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ABSTRACT: We introduce strongly coupled optical gap
antennas to interface optical radiation with current-carrying
electrons at the nanoscale. The transducer relies on the
nonlinear optical and electrical properties of an optical gap
antenna operating in the tunneling regime. We discuss the
underlying physical mechanisms controlling the conversion
involving d-band electrons and demonstrate that a simple twowire optical antenna can provide advanced optoelectronic
functionalities beyond tailoring the electromagnetic response
of a single emitter. Interfacing an electronic command layer
with a nanoscale optical device may thus be facilitated by the optical rectennas discussed here.
KEYWORDS: Plasmonics, photon-assisted tunneling, optical rectennas, electromigration
iant enhancement of optical ﬁelds are generally locally
produced in the feedgap formed between two or several
adjacent resonant metal nanoantennas.1,2 Strongly coupled
optical antennas are thus essential for amplifying weak optical
interaction cross sections such as the vibrational responses of a
single molecule3,4 or nonlinear χ(2) and χ(3) processes.5−8 When
the separation distance between the individual constituents of
the optical antenna reduces, large Coulomb splitting of the
underlying plasmonic modes takes place.9−11 For an atomicscale gap, charge transfer plasmons are driving the antenna
response in the so-called quantum tunneling regime.12−15 In
this case, the quantum nature of the interaction opens a new
paradigm for utilizing optical gap antennas beyond the control
of electromagnetic ﬁelds at the nanometer length scale.16,17 For
instance, incoming photons can exchange energy with
tunneling charges modifying thus the conductance of the
barrier18,19 and strong-ﬁeld eﬀects were recently reported.20,21
Therefore, adopting metal-based optical gap antennas as a
disruptive technological vehicle may provide advanced functional devices to interface nanoscale electronics and photonics.
Several steps were recently made in this direction by electrically
wiring optical feedgaps where an enhanced optical ﬁeld is selfaligned with large static electric ﬁelds (107−109 V/m).8,22,23
Inspired by these advances, we demonstrate here that
ultrafast laser pulses can interact with tunneling charges in an
electrically wired optical feedgap. The geometry discussed here
transduces the laser ﬁeld through a photon-assisted tunneling
mechanism to create a nanometer-scale nonlinear rectifying
antenna, or rectenna, operating at optical frequencies. We show
that the rectenna’s nonlinear transducing yield is driven by the
electrical environment of the feedgap. Speciﬁcally, the crossover
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between a linear intensity dependence of the photocurrent and
a multiorder power law is strongly reduced at the onset of
Fowler−Nordheim tunneling.
Photon-Assisted Tunneling. Following the description by
Tucker,24 the time-averaged photon-assisted tunneling current
of a junction subject to an electromagnetic ﬁeld is22,25,26
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where Vopt is the voltage drop at the junction, Jn is an nth order
Bessel function, ω is the angular frequency of the radiation, e is
the elementary charge, and Vb is a static bias applied to the
junction. Retaining the lowest order terms n = 0 and n = ±1
and using the asymptotic forms of the Jn, the tunneling current
writes as a sum of a static tunneling contribution and a photonassisted term
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⎛
1 2 ⎜ Ib Vb +
+ Vopt⎜
4
⎜
⎝

(

ℏω
e

⎞

) − 2Ib(Vb) + Ib(Vb − ℏeω ) ⎟
⎟
2
⎟
( ℏeω )
⎠
(2)

For junctions consisting of Au electrodes, the energy
dispersion of the tunneling transmission near the Fermi level
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Figure 1. (a) Current−voltage plot of a Au nanowire for a series of subsequent bias sweeps. For each sweep, the voltage ramp is manually stopped
before electrical failure of the nanowire. The resistance increases between sweeps as the result of the formation of a constriction. Eventually, the
process leads to the electrical failure of the nanowire (red curve). (b) Fowler−Nordheim representation of the electrical characteristic of an optical
gap antenna produced by electromigration. The edges of the shaded area are the transition voltages indicating the type of transport.

