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ABSTRACT: We successfully demonstrate the plasmonic coupling between metal
nanoantennas and individual GaAs nanowires (NWs). In particular, by using dark-ﬁeld
scattering and second harmonic excitation spectroscopy in partnership with analytical and
full-vector FDTD modeling, we demonstrate controlled electromagnetic coupling between
individual NWs and plasmonic nanoantennas with gap sizes varied between 90 and 500
nm. The signiﬁcant electric ﬁeld enhancement values (up to 20×) achieved inside the NWnanoantennas gap regions allowed us to tailor the nonlinear optical response of NWs by
engineering the plasmonic near-ﬁeld coupling regime. These ﬁndings represent an initial
step toward the development of coupled metal−semiconductor resonant nanostructures
for the realization of next generation solar cells, detectors, and nonlinear optical devices
with reduced footprints and energy consumption.
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systems, little is currently known on their optical coupling
regime and synergistic properties. Recently, colloidal arrays of
plasmonic nanoparticles and lithographically deﬁned metallic
nanocylinders coupled to semiconductor NWs have been
explored as novel metal−semiconductor interacting systems
that enhance the optical response of their individual
components.22,23 The combination of the mature semiconductor NWs platform with the nanoplasmonics technology
could potentially open the way to novel technological
applications that leverage strongly conﬁned optical ﬁelds in
order to manipulate the linear and nonlinear optical responses
(i.e., scattering, absorption, emission, harmonic generation) of
resonant semiconductor structures at the nanoscale. In
particular, semiconductor NWs optically coupled to plasmonic
nanoantennas with lithographically deﬁned morphologies may
become the basic building blocks for future high-eﬃciency solar
cells, ultrafast optical switches, and modulators and nanoscale
photodetectors with dramatically reduced energy consumption.
In this paper, we investigate the resonant coupling of
semiconductor NWs and plasmonic antennas. In particular, we

he optical properties of semiconductor nanowires (NWs)
are currently at the center of an intense research eﬀort
due to their potential applications in a number of nanoscale
optoelectronic devices, such as tunable and enhanced light
sources,1−3 solar cells4−8 and photodetectors,9,10 optical
switches,11 and nonlinear devices and modulators.12 NWs
with engineered composition, size, and morphology oﬀer the
possibility to control the electronic structure and the linear and
nonlinear optical properties of semiconductor materials.13
Recently, the engineering of metal−semiconductor NWs that
support distinctive structural resonances, such as the ones
predicted by the classical Mie theory,14 has been proven as a
convenient pathway to enhance light-matter coupling.15
Moreover, resonant metallic nanostructures supporting traveling or localized SSPs (i.e., collective oscillations of free
electrons conﬁned in one or more spatial dimensions at the
nanoscale) have been thoroughly investigated as a powerful
approach to manipulate optical radiation at the subwavelength
scale.16−20 In particular, plasmonic nanoparticle arrays and
nanoantennas have shown the ability to strongly concentrate
and increase the intensity of local electromagnetic ﬁelds over
engineered nanoscale spatial domains and spectral bandwidths.21 However, although a signiﬁcant amount of work has
been devoted to understand and manipulate the optical
responses of individual semiconductor NWs and plasmonic
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min. A few drops of this solution were then released onto a
prepatterned fused silica substrate. We used an optical
microscope to localize the NWs position on the wafer and
the nanoantennas have been designed around the NWs using a
custom-made ﬁtting software.35 The pattern encodes the
relative position on the wafer and uses circular shapes for
deep submicrometer alignment. The position is determined via
shape recognition algorithms leading to an accuracy of
approximately 50 nm. We used electron beam lithography
(Vistec EBPG5000) to position the nanoantennas in close
proximity to the NW surface and along its axis. Before the
exposure, an MMA and PMMA resist layer were spin coated on
the substrate and the evaporation of 40 nm of Cr was needed in
order to dissipate the electrons coming from the electron beam.
The Cr was then etched away and the evaporation of 5 nm of
Ti and 30 nm of Au was performed after the developing of the
resist.
Figure 1a displays a schematic of the structure of a
representative plasmonic antenna-coupled NW sample inves-

