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ABSTRACT: The effect of surface plasmons on the conductance of single-
molecule junctions is studied using a squeezable break junction setup. We show
that the conductance of 2,7-diaminofluorene single-molecule junctions can be
enhanced upon laser irradiation. Our experimental approach enables us to show
that this enhancement is due to the plasmon-induced oscillating field within the
nanoscale metal gap of the junctions. The effective plasmon field enhancement
within the gap is calculated to be ~1000. The experimental procedure presented
in this work, which enables one to explore the coupling between plasmons and
molecular excitations via transport measurements, could potentially become a

valuable tool in the field of plexcitonics.

SECTION: Plasmonics, Optical Materials, and Hard Matter

oherent oscillations of conduction electrons in a skin-
layer of a metal, known as surface plasmons (SPs), are
capable of concentrating light into deep subwavelength gaps
between metallic nanostructured antennas with resulting
electromagnetic field enhancement factors that can exceed
1000.'~* Such highly confined optical fields can efficiently
mediate interactions between radiation and molecules residing
in the gaps and have been utilized to develop surface-enhanced
spectroscopy methods such as Raman,* IR absorption,’®
ﬂuorescence,6 with a detection limit at
the single-molecule level.
Plasmon coupling to molecular excitations® is studied in the
field of plexcitonics.”'® Such couplings yield a possibility for the
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. 7
and luminescence,

coherent control of molecular systems'"'> and are utilized in
molecular photodevices.">™'* Plasmons are also predicted to
generate, modulate, and steer charge-transfer processes through
molecules by various mechanisms,'® and several studies to
demonstrate these effects have been published.'”™>* Yet, all of
these works are based on either metallic atomic contacts or a
large number of molecules in a relatively poorly defined
junction geometry, analyzed with rather limited statistics. They
are hence not sufficient to experimentally explore the next
conceptual step in plexcitonics and nanoplasmonics, namely, a
fully quantum mechanical treatment of the coupling between
SPs and molecules and, more specifically, its effect on quantum
transport through junctions.
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Here, we report plasmon modulation of conductance in
single-molecule junctions. Upon SP creation, a rectified dc
current is formed in these junctions that is shown to be of
optical ori§in, in this case, a photoassisted transport
mechanism.”*** Other competing mechanisms can be excluded
through our measurements. Considering the short duration
time of plasmons in metals defined by the inverse of their
spectral width Aw™ (7Aw = 2 €V) and their short dephasing
times of 10—100 fs,>° our results are also an important step
toward the possible realization of laser-controlled ultrafast
molecular-scale electronics.

The geometry of junctions determines their near-field
spectrum and the magnitude of the plasmonic field in their
nanoscale gap.””*® Determination of this spectrum for setups
such as the mechanically controlled or scanning tunneling%
microscope (STM) break junctionszg’30 is a difficult task,’®
especially because small variations in their structure could
substantially change their plasmon resonance properties.””*® In
addition, their poor heat dissipation characteristics may lead to
the erroneous intergretation of changes in the conductance
under illumination.’

To overcome these limitations, a squeezable break junction
(SBJ) setup at room temperature and under ambient conditions
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Figure 1. A SB] setup for single-molecule conductance measurements. (a) Schematics of the experimental approach. Coupling between free photons
and surface plasmons confined within the gap is established by a prism and by laser illumination in the total reflectance regime. (b) Conductance
histogram of Au atomic contacts showing peaks around multiple integers of G,. The inset shows typical conductance—time traces. (c) Conductance
histogram for DAF molecular junctions with a peak at 1.86 X 107G, Insets show the chemical structure of the molecule and typical conductance—
time traces (note that the scale is in the mG, range). All measurements were carried out under a constant bias of 100 mV under ambient conditions.