voltages, we measure ϕD = 0.23 eV and ϕS = 0.26 eV for the
barriers at the drain (D) and source (S) electrodes, respectively.
In a recent contribution by Wu and co-workers, transition
voltages were however shown to depend on the atomic
conﬁguration of junction and the local density of states rather
than the shape of the barrier.34 While the interpretation of the
transition voltage is still under debate, the process of
electromigration typically produces a stochastic rearrangement
of the Au leads and are thus inherently asymmetric.8,35
Geometrical asymmetry of the gap, even constituted from the
same material, can lead to diﬀerent electrostatic potentials.25,34,36 A slight asymmetry in the Fowler−Nordheim
representation as in Figure 1b was systematically observed in
our experiments. When measurable, transition voltages in all
tested devices were consistently observed for Vb < 0.6 V.
Photoresponses of the Junction. We then interrogate
the nonlinear photon-assisted tunneling transport of such
contacted optical gap antenna by laterally scanning the
structure through the focus of a tightly focused titanium:sapphire pulsed laser beam. A schematic of the setup is illustrated
in Figure 2.

εF is slowly varying around εF ± ℏω if ℏω < 2 eV.27 Thus, the
time-average tunneling current may be written in the classical
form of rectiﬁcation
⟨Ib⟩ = Ib(Vb , Vopt = 0) +

2
1 2 ∂ Ib
Vopt 2 = Ib + Iphot
4
∂Vb

(3)

Optical rectiﬁcation is possible if the response time of the
junction is fast enough for the electrons to tunnel through the
barrier in half of a cycle of the external optical ﬁeld.25 A low
junction capacitance is therefore a necessity that requires
nanostructure-based devices.22 In this respect, optically coupled
antennas are especially appealing because of their nanometerscale active feedgap area and the capability at concentrating and
enhancing an incident electromagnetic ﬁeld.
Electrical Characterization of Connected Optical
Antennas. In this work, we produce nanometer-scale optical
gap antennas by controlling the electromigration of 100 nm
wide 5 μm long gold nanowires fabricated on a glass
substrate.28,29 The nanowires and their electrical connections
are realized by a double-step lithography. Macroscopic
electrodes and a series of alignment marks are ﬁrst fabricated
by standard optical lithography. The marks are used for
subsequently deﬁning nanowires by electron-beam lithography.
A 2 nm thick layer of Cr followed by 50 nm of Au are then
thermally evaporated to form the metal structures. A liftoﬀ of
the electron-sensitive resist ﬁnalizes the sample.
Figure 1a shows a typical current−voltage plot of a contacted
nanowire when a ramping bias is applied to the terminals. At
the onset of electromigration, the curve is departing from an
Ohmic behavior.30 The formation of a constriction preceding
that of a nanometer-scale gap is controlled by applying
successive bias sweeps that eventually lead to the electrical
failure of the nanowire (red curve).29 The breakdown is
conﬁrmed when the conductance of the gap G is smaller that
the quantum of conductance G0 = 77.4 μS. We ﬁnd that
approximately 60% of the junctions produced by this method
lead to gap sizes commensurate with electron tunneling. The
Folwer−Nordheim representation of Figure 1b illustrates the
current response after electromigration. The tunneling current
Ib is measured with a 108 V/A current-to-voltage converter. The
minima in the curve at −3.8 and 4.2 V−1 indicate transition
voltages consistent with previous voltage spectroscopy of
atomic Au junctions.29,31 These transition voltages were
originally thought to determine the crossover between a
direct-tunneling transport to a ﬁeld emission regime.32 The
height ϕ of the potential barriers can be directly deduced from
these two minima.29,33 With this interpretation of the transition

Figure 2. Sketch of the experimental setup. The junction is irradiated
with a laser emitting 180 fs pulses with a repetition rate of 80 MHz
centered at a wavelength of 810 nm. The ﬁltered second harmonic
response is detected by an avalanche photodiode. The inﬂuence of the
laser on the tunneling transport is recorded by lockin ampliﬁers
detecting the photocurrent synchronized at the chopping frequency of
the laser, signals proportional to the diﬀerential conductance, and its
nonlinearity.
2331

dx.doi.org/10.1021/nl404707t | Nano Lett. 2014, 14, 2330−2338

Nano Letters

Letter

Figure 3. (x,y) spatial dependence of the second harmonic signal (ﬁrst column on the left), the demodulated laser-induced current Iphot (second
column), the signal provided by the diﬀerential conductance I′ (third column), and the signal proportional to the nonlinear conductance I″ (last
column) for three biases Vb = 0 mV, Vb = +300 mV, and Vb = +900 mV, respectively. The electrode and nanowire contours are represented by the
dashed layout for Vb = 0 mV. The arrows show the spatial location of the antenna feedgap. The bias is applied to the left electrode.