use Au dimer nanoantennas to couple light into GaAs NWs.
The precise control of the nanoantennas position leads to the
opportunity of engineering coupled systems able to enhance
the absorption of determined wavelength and polarization.
GaAs NWs and BaTiO3 nanoparticles have been recently
studied with second-harmonic generation (SHG) as single
systems.24,25 The distinctive optical resonances of NWnanoantennas system enhance the pumping electric ﬁeld at
speciﬁc wavelengths in the near-infrared range. As a
consequence, the second harmonic generation in the visible
spectral range can be strongly enhanced. We probe the system
resonances by dark-ﬁeld scattering and second harmonic
excitation (SH-E) spectroscopy.26,27 We demonstrate resonant
near-ﬁeld optical concentration of radiation into individual
NWs in good agreement with full-vector three-dimensional
(3D) electromagnetic modeling based on the ﬁnite diﬀerence
time domain (FDTD) method. In particular, the metal
nanoantennas enhance the electric ﬁeld outside and on the
surface of the NW associated with the component of the laser
pumping light having transverse polarization with respect to the
NW axis. This ability introduces the possibility to control the
absorption of diﬀerent polarizations by a single NW, which
constitutes the ﬁrst step in the realization of novel photodetectors with designed spectral and polarization responses at
the nanoscale.
Thanks to the recent advancements in semiconductor growth
and processing technology, semiconductor NWs can be
obtained with excellent control on morphology and doping
concentration.28,29 In this study, GaAs nanowires were grown
on Si(111) undoped substrates by the Ga-assisted method in a
DCA P600 solid source MBE system,30,31 under a rotation of 7
rpm, a ﬂux of Ga equivalent to a planar growth rate of 0.3 A/s, a
substrate temperature of 640 °C, and a V/III beam equivalent
pressure ratio of 50. These conditions lead to a diameter of
around 55 nm and a length of 12 μm. After the growth of the
NW core, 4 nm AlxGa1−xAs and 3 nm intrinsic GaAs shells are
obtained by turning growth conditions to those corresponding
to two-dimensional epitaxy,32 leading to an overall NW
diameter of around 70 nm. The concentration of Al (x) in
the AlGaAs shell is around 0.3. This passivation layer avoids the
detrimental eﬀect of nonradiative surface trap states on the
GaAs NW, oﬀering opportunities to investigate the intrinsic
properties of the material.33,34 We also investigated p-type Si
doped GaAs NWs. In this case, the core has been grown with
the same parameters described above and with an additional
ﬂux of Si that leads to a doping concentration of around 5 ×
1018 cm−3. These NWs have no AlGaAs capping shell, they are
12 μm long and their diameter measures 70 nm. In our work
we compared both types of NWs and obtained identical
outcome. This comparison was important in views of in laterstage experiments where the NWs will be electrically contacted.
In this case, it is only possible to obtain ohmic contacts if the
NWs are doped. The NWs grow along the (111) direction,
with six facets belonging to the {110} family. They present
mainly a zinc blende crystal structure with 0−4 twins per
micrometer as shown in the high resolution transmission
electron microscopy in Supporting Information Figure SI1. The
zinc blende structure guarantee there is no orientation
dependence in the SH-E, and in the experiments, we also use
circular polarized light in order to avoid the eﬀect of the
directional polarization.
The NWs were removed from the as-grown substrate
dissolving them in isopropanol in an ultrasound bath for 1

Figure 1. (a) Schematic of GaAs NW coupled to nanoantenna with all
the geometrical parameters. SEM micrographs of (b) NW-coupled
antenna with d = 500 nm, (c) NW-coupled antenna with d = 200 nm,
(d) NW-coupled antenna with d = 100 nm, and (e) NW-coupled
antenna with d = 90 nm.

