018G, and both coupling and Raman shift are in the
bridge regime. In the final state of S2, the conductance has
decreased to 6.7 x 107> G,, and the coupling and Raman shift
have changed into those of the hollow region. In Fig. 4b the
conductance of the initial state S3 is 0.016G,. Since the coupling
I is close to the boundary region, it is hard to define the
adsorption site from I" alone. In the final state S4, the conduc-
tance has changed only slightly with respect to S3 and from
electron transport information alone, G and I, it is not possible
to infer any changes in the adsorption site. In contrast, the
Raman shift clearly decreases from S3 to S4 and the combined
analysis unambiguously characterizes the molecular adsorption
site: hollow for S3 and bridge for S4. Other examples of
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transition between sites are shown in ESI S9.f The present
combined analysis can thus follow temporal fluctuations in
conductance through changes in I" and » induced by changes in
the molecular adsorption site, which are hardly detected by
electrical or vibrational measurements alone.

Finally, we address fluctuations in the molecular adsorption
site induced by the application of a bias voltage to the single-
molecule junction (details are given in ESI S101). The 2D I'-»
mapping of ABT and BDT single-molecule junctions is shown in
Fig. 5a and b for two different bias voltages. Two regions, corre-
sponding to bridge and hollow sites, are clearly apparent. At zero
bias voltage, the upper-left region (large I and small »), charac-
teristic of a bridge site, is intense for ABT, while for BDT it is the
upper-right bridge region (large I' and large »). As the bias is
increased, the intensity of the bridge region decreases, and lower-
right (ABT) and lower-left (BDT) hollow regions become intense,
indicating an increase of the bridge to hollow site transitions.
Fig. 5¢ and d show the fraction of the molecular adsorption sites
obtained by the combined SERS-/-V measurements as a function
of the total signal. With increasing bias voltage, the most prob-
able adsorption site changes from the thermally stable bridge to
the hollow site. It should be noticed that the bias voltage does not
change the Raman shift within 1 cm™" for the BDT single-
molecule junction. The observed change in the I'-» mapping is
actually caused by the adsorption site change.
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Fig.5 The 2D I'-v» histograms for (a) BDT and (b) ABT single-molecule
junctions at different bias voltages. The histograms are constructed
from 3085 (0.0 V) and 2038 (0.1 V) samples for BDT and 1355 (0.0 V)
and 3792 (0.1V) samples for ABT. Distribution of molecular adsorption
sites identified by the I'-v combination analysis for the (c) BDT and (d)
ABT single-molecule junctions at different bias voltages of 0, 0.1 and
0.2 V. (e and f) Bias dependence of the site populations; theory (solid
lines) and measured values (circles) for (e) BDT and (f) ABT. The
probability of the site population is denoted as Py and Pg for the hollow
and bridge adsorption.
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In order to analyse the distinct bias-voltage dependence of
the populations of the bridge (Pg) and hollow (Py) sites, we
examine a simple theoretical model based on kinetic theory and
non-equilibrium electric transport theory. When a transition
between the adsorption structures is described by one-step
kinetics, the transition probability from the bridge (B) to the
hollow (H) site may be written as kg—u = Qpy exp (—Eg/ksTo).
The transition is  also  expressed  as
k- = Qus exp (—EI*{ /ksTo). Qpumup) represents the attempt
frequency from B to H (H to B) sites and we have set Qg equal
to Qug for simplicity. The terms E*, kg, and T, are the activation
energy, Boltzmann constant, and temperature of the junction,
respectively. The ratio Py/Pg satisfies the following relationship:

Py E, E,
log|=2) = — . 1
o8 (PB) ksTo  ksTp @

reverse

Eqn (1) is applicable only to systems in thermal equilibrium,
i.e., the applied bias must be zero. When a bias is applied, the
molecular junction is in non-equilibrium. Two main effects
accelerate ionic motions: local heating*>*® and current-induced
force.*”** The former is caused by the inelastic scattering of
electrons and ions, while the latter consists of electric force by
voltage drop and elastic scattering of electrons and ions.
Though the system is not thermally equilibrated by local heat-
ing, we assume that the focused system (ie., the adsorbed
molecule) can be approximated as a quasi-equilibrium system
and chemical kinetics is applicable. Then it is reasonable to
introduce the effective junction temperature into the model as
a function of bias V.*>**° In addition, the current-induced force
changes the potential energy profile. Therefore, we incorporate
it into E*, where we approximate E* as a linear function of V as
given in ref. 51. Here, we only consider V > 0. Replacing T, and
E* in eqn (1) with their voltage-dependent functions, we obtain
the relative populations as a function of applied bias:

log (PH) _ Ej, - Ey oy —op ve'Ey — Yu'Eg P2
Py kg T, kg T Aky Ty®
4
7B (0113 — o)
—_—, 2
* dkg Ty’ )

where ayp and yyp are parameters (yy,p is zero when V is
lower than a threshold voltage, V.. see below). The terms of the
first and the second order of V describe the effects of current-
induced forces and local heating, respectively, while the last
term is a higher-order correction. The details of the derivation
of eqn (2) and the adopted parameters are given in ESI S107
with discussion of their validity. First, we apply our theoretical
mode to the BDT junction. The plot of eqn (2) and the exper-
imental data of BDT are shown in Fig. 5e, where T, is set to
room temperature, 300 K. The experimental results agree with
the theoretical ones. The log of the population of the bridge
and hollow sites, log(Py/Pg), is almost a linear function of v
with the threshold voltage. Since the current induced force is
roughly proportional to V in the low bias regime, the current
induced force plays the main role in triggering the change of
the adsorption sites. In contrast to BDT, the values of log(Py/
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Pg) of ABT are represented by a strong nonlinear function of v
as given in Fig. 5f. Theoretically, the second (and higher) order
term of V can be derived by including a local heating effect.
Thus, the local heating effect on the site hopping dynamics of
ABT is larger than that of BDT. The different mechanisms of
bias-induced dynamics can be explained as follows. The local
heating effect relates to heat accumulation in the molecule and
contact, i.e., it consists of vibrational energy excitation by
electron-phonon interaction (generated heat) and energy
relaxation/transfer to the electrodes (dissipated heat). One can
expect that the generated heat of BDT is larger than that of ABT
since the electric current of BDT is larger that of ABT. However,
the mechanical binding strength of S-Au is much stronger
than that of NH,-Au, i.e., generated heat is efficiently dissi-
pated for BDT. As a result, the local heating effect can
contribute to the site-hopping dynamics of ABT stronger than
that of BDT. In contrast, current-induced force is directly
related to electric current. Furthermore, it is consistent that
site-hopping of BDT has a clear threshold voltage (i.e., the
threshold of the current-induced force) and that chemical
binding of S-Au is strong.

4 Conclusions

We have demonstrated an adsorption site identification tech-
nique based on an analysis combining SERS and current-
voltage response measurements, with the aid of DFT calcula-
tions. When applied to two paradigmatic single-molecule
junctions, this methodology distinguishes multiple molecular
adsorption sites, and uncovers the origin of conductance fluc-
tuations. In the case of ABT and BDT, conductance can vary by
up to a factor 1000, a situation that hampers the development of
clear, reproducible conductance signatures. The present study
unambiguously monitors the changes in the molecular
adsorption geometry for the first time and the changes in the
population of adsorption sites as a function of time and applied
voltage. Characterization and control over the molecular
adsorption site remain, despite its impact on single molecule
conductance, a difficult task. This highlights the creation of
atomically well-defined metal-molecule interfaces as one of the
next challenges towards the realization of single molecule
circuits, and underscores the importance of the present meth-
odology. Using our new technique, we can determine the
adsorption site for each single-molecule junction, and thus,
select the junction with a certain fixed adsorption site. By
integrating the selected single-molecule junctions with a fixed
adsorption site, the fluctuation of the performance of the elec-
tronic circuit should be drastically suppressed. Our work thus
opens the way to studying and governing single molecule
circuits.
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