Figure 4. (a) SHG signal from a pristine Au nanowire (before electromigration). A defect at the nanowire surface gives rise to a large SHG response
(arrow). (b) Simultaneously acquired conductance map. The conductance drop is maximum at the location of the defect. (c) Cross sections taken
along the nanowire. The drop at the defect is about 0.14 mS.

The photon energy is ﬁxed at 1.53 eV. The pulse duration at
the exit of the laser and the repetition rate are 180 fs and 80
MHz, respectively. The numerical aperture (N. A.) of the
focusing objective is 1.49. For each lateral (x,y) position of the
antenna in the focus, we conduct photon-dependent inelastic
tunneling spectroscopy by measuring the ﬁrst and second
derivatives of the current. To that purpose, a small modulated
bias Vmod = Vac cos(2πFmodt) is added to the static voltage Vb
applied to the nanojunction with Vac = 15 mV and Fmod = 1
kHz. Two lock-in ampliﬁers referenced at Fmod and 2Fmod
output a signal proportional to the diﬀerential conductance I′ =
Vac(∂Ib/∂Vb) of the gap antenna and signal proportional to the
2
(∂2Ib/∂Vb2),
nonlinearity of the conductance I″ = 1/4Vac
respectively. The laser-induced current Iphot is extracted by
chopping the laser beam at Fchp = 400 Hz and by demodulating
the tunneling current Ib at Fchp with a third lock-in ampliﬁer.
Finally, we also record the second-harmonic generated (SHG)
from the gold structure by detecting the radiation emitted at
3.06 eV with a single-photon avalanche photodiode. The SHG
signal was detected through a 124 meV wide bandpass ﬁlter
centered at 3.06 eV. Because of the geometrical asymmetry of
the feedgap and the electromagnetic build-up in the
interstice,1,2 the tunneling junction exhibits an enhanced
SHG response8 providing an imaging contrast to locate the
antenna feedgap.