has been used here. The SBJ consists of two 40 nm thick gold
electrodes, 30 ym in width, evaporated on top of 1 mm BK7
glass slides with an initial gap of 500 nm in between, as
displayed in Figure la. The gap can be mechanically controlled
with high accuracy by applying a squeezing force against the top
slide, allowing it to flex. Conductance traces are measured by
squeezing the top slide until it contacts the bottom surface and
then by measuring the conductance (typically at 0.1 V) while
allowing the top slide to move back in steps of 10 pm. The
dwell time in each step is typically 40 ms, although longer (up
to 80 ms) and shorter (down to 10 ms) periods do not have
any effect on the results. Conductance histograms are
constructed from thousands of traces without any data selection
or processing. Figure 1b depicts the obtained histogram for Au
atomic contacts, revealing a quantized conductance with clear
peaks around integer values of G, where G, = 2¢*/h is the
quantum of conductance. Thorough discussion on the possible
reasons for deviation of the conductance values from exact
integer multiplications of 1G, can be found in ref 33. Because
the SBJ is based on two Au-covered glass slides, measurements
of single-atom contacts are made possible due to sufficient
roughness of the Au surfaces. As will be shown below, this
roughness is also essential for plasmon creation within the gap.
Measurements of junctions with molecules are performed after
a drop of solution (typically 1,2/4-trichlorobenzene) with <1
mM concentration of the molecule under test is applied to one
of the Au surfaces before assembling the setup. Figure 1c shows
a histogram measured with 2,7-diaminofluorene (DAF),
revealing a molecular peak at 1.86 X 107°G,, in agreement
with a previously reported value.”

Creation of plasmons within the gap of the SB] is achieved
by an attenuated total reflection (Kretschmann) configura-
tion,>* by attaching a BK7 glass prism to the bottom slide (see
Figure 1a) with a refractive index matching oil at the interface.
Plasmon resonance conditions are found by varying 6, the angle
of p-polarized light incident with respect to the surface normal,
and by monitoring the intensity of the reflected light. All
conductance measurements are performed at a @ corresponding
to minimum reflectivity. The wavelength of the continuous-
wave laser used in all experiments was 781 nm, the power was
10 mW, and the beam was focused to a spot with a radius of 80
pum. Maximum plasmon coupling is evidenced as a sharp drop
in the reflectivity. At this point, a momentum matching
condition is satisfied where the parallel component of the
photon wave vector kg, extended by the glass prism, matches
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that of a SP mode kg, = n-kyg,sin 6. Here, n is the refractive
index of the prism. In this configuration, plasmons are created
only with a p-polarized (TM-mode) light.

The in-gap plasmon modes that are excited by this method
are determined by calculating analytically the dispersion curves
of an IMIMI (I, insulator; M, metal) geometry.®> (The
Supporting Information (SI) justifies why the SBJ setup can
be approximated by this geometry.) Figure 2 shows three

1

Energy [eV]

K, [1/m]

Figure 2. Analytic dispersion curves of an IMIMI configuration with
40 nm thick Au films and an inner 1 nm thick insulating layer of air.
The red solid curve shows the dispersion for light within the prism
(with an index of refraction of n = 1.51). The dispersions of two
antisymmetric modes, the long-range mode A;y and the short-range
mode Agg, are displayed as dashed—dotted and dashed curves,
respectively. The profiles of E, for these two modes are shown in the
upper inset. The profile of E, the electric field component
perpendicular to the interfaces, is similar for both and is shown in
the lower inset.

curves relevant for our discussion here, the prism light line and
the antisymmetric long-range (A;z) and short-range (Agr)
modes. The latter two modes are characterized by a high field
perpendicular to the interfaces and are localized within the
junction gap. Because the prism light line resides at the left of
Ajp and Agg, no coupling between free photons and these
modes is expected. However, this constraint is released in the
presence of residual roughness of the Au surfaces with a
periodicity a, which bridges the momentum mismatch by
linearly adding Ak = +27/a momentum vectors to the free
photons.>* Indeed, Fourier transforms of 2D correlation
functions, calculated from atomic force microscopy images of
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the 40 nm thick Au surfaces used in the SBJ setup, reveal a
broad spectrum of Ak values that allow coupling between both
in-gap SP modes and the prism light line (see the SI). This
finding is on par with previous studies on prism-coupled light
emission from tunnel junctions.*®