tigated in this study. The individual nanoantennas consist of
dimers of Au cylindrical nanodisks with 200 nm diameter and
30 nm height. The nanoantenna feed-gap regions host the
individual NWs. We varied the gap distance from 500 to 90 nm
in order to investigate the eﬀect of tunable plasmonic near-ﬁeld
coupling at the level of an individual NW. It is important to
realize that for the 90 nm gap, the average distance between the
nanodisks in the dimer antennas and the NWs is of the order of
just few nanometers, requiring an extremely precise position
control. Actually, the real devices present small deviations from
the ideal geometry. These discrepancies mostly come from the
uncertainty in the NW sizes and the alignment between wire
and nanoantenna arrays. In particular, the distance between a
nanoantenna disk and the NW can change up to 40 nm from
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Figure 2. The left panel shows FDTD simulated scattering cross section for a single NW (a) and NW-nanoantennas coupled system with d of 500
nm (b), 200 nm (c), and 90 nm (d). In panel a, dashed line is the scattering cross-section by the analytical Mie theory. In the right panel,
correspondent experimentally measured dark-ﬁeld scattering (e), (f), (g) and (h). The dashed line in panel a is the analytical calculation of the Mie
scattering resonances in an isolated wire of inﬁnite length. Dashed lines in panels (f-h) represent the deconvolution of the experimental spectra into
Gaussian functions. Note that the x scale is diﬀerent for the numerical and experimental data.

optical dispersion of Au nanocylinders is modeled using
experimental data as reported in literature.38 In the FDTD
calculations the simulation grid size surrounding the Au
nanoparticles and the NW was set to 2 nm in all three
dimensions. Plane wave excitation at normal incidence (i.e.,
along the z axis) was used, as labeled in Figure 1a. Perfectly
matched layer (PML) boundary conditions were used to ensure
perfect absorption of electromagnetic radiation at the
simulation boundaries. The calculated scattering cross sections,
which are obtained by the average of two calculations carried
out under incident light longitudinally and transversely
polarized with respect to the NW axis, were compared with
experimentally measured dark-ﬁeld scattering spectra obtained
under unpolarized light on the fabricated devices. Dark-ﬁeld
scattering spectra were acquired using an Olympus IX71
microscope with a 50× long-working distance objective (N.A
0.5) for collection under dark ﬁeld illumination. The samples
were illuminated with a 100 W halogen lamp which was
focused on the sample plane using a dark ﬁeld condenser (N.A
0.92−0.80). Scattered light from nanostructures was collected
and analyzed with an Andor Shamrock 750 mm focal length
spectrometer using a 600 lines/mm grating blazed at 500 nm.
The spectra were recorded with an Andor iDus CCD camera
(DU420A), then background corrected, and ﬁnally corrected
for the excitation proﬁle of the lamp and grating eﬃciency.
Additionally, spatial ﬁltering at the CCD detector was used for
background noise reduction. Because of our system limitations,
we show experimental data in the range 400−1000 nm, whereas
simulations extend down to 1400 nm. In Figure 2 (left panels)
the calculated scattering cross sections by the analytical Mie
theory and the 3D FDTD simulations are plotted for the
isolated NW (a), as well as the antenna coupled NWs (b−d).
In the right panels, we show the corresponding experimental
data. We notice ﬁrst that the analytical solution (panel a,
dashed line) for the single NW features two main resonances in
the investigated range. A similar behavior is observed in the
FDTD results (solid line), which appear slightly red-shifted due

the ideal geometry leading in some cases to the superposition
of the gold disk and the nanowire (Supporting Information
Figure SI2). Nevertheless, these NW misalignments do not
aﬀect our experimental measurements. In fact, in our SH-E
setup, we avoid any local deviation by focusing the laser light on
the center of each system. Misalignments, if any, are negligible
at these locations. Moreover, some deviations arise from the
actual nanowire size, as we show in the Supporting Information.
In fact, we observed a slight tapering of our nanowires
(diameter variation of about 5 nm from one side to the other of
the wire) and a statistical distribution of the nanowire diameter.
In our optical measurements, we analyzed nanowires having
diameter in the range between 61 and 77 nm. The longitudinal
spacing (i.e., x direction) of the nanoantennas along the length
of the NWs (i.e., the array grating constant Λx) is kept ﬁxed
(Λx = 840 nm). In Figure 1 we also show the SEM images of
the devices analyzed as a function of the gap distance: d = 500
nm (b), d = 200 nm (c), d = 100 nm (d), and d = 90 nm (e).
In order to understand the electromagnetic response of our
devices, we ﬁrst investigated dark ﬁeld scattering of individual
NWs as well as antenna coupled NWs, both numerically and
experimentally. The single NW is a well-known optical system,
accurately modeled by analytical scattering theory in the limit of
large aspect ratio. The scattering cross sections of individual
NWs have been calculated using analytical Mie theory under
plane wave normal incidence (i.e., perpendicular to the NW
axis) considering a NW of circular cross section and incident
unpolarized radiation. In this approach, which we have
employed to better understand the physical origin of the
scattering spectra of NWs, the fused silica substrate is
considered as an eﬀective host medium with average dielectric
constant. On the other hand, the responses of NWs on an
actual silica substrate as well as of the complex antenna-coupled
NW structures were modeled by 3D FDTD analysis using the
commercial software package Lumerical FDTD Solutions.36
The material dispersion parameters of the GaAs NWs and the
fused silica substrate are derived from Palik,37 whereas the
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Figure 3. Calculated electric near-ﬁeld distribution of the nanoantenna coupled NW systems plotted in the horizontal plane of the array (halfway up
the cylinder in the z direction). Electric ﬁeld intensity for the longitudinal (a) and transverse (b) polarization with respect to the wire for d = 500 nm
and λ = 850 nm. In (c), (d), (e), (f), and (g) is represented the longitudinal and transverse near-ﬁeld distribution for d = 90 nm. In the case of (c)
and (d), λ is 735 nm, and for (e) and (f), λ is 1165 nm. The magniﬁed region denoted by the dashed box in panel f is plotted in panel g.