Figure 3 displays a series of (x,y) scans of the diﬀerent gap
responses under a constant average laser intensity at focal spot
of 840 kW/cm2. With the characteristics of our pulses, the
instantaneous peak intensity at the focus is 58 GW/cm2. The
polarization of the laser is aligned along the nanowire for the
remaining of the discussion and, when relevant, average
intensities are indicated. The simultaneously measured SHG,
photocurrent Iphot, the current proportional to the linear
conductance I′, and the current given by the nonlinear
conductance I″ are displayed for a null bias in the top images.
The dashed lines follow the contours of the structure. While the
SHG signal is expectedly large at the Au edges, the strongest
nonlinear response is observed at the position of the
electromigrated gap8 as indicated by the arrows. When the
femtosecond-pulsed laser overlaps the feedgap, a 20 pA
photocurrent is produced at Fchp in the absence of a static
bias (Vb = 0 V). At the same position, electrical changes of the
lockin outputs I′ and I″ are measured.
From the concomitant occurrence of these signals at a very
well-deﬁned spot it is tempting to conclude that a photonassisted tunneling process described by eq 3 is the dominating
mechanism. Even with a small asymmetry of the barrier heights,
a net rectiﬁed current ﬂowing in the antenna feedgap can be
generated owing to the nonlinear characteristics of the
junction.37 Thermal eﬀects, however, can drastically inﬂuence
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the conduction properties of a laser irradiated tunneling
junction as reviewed by S. Grafström.38 Among possible
processes resulting from photon absorption in the metal and
subsequent Joule heating, let us mention thermal expansion of
the gold leads, thermally assisted tunneling resulting from an
nonequilibrium electron distribution,39 and thermovoltages
arising from a temperature gradient between the two sides of
the feedgap.40
Evaluation of Thermal Eﬀects. In the following, we
estimate the possible contribution of these eﬀects to explain the
photocurrent at zero bias observed in Figure 3. Thermal
expansion was shown to be negligible in planar metal junctions
lying on a substrate and illuminated under a constant-wave
(CW) laser excitation.22,41 For a pulsed excitation, the eﬀect of
a light-induced thermal expansion in the Iphot or I′ maps of
Figure 3 would be distributed along the nanowire and not be
uniquely restricted to the antenna feedgap. Although, sharp
discontinuities are known to increase electromagnetic conﬁnement, the temperature rise at the edge of a Au nanowire was
shown to remain modest (<10%) and is mostly accounted for a
reduced heat dissipation and not due to an increased
absorption cross-section.42
Nevertheless, to estimate the steady-state temperature
resulting from the absorption of the pulses, we measure the
photoinduced change of conductance Gd − GT at Vb = 0 V of
an as-fabricated nanowire before electromigration. Here, Gd is
the dark conductance measured without laser excitation and GT
is the conductance when the temperature is changed. Figure
4a,b shows the simultaneously acquired SHG and conductance
maps for an unbroken nanowire laterally scanned through the
laser focus. The laser intensity is here 1250 kW/cm2, a value
slightly higher than the one used in Figure 3. Generally,
whenever the metal surface is overlapping the focal spot the
conductance diminishes: the electrode and nanowire outlines
are readily recognized by the darker contrast in Figure 4b. At
the center of the nanowire there is a strong SHG response
(arrow) indicative of the presence of a morphological defect
formed during the fabrication. The strong SHG signal is
accompanied by a reduction of the electrical conductance of the
nanowire as shown in Figure 4b. The defect and/or its SHG
activity act as an entry point for an increased laser absorption.
However, despites this SHG-induced conductance change, Gd
− GT remains modest at a value below 0.14 mS as shown by the
cross-sectional cut along the nanowire displayed in Figure 4c.
We have calibrated the temperature dependence of the
conductance by placing a substrate containing three nanowires
on a temperature-controlled Pelletier element. Figure 5 shows a
linear temperature dependence43 for the three nanowires where
Gamb − GT is the diﬀerence between the conductance measured
at ambient temperature and the conductance measured when
the Pelletier element is heated. Linear ﬁts (dashed curves)
through the data point lead to an average slope of 0.0147 mS/
K. Considering the drop of conductance upon laser absorption
shown in Figure 4 (<0.14 mS), the temperature rise is
estimated at approximately 9 K. Heat is thus eﬃciently
removed from the nanowire through the extended metal
leads. This is conﬁrmed by the lateral variation of the
conductance along the nanowire. Because the terminals for
the connected gaps are the essentially the same, we conclude
that they act as eﬃcient heat sinks and a laser-induced increase
of the nanowire temperature is unlikely to explain the
photocurrent in Figure 3 in accordance with the recent work
of Herzog et al.43

Figure 5. Temperature dependence of the conductance measured for
three nanowires with similar dimensions. The variation is referenced to
the conductance measured at ambient temperature Gamb. Linear ﬁts
through the data lead to a mean slope of 0.0147 mS/K.