Figure 3 summarizes the main results of this study. It
compares histograms measured without laser illumination and
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Figure 3. Effect of plasmons and light polarization on the
conductance. Conductance histogram of DAF at 781 nm without
illumination (black solid line), with p-polarized light for which
plasmons are created (red colored area), and with s-polarized light for
which no plasmons should be created (green dashed line).
Additionally, a conductance histogram of the pure solvent (blue
dashed line) is displayed with no apparent peaks. The histograms of
the solvent with and without illumination are similar. (Inset)
Representative conductance traces without (black) and with (red)
laser illumination.

with s- and p-polarized continuous wave illumination. No effect
of s-polarized light on the conductance is apparent as the
histogram measured under these conditions is essentially
identical to the histogram measured without light. In contrast,
under p-polarized (TM-mode) illumination, a conductance
peak appears at 3.7 X 107G, above the characteristic peak
without light. The appearance of this peak only under p-
polarized illumination, that is, when plasmons can be created
within the gap of the SBJ, supports their essential role in the
apparent enhancement of the conductance. Further discussion
on the reproducibility of the results can be found in the SL
The fact that the conductance peak is not entirely shifted to a
higher value under illumination can be rationalized in the
following way. In each measurement of a conductance trace, as
the two Au surfaces are separated, local hot spots are formed
where momentum matching is achieved due to the local
roughness, and local plasmons can be created. The short-range
plasmon mode Ag, which has the highest field within the gap
(a factor of 10 larger than A;g), possesses a propagation length,
L, of a few tens of nanometers.>>*® Hence, this plasmon can
affect the conductance of a single molecule only if local
roughness enables light coupling and plasmon creation within a
distance of L, from the molecule. Because this is not necessarily
the case for all single-molecule measurement events, as each
event probably takes place at a different location between the
two opposing surfaces, only a fraction of the measurements is
affected by plasmons, and the size of this fraction determines
the intensity of the additional, higher-value conductance peak.
It is also important to remember that the possibility to create
plasmons at a certain location within the gap is subject to
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continuous change because during a set of measurements, the
structure of the Au surfaces is constantly altered due to the
repeated squeeze and release cycles.

Let us now try to elucidate the mechanism by which
plasmons affect the conductance of the junctions. One
possibility is lattice heating as a result of plasmon decay,
which may lead to an enhanced conductance through hot
molecules. In order to rule out this effect, the temperature in
the junctions under illumination was measured by replacing
one of the Au surfaces with a thin-film Au/Ag thermocouple. A
maximal temperature increase of AT = 30 K was determined at
the plasmon resonance peak (see the inset of Figure 4 and the
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Figure 4. Effect of temperature on molecular conductance.
Conductance histograms of molecular junctions with DAF measured
at 300 (blue), 360 (black), and 380 K (orange). The molecular
conductance peak at 1.86 X 107°G, is shifted to lower values as the
temperature increases. The inset shows the temperature at the
junction as a function of the incident angle under a 781 nm laser light
(orange line) at 10 mW as determined by a calibrated thin-film
thermocouple. The reflectance from the junction is shown as well
(blue line). A maximum temperature increase of AT = 30 K is
achieved at the plasmonic resonance angle of 42°.