refer to this situation as the “weak plasmonic coupling regime”.
On the other hand, for the closest dimers separations, a new
peak at longer wavelengths clearly emerges. This trend is
conﬁrmed by the experimental data, where for d = 500 nm
(Figure 2f) we observe only one peak, but for d = 90 nm
(Figure 2g and h), a broad band starts to appear in the infrared
region. Because of the limited grating eﬃciency of our setup in
this spectral region, we can only appreciate the onset of this
new peak in Figure 2.
In order to better understand the coupling behavior of the
complex antenna/NW system, we performed 3D FDTD
simulations of the spatial distribution of the electric near-ﬁeld
amplitude for the single NW and the diﬀerent conﬁgurations of
the coupled system. The FDTD electric near-ﬁeld distributions
calculated in the horizontal plane of the array are plotted in
Figure 3 for the case of NW/antennas system with d = 500 nm
at the peak of the calculated scattering (λ = 850 nm) and d = 90
nm for λ = 735 nm and λ = 1165 nm. The ﬁeld is plotted for (a,
c, e) longitudinal and (b, d, f, g) transverse polarizations with
respect to the NW, as indicated in the ﬁgure by the white
arrows. Because of the particular geometry of the NWs, several
micrometers long in one direction and with diameter of
subwavelengths dimension, the coupling with the incident light
is very polarization sensitive. In high aspect ratio NWs, the
longitudinal polarization is always more eﬃcient then the
transverse polarization in establishing the internal EM ﬁeld, and
the smallest is the NW diameter the largest is the anisotropy in
the absorption behavior.40,41 In the case of the weak plasmonic
coupling regime (Figure 3a and b), the nanoantennas have only
a small inﬂuence on the NW response for both longitudinal and
transverse polarizations. However, we can observe that EM ﬁeld
is concentrated into the NW only in the case of longitudinal
polarization, in agreement with the fact that in this regime, the
nanoantennas are too separated from the NWs to alter
signiﬁcantly their polarization sensitive optical behavior. A
weak ﬁeld modulation due to the nanoantennas can be
appreciated in the NW region in between the two metal