Thermal processes are providing well-deﬁned characteristics
when the junction is scanned through the focus such as a sign
reversal of the current.40,44 Figure 6 shows an example of a
thermo-current in an electromigrated junction. In this experiment, the laser intensity was intentionally kept large at 4 MW/
cm2. The confocal map of Figure 6a displays the spatial
dependency of the second harmonic generation of the
structure. At the location of the antenna feedgap near the left
contact, the second harmonic activity is ampliﬁed.8 The current
map displayed in Figure 6b shows the magnitude of the
photocurrent ﬂowing through the junction for null bias. There
is a clear contrast reversal of the current between the two sides
of the feedgap. When one electrode is at a diﬀerent temperature
than the other, a thermovoltage builds up across the gap.38 The
sign of the thermovoltage changes with the position of the gap
with respect to the laser focus.40,44 When the latter is centered
across the gap, the net current is zero as observed in Figure 6b.
Note that we expect a similar change of contrast for a thermally
assisted tunneling process. The inﬂuence of the laser absorption
can be traced along the right part of the nanowire where the
negative value of the current increases to reach its maximum at
the right edge of the feedgap. Because the gap was produced
near the left electrode, dissipation along the long arm is
therefore reduced compared to the left side located closer to
the macroscopic heat sink.
The experiment was repeated with a 10-fold reduction of
laser intensity (416 kW/cm2). Figure 6d shows the SHG and
Iphot responses for another device. Under this excitation
intensity, the photocurrent map is vastly diﬀerent and we do
not measure a change of contrast in the current distribution.
The behavior of this junction is essentially similar to the one
already observed in Figure 3. We consistently measured similar
Iphot distributions at Vb = 0 mV with amplitudes varying from
device to device.
To conclude this section, we observe that for modest average
laser intensities, the elevation of temperature can be neglected
(Figure 4), and because there is no evidence of current reversal
the photocurrents generated in the antenna feedgap at Vb = 0
mV in Figures 3 and 6d are unlikely related to thermal eﬀects.
Bias Dependence of the Photocurrent. Within the
assumptions discussed by Mayer and co-workers25 and by Ward
et al.,22 the classical picture of photon-assisted tunneling is
dictated by eq 3. This relation indicates that rectiﬁed current
Iphot is given by the magnitude of the optically induced voltage
drop Vopt at the junction and the nonlinearity of the
2333
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Figure 6. (a) Confocal map showing the second-harmonic signal enhanced at the rectenna feedgap. (b) Spatial distribution of the tunneling current
for Vb = 0 mV. The laser intensity is 4 MW/cm2. The contrast reversal across the antenna feedgap is typical from thermocurrents. (c,d) Confocal
maps for a laser intensity of 416 kW/cm2 and Vb = 0 mV. There is no evidence of a changing current sign. The same color scale is used for the SHG
unit (kcts/s) and the photocurrent unit (nA).

Figure 7. Bias dependence of the absolute value of the photocurrent (a) and (b) the current proportional to the nonlinearity of the antenna
conductance for increasing laser intensity I″ = 1/4V2ac(∂2Ib/∂V2b). |Iphot| and I″ are correlated indicating that the rectiﬁcation picture is the dominant
mechanism for all the laser intensities and bias values investigated.

conductance ∂2Ib/∂V2b. To verify that the optical gap antenna
discussed here behave like a semiclassical rectenna, we operate
the device of Figure 3 at diﬀerent points of its electrical
characteristics by applying a static voltage Vb across the feedgap.
The spatial responses of the tunneling gap antenna for Vb =
+300 mV and Vb = +900 mV are shown in the series of images
in the middle and bottom parts of Figure 3. For this particular
device and under these biases, electron transport in the
rectenna is driven by direct-tunneling (no inversion point in the
Fowler−Nordheim plot). The transmittance and therefore the
diﬀerential conductance ∂Ib/∂Vb of the rectenna increases with
bias. In this region of the current−voltage characteristic, the
nonlinearity of the conductance ∂2Ib/∂V2b becomes larger as
demonstrated in Figure 3.
The yield of optical rectiﬁcation is generally driven by the
classical responsivity S

the focus between successive scans. The relative stability of the
harmonic response is a good indication that the structural
integrity of the feedgap is maintained during the experiment.
SHG is strongly aﬀected by symmetry and local defects, and
any signiﬁcant modiﬁcations of the junction geometry or the
leads would have been recorded in the SHG maps. Although
SHG and Iphot are both proportional to V2opt, we could not
identify a direct relationship between the SHG activity and the
amplitude of the photocurrent for the ﬁxed polarization state
used in this work. The magnitude of the photocurrent strongly
depends on the gap spacing and the SHG response on the
underlying symmetry of the system8 and local electromagnetic
ﬁeld distribution. Because the junctions formed by electromigration are notoriously irregular with various ranges of gap
distances, it is diﬃcult to extract a clear relationship between
quantities that depend on diﬀerent structural parameters.
Figure 7 shows the bias dependence of the photocurrent |
Iphot| and the lockin output I″ given by the nonlinearity of the
conductance 1/4V2ac(∂2Ib/∂V2b). The curves were obtained from
a device diﬀerent that the junction discussed in Figure 3. The
evolution of the photocurrent curves for all bias values and laser
intensities are well reproduced by I″. The correlation between
Figure 7 panels a and b strongly suggests that the photocurrent
is driven by eq 3 and that the classical picture of photonassisted tunneling (optical rectiﬁcation) is at play.22 The
amplitudes of the |Iphot| and I″ signals are occurring on the same
current scale implying that the optically induced voltage drop
Vopt is comparable to the modulation bias Vac, in this case 15
mV. This value agrees well with the values inferred for a CW
excitation with similar devices.22 For large laser intensities and
bias voltages, we observe an irreversible damage of the device as
shown by the drop of the photocurrent for Vb < −0.4 V at 291
kW/cm2.