SL.) In contrast to the histograms in Figures 3 and S2 in the SI,
Figure 4 shows that conductance histograms for molecular
junctions of DAF, measured even at AT > 30 K, exhibit an
opposite effect to the one described above, that is, shifting of
the peak to lower conductance accompanied by a broadening of
the histogram. While further work is needed to fully understand
this observation, the important conclusion for the discussion
here is that lattice heating cannot be responsible for the
conductance enhancement. In addition, we note that at
temperatures higher than 380 K, the junctions were not stable
enough to produce conductance histograms. This leads us to
conclude that AT in the hot spots®” and the local ionic effective
temperature of the molecules in these locations cannot exceed
80 K.

Another mechanism that needs to be considered is a
photothermoelectric effect, which arises when a temperature
gradient, AT, across a junction is developed under illumination.
This AT results in a thermovoltage AVyy = —SAT, where S is
the Seebeck coefficient of the junction. This parameter can be
calculated from the transmission curve as a function of energy,
7(E), according to S = —(7’k3/3e)T(0In 7(E)/0E);.g, where
kg is the Boltzmann constant, e is the charge of an electron, and
Eg is the Fermi energy.38 From ab initio calculations (see the
SI), we find that S is in the range of ~10 ¢V/K, which is on par
with previously measured values.®® The current through a
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junction originating from the thermovoltage drop is Ipy =
GAVry, where G is the conductance of the junction. Using the
experimental peak value for G (see Figure 1c) and AT = 30 K
(see the discussion above), the thermoelectric current is Ity <
0.1 nA. This is much smaller than the additional current that is
measured through the junctions under illumination, which is on
the order of several tens of nA. Hence, thermoelectric effects
can be ruled out as well.

Another alternative explanation for the observed results
would be an enhanced probability to measure more than one
molecule upon illumination. There are essentially two
mechanisms by which junctions with multiple molecules
would become more favorable under illumination, namely,
either by thermal activation of molecular fluctuations or by
plasmonic field alignment of the molecules.*”** The first
mechanism is ruled out by the experiments performed with
external heating (see Figure 4) as heating appears to decrease
and broaden the conductance distribution. The second
mechanism is ruled out by considering theoretical calculations
of molecular (plasmonic) field alignment,”*® which show that
the required local electromagnetic field for molecular alignment
exceeds the one present in our junctions by a factor of (at least)
1000 (see the detailed discussion below).

We also note that the width of the plasmon-induced peak is
similar to the width of the conductance peak in the absence of
light. This further supports our assertion that the number of
molecules in the junction is unchanged because the width of a
two-molecule peak should also be wider than that of a single-
molecule peak.*!

Finally, we also rule out the possibility that the enhanced
conductance is due to photon absorption by the molecules
within the junctions.16 This is based on the fact that, as will be
discussed further below, the HOMO—-LUMO energy gap of
DAF (>3 eV) is larger than the energy of the created plasmons
(1.59 eV).

Let us now discuss a mechanism that is consistent with our
observation of conductance enhancement in the junctions.
Under conditions where electronic excitations within the
molecule can be disregarded, the effect of the plasmonic
oscillating field on the conductance of the junctions can be
analyzed by invoking the Tien-Gordon model, that is, by
considering a time-dependent modulation of the electronic
energies.”” In this model, the plasmon field is treated as a
potential, V,, across the nanoscale gap, which oscillates at the
plasmon frequency @. An electron tunneling through the
junction with initial energy E can either absorb or emit n
photons with energy /iw and hence finish the tunneling process
at energy E + Aw. The probability for each of these events
depends on J2(a), the square of the Bessel function of order n
evaluated at @ = eV, /hw. As a result, the transmission
probability of an electron across a junction becomes 7(E) —
S Jo(a)t(E + nhw), and the overall dc conductance of a
junction at the Fermi energy Eg is described by

n=oo
Gi(w) = G, Z ];(a)T(EF + nhw)
n=—o0o (1)
The transmission (E) is determined by the molecule and its
coupling to the leads.
Another (perhaps more intuitive) way to understand this
mechanism is as if V,, acts like a gate that shifts 7(E) up and

down by integer values of 7iw, where for each shift, a different
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portion of 7(E) is located within the energy window defined by
the applied voltage bias, where transport takes place.