to the inﬂuence of the substrate polarization. At shorter
wavelengths, a narrow peak arises at 450 nm, which
corresponds to a resonant feature in the GaAs optical
constants.37 On the other hand, a broad resonant peak centered
on 850 nm is also observed in Figure 2a, which is due to the
NW leaky modes excited by the longitudinal light polarization.
We notice that the experimental data (Figure 2e) exhibit
signiﬁcantly broadened spectral features compared to the
calculated spectra due to the ﬁnite cone of excitation angles
used in the experimental dark-ﬁeld conﬁguration. Additionally,
we observe a shift of the main peak. There are many possible
sources of nonideality in the samples that cannot be fully
considered in the simulations, although they may cause a shift
of the semiconductor structural resonances. In particular, we
used the nominal (bulk) optical constant values, which can be
diﬀerent at the nanoscale for the fabricated NW and the
underlying substrate may display spatial inhomogeneity of the
refractive index. Moreover, we considered in the simulations
NWs with circular cross sections, whereas the fabricated NWs
have hexagonal ones and exhibit nanoscale sections of
crystallographic phases39 as well as surface states. Finally, the
radius of the fabricated NW may slightly diﬀer (few
nanometers) from the nominal values used in the simulations.
However, the experimental scattering spectrum of the single
NW still qualitatively matches the theoretical one obtained by
the Mie theory and the numerical results by the FDTD. In
Figure 2, we also investigate the NW response in the presence
of the plasmonic nanoantennas. In particular, we notice that by
decreasing the antennas gap distance d, we can gradually tune
the electromagnetic response of a single NW and achieve
strong near-ﬁeld plasmon (i.e., quasistatic) coupling. The
numerical calculations show additional bands appearing in the
presence of the nanoantennas, which are related to the
resonances of the antenna array as well as the coupling
behavior of the combined antenna/NW system. In particular, in
Figure 2b, one prominent peak emerges at around 850 nm for d
= 500 nm, where the NW-nanoantenna coupling is weak. We
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Figure 4. Cross-sectional average (red) and maximum (black) electric ﬁeld enhancement values inside the region of the NW under incident light
with both transverse and longitudinal polarization. The graphs refer to (a) isolated NW, (b) isolated dimer pair with d = 90 nm, (c) antenna coupled
NW with d = 500 nm, and (c) antenna coupled NW with d = 90 nm. Insets are electric ﬁeld cross sections, plotted at 1165 nm in log-scale for each
conﬁguration.

the maximum electric ﬁeld value (black) and the spatially
averaged electric ﬁeld (red) calculated inside the NW region as
a function of the incident wavelength (Figure 4a), an isolated
dimer antenna with d = 90 nm (Figure 4b), the coupled NW/
antennas system with d = 500 nm (Figure 4c), and with d = 90
nm (Figure 4d). For the case of isolated NW, the electric ﬁeld
intensity inside the NW is very low for all wavelengths, around
0.5 of the incident light intensity. In Figure 4b, the dimer
antenna shows a plasmonic resonance and concentrates the
electric ﬁeld within its small feed-gap region. In the cross
sectional plane analyzed the nanoantennas are contributing to
enhance only the electric ﬁeld induced by the transverse
polarized light as we demonstrate in Figure 3. For the coupled
system with d = 500 nm, the NW and the nanoantennas show
only weak coupling and the ﬁeld is slightly within the NW. On
the other hand, for the coupled system with d = 90 nm the ﬁeld
peaks inside the NW at 1165 nm and its polarization-averaged
value reaches an enhancements of 5.5 times (with respect to the
incident ﬁeld) close to the NW surface. The electric ﬁeld spatial
intensity proﬁles are also shown in the insets in Figure 4 at
1165 nm. These results show that the designed nanostructures
oﬀer the possibility to tailor the electromagnetic coupling
regime between NWs and nanoantennas. Moreover, we have
shown that the dimer antennas can strongly concentrate
incident light with transverse polarization, which is normally
only weakly absorbed, into the individual NWs, oﬀering the
possibility to manipulate their polarization response by tuning
the gaps of the nanoantennas. This new functionality can make
these coupled systems ideal candidates for engineered nanophotodetectors and more eﬃcient NW-based solar cells.
To fully support this picture with additional experimental
results extended over a broader spectral range, we performed