∂ 2Ib

S=

∂Vb2
∂Ib
∂Vb

(4)

S strongly depends on the electrical nonlinearity of the barrier
and can be increased by applying an external bias voltage Vb.
For solar-harvesting applications, the electrical power provided
by the application of a bias should remain smaller than the
power gained by rectifying the external radiation.25 However,
for purposes where transducing optical gap antennas are used
as optoelectronic interfacing devices, a bias-dependent
responsivity may be desired to control the ﬂow of information.
In Figure 3, the classical responsivity at the feedgap is S = 0.2
V−1 at zero bias and increases linearly with bias with a slope of
∼0.3 V−2. We measure a 6-fold enhancement of Iphot when Vb is
increased from 0 to +900 mV. The simultaneously recorded
SHG signal is stable within a few percent during the bias
increments. Minor variations are attributed to a slight drift of
2334
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upper-edge d electrons to εF occurs for optical energies as low
as 1 eV53,54 at the X-point of the Brillouin zone; direct
interband transitions are thus possible with our laser energy.
To gain insight into the emission processes and how they
relate to the band-structure of the gold electrodes, we now
present an analysis based on the calculated band-structure of
gold. To that end, we employed density functional theory
(DFT) using exchange-correlation functional expressed within
the general gradient approximation (GGA) of Perdew−Burke−
Ernzerhof (PBE).55 Our calculations include spin−orbit (SO)
coupling corrections. The PBE+SO approach has been shown
to yield band structures in excellent agreement with experiment.54 In addition, scalar-relativistic DFT calculations have
been used previously to successfully account for inter- and
intraband transition in gold.56 The calculations were performed
using the DFT package VASP 5.2.1257 with scalar-relativistic
corrections, a projector augmented-wave (PAW) pseudopotential,58 a 288 eV energy cutoﬀ, and a dense k-point grid (1771
nonequivalent points) to sample the Brillouin zone. Decomposed density of states was computed using the tetrahedron
method with Blöchl corrections with 9051 nonequivalent
tetrahedra.59
Figure 9a shows the corresponding PBE-SO band-structure
computed along lines connecting high-symmetry points of the

Intensity Dependence of the Photocurrent. Figure 8
shows the evolution of the rectiﬁed current Iphot with the

Figure 8. Dependence of the photocurrent Iphot on the average laser
intensity for diﬀerent symmetric biases Vb. Inset: Double-logarithmic
plot of |Iphot| versus average laser power for Vb = −0.3 V. For moderate
pulsed laser intensities, the photocurrent scales linearly with intensity.
Higher-order photon processes are occurring when the laser intensity
is increased. γ denotes the transition from a linear regime to a power
law dependence with n > 2.

average laser intensity for a series of negative and positive
voltages Vb. The data were acquired from the device used in
Figure 7. The laser intensity dictates the regime of operation of
the optical rectenna. For moderate laser intensities and
regardless of the applied bias, the rectenna operates in a linear
regime. This low-excitation regime, discussed below, is
consistent with the behavior reported for a discontinuous
gold ﬁlm45 and for extended Ag−Al2O3−Al junctions.46 An
example of a linear relationship is shown in the doublelogarithmic plot in the inset of Figure 8 for Vb = −300 mV. The
data below ∼200 kW/cm2 (γ-point) are well ﬁtted by a linear
trend with a slope of 14 pA/kWcm−2. At γ, we estimate that 2.5
× 103 photons are needed to produce an electron assuming a
sensitive area of 1 nm × 100 nm. After the threshold γ, the
trend is no longer linear; multiphoton processes triggered by
the ultrafast laser pulses are contributing to the photocurrent as
indicated by the increasing power-law exponent with laser
intensity.
Role of d-Band Electrons. Multiphoton absorption leads
to a photoemission for excitation energies above the barrier47
or to tunneling of excited electrons in states located above the
Fermi surface but remaining below the work function.46 The
electrical conductance in a nanoscale junction typically involves
tunneling of electrons located near the Fermi level εF,48 which
for gold are located within the sp conduction band. Taking into
account the mean reduced eﬀective barrier height of the
electrodes at feedgap [Figure 1b], a single photon absorption
by an electron located near εF gains an excess energy of ℏω−
ϕD,S ∼ 1 eV above the eﬀective barrier. Under this excitation
energy, the photocurrents resulting from a one-photon or even
a multiphoton above-threshold emission are well described
assuming a static barrier46,48,49 and should be independent of
the classical responsivity S of the rectenna. This is in direct
contrast with Figure 7 for the range of laser intensities used in
this work.
Viljas and Cuevas calculated that the photoconductance
between two Au atoms increases when d-band electrons are
optically excited.27 The importance of interband contribution in
the hot carrier distribution was also recently pointed out by
Govorov et al.50,51 and was considered for explaining the
nonlinearities in tip-enhanced photoemission.52 Transition of