Using this model, the observed conductance enhancement
can be rationalized with the help of eq 1 and the transmission
curve shown in Figure S, which was computed by a transport
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Figure 5. Theoretical zero-bias transmission as a function of energy for
DAF in Au junctions. The vertical dashed lines are positioned at +1.59
eV (4 = 781 nm) above and below the Fermi energy, indicating the
change in transmission for an electron that interacts inelastically with
the oscillating potential V,, within the gap by either absorbing or
emitting one photon. The conductance enhancement is dominated by
electrons that undergo the latter process as the transmission above the
Fermi level is much smaller for the wavelength used. The inset shows
the studied contact geometry.

method® that is based on density functional theory (DFT)
(see the SI for more details) and was calculated for a stable
configuration of a DAF-based Au junction.

In the optical range, eV, is expected to be much smaller than
the photon energy #iw, and in this limit, eq 1 reduces to

Vo

Gye(@) = Gy(w =0) = (zhw

)ZGO{T(EF + ho)

+ 7(Ep — ho) — 27(Ep)} ©)

In view of the energy dependence of the transmission (see
Figure S), 7(Ex — Aiw) > ©(Eg + Aw), 7(Eg). Therefore, on the
basis of eq 2, it is clear that the conductance is enhanced upon
illumination mainly due to single-photon emission tunneling
processes, coupling the Fermi energy with the region below the
HOMO.

Ignoring the contribution of 7(Eg + Aw) and 7(Eg), eq 2 can
be further simplified to

eV, = 2hw
Gyt(Er — hw)

®3)

and subsequently be used in order to estimate the plasmonic
field enhancement within the junctions.'”*°~*

On the basis of the experimental value of G4.(w) — G4.(0)
and the theoretical value of 7(Ez — Aw), V,, is determined to be
0.169 V. In order to estimate the error in this value, we note
that based in Figure S, 7(E) typically takes a value close to 1
below the HOMO and varies between 0.1 and 1 in a large
energy range of 3 eV below it. Due to the square root in eq 3,
V,, varies only within a factor of 3 when the transmission
changes by 1 order of magnitude. Hence, as long as the
transport at E = Ex — Aw remains on-resonance, the oscillating
potential V,, is rather insensitive to variations of the precise

dx.doi.org/10.1021/jz4014008 | J. Phys. Chem. Lett. 2013, 4, 2811-2816
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shape of the transmission curve as they could arise from
inaccuracies of the DFT method or changes in the junction
structure. Further discussion on this issue can be found in the
SL

With the above V,, and considering the light intensity and the
penetration depth of Au at 781 nm (~1 nm),** the
corresponding plasmonic field enhancement factor is 1100.
This value is consistent with recent theoretical estimations,**
previous measurements of rectification currents in subnan-
ometer 8P junctions,'” and surface-enhanced Raman measure-
ments.*

An alternative mechanism to explain the observed plasmon-
induced conductance enhancement is by generation of hot
electrons in the metal electrodes via plasmon decay.* In the SI,
we show analytically that, to lowest order in a (a = eV, /Aw),
this process is described by eq 1. Hence, for the laser intensity
used here, the two mechanisms are identical.

In conclusion, we show the effect of plasmons on single-
molecule junctions, demonstrated in this study as an enhanced
dc conductance. The novel experimental setup enables one to
rule out the contribution of other processes that could enhance
the conductance upon laser illumination, leaving only the
optical plasmonic field as the source of the measured effect.
Because pulsed lasers offer the possibility to create rapid
(femtosecond and below) transient plasmons, the demon-
strated experimental capability opens a path to ultrafast
(optical) gating of single-molecule junctions toward the
realization of new nanoscale electronics faster than current
technology by several orders of magnitude.
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Details on experimental procedures, ab initio calculations, and
the accuracy and robustness of extracted parameters. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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