disks. In these spatial regions the ﬁeld is less intense than in the
other NW regions and the eﬀect becomes stronger in the case
of the strong plasmonic coupling regime (Figure 3c, d, e, f). A
close-up view of calculated electric near-ﬁeld distribution of the
nanoantenna coupled NW systems is shown in Supporting
Information Figure SI8.
Figure 3c and d plots the near-ﬁeld distribution for the case
of strong coupling d = 90 nm at the ﬁrst scattering resonance
located at λ = 735 nm. Here, the nanoantennas clearly couple
to the NW for both polarizations. In the longitudinal
polarization, the plasmonic antennas locally decrease the
electric ﬁeld intensity that was previously concentrated into
the NW. This interference behavior leads to a conﬁnement of
the electric ﬁeld between one dimer and the other, which is
clearly visible in Figure 3c. On the other hand, for the
transverse polarization, the ﬁeld is strongly localized by the
nanoantennas into their feed-gap regions and not along the
NW as for the longitudinal polarization. In the case of longer
wavelength, λ = 1150 nm, the near-ﬁeld distribution for
transverse polarization has a maximum peak that corresponds
to an enhancement of the electric ﬁeld intensity of
approximately 20 times compared to the incident one (Figure
3f, g). The coupling here is so strong that the electric ﬁeld,
usually conﬁned outside the NW surface for this polarization,
begins to penetrate into the NWs, as we can see from the
magniﬁed view in Figure 3g. This leads to a new coupled mode
of the system, conﬁrmed by the second harmonic measurements that will be discussed later in the article.
To further investigate the electric ﬁeld enhancement in the
NW due to incident light with both transverse and longitudinal
polarizations, we calculated the cross-sectional (z−y plane)
electric ﬁeld distribution along the dimer axis. Figure 4 shows
2275
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second harmonic excitation (SH-E) spectroscopy.26,27 This
technique provides a unique method to experimentally probe
and analyze the near-ﬁeld resonances of the coupled NW/
nanoantennas systems and enables us to extend this study to
the NIR region, which is not fully accessible by our dark-ﬁeld
scattering experiments.
In the SH-E experiment, ultrafast laser pulses are generated
by a tunable mode locked Ti:sapphire laser with a pulse
duration of 100 fs and a duty cycle of 82 MHz. The beam is
modulated at 67 Hz by a mechanical chopper with a 50% duty
cycle and is steered with Ag mirrors. We use the Ti:sapphire
output in the range 740−1040 nm. We further extend the
investigated range down to 1300 nm by the use of a tunable
optical parametric oscillator system (SpectraPhysics Inspire)
pumped by the Ti:sapphire laser operated at 820 nm. The OPO
output has the same temporal width and repetition rate of the
pumping laser and is tunable between 340 and 2200 nm. A 700
nm long pass ﬁlter prior to the sample removes any SHG signal
produced by the optical components. Additionally, the linearly
polarized beam is passed through a quarter-wave plate, creating
a circularly polarized beam to allow for consistent pumping
conditions regardless of the NW’s orientation on the substrate.
The excitation beam is then focused on the nanostructure to a
spot size of approximately 5 μm by a 50× objective (NA 0.5)
from the backside of the sample. The SHG is then collected in
transmission mode with a 100× objective (NA 0.8) and is
detected with a photon multiplier tube (PMT) and a lock-in
ampliﬁer (Oriel Merlin) after passing through a monochromatic (Cornerstone 260 1/4 m, 1200 lines/mm, 500 nm blaze).
This deﬁnes an acceptance angle of ±30°, which enables the
collection of intense SHG signal in our experimental
conﬁguration. The excitation beam is removed with a 670 nm
short pass ﬁlter prior to the monochromator. A CCD coupled
to a reﬂection microscope is used for alignment. A removable
mirror is placed in front of the camera to direct the SHG signal
to the detector. The time averaged excitation power is kept
constant at 5 mW for all measurements. Absolute values of the
SH power have been measured using the procedure already
discussed elsewhere.42,43 Figure 5a illustrates a schematic of the
experimental setup utilized for the SH-E analysis. Data are
collected from single systems. As a consequence, an estimation
of the statistical error bars is not possible. However, we
repeated several times the same measurements on each system,
always obtaining consistent results, as shown in Supporting
Information Figure SI6. The second harmonic spectra are
collected for varying pumping wavelengths and are shown in
Figure 5b in the case of the sample with the closest distance
between the wire and the disks (d = 90 nm). In Figure 5b, we
plot for this representative sample the peak wavelengths of the
measured SHG spectra as a function of the pump wavelength.
The linear ﬁt to these data features a slope of 0.5, as expected
for the SHG process.
The SH-E spectra measured for the investigated samples are
plotted in Figure 6. First, the spectrum of an isolated NW
features a prominent peak localized at 880 nm (Figure 6a). This
is identiﬁed with the two-photon resonance of the E1 interband
transition in GaAs bulk material.44,45 No other resonances are
observed in the near-IR wavelengths. We note here that some
SH emission related to the coupled NW-nanoantennas systems
could in principle be generated by the gold nanodisks.46−48
However, in our structure, by comparing the SH-E of an
isolated NW (Figure 6a) and the coupled system for d = 500
nm (Figure 6 b), it becomes evident that the SH-E contribution

Figure 5. (a) Diagram of experimental setup used in second harmonic
excitation spectroscopy. (b) Second harmonic emission spectra from
single GaAs NW. Each color represents a diﬀerent pump wavelength.
(c) Peak wavelength of second harmonic emission spectra as a
function of pump wavelength with a linear ﬁt (red line, slope =0.5),
highlighting the second harmonic process.