Figure 9. (a) Calculated PBE-SO band structure of Au using density
functional theory. The zero energy is set at the Fermi level. The length
of the arrows corresponds to the laser energy. The diﬀerent transitions
promoting electrons above the Fermi level are depicted. Processes (i)
and (i′) represent interband and intraband transitions of electron
located below εF near high symmetry point L or X, respectively.
Nonlinear transitions are either resulting from a sequential absorption
of two photons responsible for Au photoluminescence (ii) or a
coherent absorption generating SHG (ii′). Process (iii) is involving a
higher number of photons. (iv) represents Rayleigh scattering when
there are no states to accommodate the optically excited electrons. (b)
Calculated density of states (red curve) superposed with a drawing of
the tunneling junction. The DOS is largely dominated by d-band
electrons. The arrows represent the transition processes noted in (a)
bringing low-lying electrons above εF that need to be taken into
account in the photon-assisted transport.

ﬁrst-Brillouin zone. The Fermi level is set at 0 eV. Electronic
transitions resulting from the absorption of a photon are
represented by arrows and are occurring around the highsymmetry X and L points of the Brillouin zone. The transition
labeled (i) shows a direct absorption X7+→6−. Indirect intraband
excitations are also possible as in (i′) where the momentum
mismatch for this nonvertical transition is brought by the high
spatial frequency content of the electromagnetic ﬁeld associated
with the underlying Au nanostructure.60 Processes (ii) and (ii′)
depict nonlinear absorption mechanisms exciting d-band
electrons above the Fermi level. These nonlinear absorptions
2335
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are rather eﬃcient for gold nanostructures,61−63 and especially
optical gap antennas.6,64 A strong nonlinear two-photon
photoluminescence (TPL) response is typically observed
resulting from a radiative interband recombination of an sp
electron promoted above εF with a hole in the d-band65,66
[process (ii)]. Another mechanism beneﬁting from the high
density of d-bands is the SHG response depicted by (ii′)67 and
already introduced in Figure 3. Higher order excitations
involving n > 2 photons are labeled (iii). These processes
may include direct and indirect transitions. Finally, process (iv)
depicts Rayleigh scattering occurring when electrons are excited
above εF with momenta that do not coincide with an available
state in the sp bands (the energy required for a direct intraband
transitions to the L6+ level is about 3 eV54).
While electronic transitions corresponding to instantaneous
linear and nonlinear excitations (Rayleigh scattering and SHG)
may not contribute to the photoassisted current, processes
involving a real state like (i′), (ii), and (iii) supply electrons
above the Fermi level that need to be considered to understand
the optical dependence of the transport. Figure 9b shows the
calculated total density of states (DOS) that include
contributions from s, p, and d states (red curve). Superimposed
on the DOS is a schematic drawing of the tunnel junction.
While the state crossing the Fermi energy have sp-like
properties, the DOS is largely dominated by d electrons
below εF with a ratio to s states exceeding 2 orders of
magnitude at the band edge.
Considering the above arguments, we hypothesize that
optical excitations of d-band electrons to empty states close to
the Fermi level are contributing to Iphot and are responsible for
the nonlinearity of the junction displayed in Figure 8. The
linear behavior for low laser intensity is consistent with the
direct transition X7+→6− and indirect intraband transitions
labeled (i′) in Figure 9. Because Iphot and I″ follow the same
bias evolution (Figure 7), the higher order power dependence
shown in the inset of Figure 8 suggests that optically excited
low-lying electrons are contributing to the photocurrent
[processes (ii) and (iii)]. The correlation between Iphot and
I″ even in the nonlinear regime is rather surprising since eq 3 is
valid only if the tunneling transmittance varies slowly on the
voltage scale ℏω/e,24 which is clearly not the case when direct
interband transitions are considered.27 However, transitions
(i′), (ii), or (iii) in Figure 9 are not direct coherent absorption
processes mediated by virtual energy levels but are the results of
a sequential absorption of two or more photons through shortlived metastable real states65,66 and eq 3 remains valid.
We verify the role of promoted d-band electrons near the
Fermi level by plotting the evolution with bias of the threshold
value γ delimiting the linear to the nonlinear regime as deﬁned
in the inset of Figure 8. γ represents the laser intensity from
which d-band electrons need to be taken into account in the
photoconductance. The bias dependence of the γ threshold is
reported in Figure 10. For −0.45 V < Vb < 0.3 V, γ is fairly
constant at around 200 ± 11 kW/cm2. In this range of voltages,
the rectenna operates in a direct tunneling regime (eVb < ϕD
and ϕS). The Fowler−Nordheim plot of the rectenna’s
electrical characteristic is reported in the inset of Figure 10.
Here ϕD = 0.55 eV and ϕS = 0.35 eV. For larger Vb, we observe
a sudden drop of the nonlinear threshold γ (∼40%). This
steplike decrease occurs at the onset of the transition voltages
as indicated by the shaded areas in Figure 10. The ﬁgure
indicates that the transport enters a nonlinear regime at lower
input power if the operating bias is larger than the transition