Figure 6. Experimentally measured second harmonic excitation spectra
from NW only and NW-coupled antennas with d = 500 nm, d = 200
nm, d = 100 nm, and d = 90 nm, as labeled in the ﬁgure.

of gold nanoantenna is negligible. In our system, the role of
metal nanoparticles is to change the distribution of the electric
ﬁeld in the nanowire and therefore to modify its SHG. We can
consider the eﬀect of the electric ﬁeld localization due to the
nanoantennas as composed of two main contributions: one is
related to transverse polarized light and the other to the
longitudinal polarized light. Because of the large aspect ratio, an
isolated NW of subwavelength diameter can be eﬃciently
excited only for the longitudinal polarization.10 The nanoantennas investigated in this work are eﬃciently focusing
transverse polarized light into the NW and on its surface. As it
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is shown from the simulation in Figure 4d, at 1165 nm, a
maximum ﬁeld enhancement of 5.5 is observed at the nanowire
surface. At this wavelength, as we decrease the nanoantennas
feed-gap distances, novel SH-E peaks appear. In particular, the
measured intensity scales with the gap d as follows: I(Single NW)=
0.8 μW, I(d=500) = 0.3 μW, I(d=200) = 11 μW, I(d=100) = 19 μW,
and I(d=90) = 23 μW. In order to estimate the electric ﬁeld
enhancement measured by SH-E, we assume that the SH
intensity scales as E,4 where E is the maximum value of the local
electric ﬁeld on the wire. By comparing the isolated NW and
the coupled system for d = 90 nm, we estimate a maximum
enhancement of 2.3, which is in qualitative agreement with the
simulation data shown in Figure 4. In Figure 6e, we also
observe a peak at 950 nm, which reﬂects the additional
structure shown in Figure 4d. However, the intensity of this
peak does not scale as predicted, possibly due to small
deviations from the ideal system geometry. Such small
perturbations in the system become more signiﬁcant when
the distance between the NW and the nanoantennas is of the
order of few nanometers.
For transverse polarization, a SH-E peak at 880 nm appears
for the isolated NW (Figure 6a and Supporting Information
Figure SI7). By adding nanoantennas in the system, we observe
a reduction in the intensity of the transverse peak. This
reduction is consistent with increased absorption for transverse
polarized light conﬁned in the nano antenna gap region. On the
other hand, the absorption of longitudinal polarized light is
reduced due to the perturbing eﬀect of the gold nanoantennas
on the local ﬁled distribution along the nanowire (see Figure
3c). In fact, we notice that the distance between two
nanoantennas along the NW is 840 nm which approximately
corresponds to the wavelength of maximum drop in the SH-E
intensity (from 162 μW in the isolated NW to 0.01 μW in the
coupled system with d = 90 nm). Our experimental data
demonstrate that the distance between nano antennas along the
NW also plays a signiﬁcant role in determining the overall local
ﬁeld distribution and the resulting SH-E intensity in the
coupled system. This provides an additional degree of freedom
that needs to be taken into account for the design of such
complex nano systems which could be useful for solar cells and
photodetectors applications.
In conclusion, we have demonstrated photonic-plasmonic
resonances of Au nanoantennas coupled to individual GaAs
NW in a controlled and reproducible way. By using dark-ﬁeld
scattering and SH-E spectroscopy in partnership with analytical
and full-vector FDTD modeling, we demonstrate controlled
electromagnetic coupling and near-ﬁeld concentration between
plasmonic nanoantennas and resonant NWs. Moreover, we
demonstrate the ability to tailor the nonlinear optical response
of individual GaAs NWs by engineering their near-ﬁeld
coupling regime. These ﬁndings represent an initial and very
promising step toward the development of novel metal−
semiconductor resonant nanostructures that leverage the
plasmonic properties of strongly coupled metallic nanoantennas
and the mature semiconductor NWs technology for the
realization of high-eﬃciency solar cells, high resolution
nanodetectors, and nonlinear optical devices.
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