Figure 10. Evolution of the threshold γ deﬁning the transition
between the rectenna’s linear to nonlinear regime as a function of bias
Vb. The shaded areas show the voltage ranges in which the contacted
gap antenna operates in ﬁeld emission regime. The inset shows the
Folwer−Nordheim representation of the junction’s electrical characteristic. The two minima at −1.8 and 2.8 V−1 are the cross over biases
from direct tunneling to ﬁeld emission tunneling.

voltage. Under this Fowler−Nordheim ﬁeld emission transport,
the tunneling current become itself nonlinear with bias and
more experiments are needed to distinguish between the
diﬀerent nonlinearities at play.
Conclusions. To conclude we show here that an optical gap
antenna can act as an elementary nonlinear rectiﬁer (rectenna)
when irradiated by a femtosecond pulsed laser. We found that
the rectenna’s nonlinear characteristics can be controlled by the
applied bias and emphasize the role of d-band electrons in the
photon-assisted transport. We found that the rectenna’s
nonlinear characteristic can be controlled by the applied bias.
Although the rectenna geometry is relatively simple, the optical
gap and the electrical rectifying gap are self-aligned at the
nanometer scale. Enhancement of the photocurrent yield can
be achieved by controlling the intrinsic feed characteristics of
these two overlapping functional gaps. Engineering the barrier
height and the geometrical asymmetry of the facing edges will
increase substantially the classical responsivity S of the
rectenna.25 Deploying a resonant plasmonic feedgap will
improve the interaction cross-section of the rectenna with the
incoming photons23,68 and will provide an enhancement of the
localized electromagnetic ﬁeld.10 These combined eﬀects will
contribute to increase the eﬃciency of the rectenna, paving thus
the deployment of these unique interfacing devices in an
optoelectronic information processing platform. Finally, we
note that Figure 3 or Figure 8 shows time-averaged
photocurrent maps and laser intensity dependencies. Because
the laser produces 180 fs short pulses at a repetition rate of 80
MHz, the measured current at the terminals is constituted of a
rectiﬁed electron packets bunched on a similar time scale. By
using pulse-picking technique, femtosecond electron pulses can
thus be delivered on-demand in a circuitry. This simple optical
rectenna could therefore be implemented as a wired ultrafast
electron source for studying temporal dynamics of nanoscale
electronic devices and serve as an extremely local source of
terahertz radiation.
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