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ABSTRACT: The key property of metal nanostructures is their
unique ability to channel far-ﬁeld radiation to subwavelength
dimensions. The resulting strongly conﬁned and enhanced
electromagnetic ﬁelds boost nonlinear optical eﬀects at the
nanoscale. In this Review article we highlight and summarize the
recent most important investigations and advances in the ﬁeld of
“nonlinear plasmonic spectroscopy”, and we present results of
second- and third-harmonic spectroscopy experiments of
plasmonic nanoantenna arrays that consist of diﬀerent unit cell
elements, ranging from dipole nanoantennas to complex hybrid
plasmonic structures. The experiments on dipole nanoantennas
show that nonlinear optical processes can be enhanced by
plasmonic resonances either at the fundamental laser wavelength or at the spectral position of the harmonic signal. Furthermore,
we investigate the quadrupolar third-harmonic response of dolmen-type plasmonic Fano structures and ﬁnd that the thirdharmonic polarization ﬁeld of the quadrupolar mode does not radiate to the far-ﬁeld due to destructive interference. Finally, we
incorporate indium tin oxide nanocrystals into the hot-spot of plasmonic gap-antennas and ﬁnd a doubling of the third-harmonic
response of the hybrid antennas when compared to bare gold gap-antennas. The experimental results of the nanoantenna arrays
can be modeled and understood using a classical model of anharmonic oscillators and are supported by ﬁnite element
simulations. Parts of this Review article are based on previous publications.1−4
KEYWORDS: ultrafast spectroscopy, nonlinear optics, plasmonics, second-harmonic generation, third-harmonic generation
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arrays of plasmonic split ring resonators (SRRs).15 Already one
year earlier, Lippitz et al. studied the third-harmonic (TH)
generation from single gold nanoparticles.16
In the following years scientists made use of diﬀerent
promising concepts to further boost the eﬃciency of nonlinear
optical eﬀects. A widely studied method for example uses
doubly resonant plasmonic antennas to enhance the SH
response.17 These plasmonic nanostructures exhibit a plasmonic resonance not only at the fundamental exciting laser
wavelength but also at the wavelength of the generated
nonlinear signal. The concept has been proven to eﬃciently
boost the overall conversion eﬃciency of nonlinear optical
eﬀects in numerous publications.4,18−22 Furthermore, doubly or
even multiple resonant antennas can also be used to amplify the
ﬁelds of two or several diﬀerent incoming frequencies for
boosting for example nonlinear optical four-wave mixing.23
Another approach to enhance the conversion eﬃciency of
nonlinear optical eﬀects is based on the fact that the eﬀective
intensity enhancement typically scales quadratically with the
lifetime of the associated plasmonic resonances.3,24,25 Hence,
researchers aimed for plasmonic modes that exhibit a longer
lifetime or equivalently a narrower linewidth, since this

he unique feature of plasmonic nanoantennas is to
squeeze far-ﬁeld radiation to subwavelength dimensions
and vice versa.5−8 At the origin are collective oscillations of the
conduction electrons that can be excited in metal nanostructures by propagating electromagnetic waves.9−12 Associated
with the light conﬁnement is a strong enhancement of the
surrounding electromagnetic ﬁelds and an exceptionally high
polarization on the surface of the metal nanoantennas. Hence,
by focusing ultrashort laser pulses on a metal nanoantenna
electromagnetic energy can be concentrated in time and space,
and the resulting strongly enhanced ﬁelds are highly interesting
to boost nonlinear optical eﬀects at the nanoscale.13,14
Nonlinear optical phenomena often are described by and
arise from additional terms in the electric polarization, which
show a superlinear dependence on the local electric ﬁelds.
Consequently, at large light intensities when these additional
contributions to the electric polarization gain importance,
electromagnetic waves eﬀectively start to interact beyond linear
interference. In second-harmonic (SH) generation for example,
to name a prominent nonlinear optical eﬀect, two photons
excite an electron to a virtual state, which subsequently
coherently emits a photon of twice the incoming energy.
The high electric ﬁeld strength associated with plasmonic
resonances stimulated researchers early on to study nonlinear
optical phenomena in diﬀerently shaped metal nanostructures.
Among others, pioneering work was carried out in 2006 by
Klein and co-workers, who investigated the SH response of
© 2016 American Chemical Society
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optical processes such as SH or TH generation signiﬁcantly.1,4,13,43
Second, we investigate the TH mechanism of complex
plasmonic Fano structures.2 In a plasmonic system a Fano
resonance originates from the coupling of a bright and a dark
mode. The increased lifetime of the dark mode oﬀers the
possibility to further increase the eﬃciency of nonlinear optical
eﬀects.26,44 In the investigated dolmen-type structures the Fano
resonance is realized by coupling a dark quadrupolar mode to a
bright dipole antenna.45−48 We ﬁnd that as in the case of the
fundamental ﬁeld the quadrupolar mode does not radiate
nonlinear signals to the far-ﬁeld due to destructive interference.
However, by symmetry breaking the quadrupolar mode of the
dolmen-type structures can be rendered partially bright, i.e.,
more dipole-like, so that TH energy is eﬃciently emitting to
the far-ﬁeld. An understanding of the corresponding linear and
nonlinear measurements can be obtained by performing
electrodynamic ﬁnite element simulations and by modeling
the plasmonic modes using an anharmonic coupled oscillator
model that utilizes a complex coupling coeﬃcient that accounts
for the retarded interaction between the coupled plasmonic
modes.
Finally, we incorporate indium tin oxide (ITO) nanocrystals
as a nonlinear dielectric material into the hot-spot of plasmonic
gap-antennas and investigate whether the strongly conﬁned and
enhanced electromagnetic ﬁelds allow for boosting nonlinear
optical eﬀects within the volume of the dielectric material. We
ﬁnd that the TH response of corresponding hybrid ITO
nanocrystal-incorporated plasmonic gap-antennas exhibits a
two-times enhanced eﬃciency for TH generation when
compared to identical plasmonic gap-antennas without ITO
nanocrystals. Thorough experiments and a comparison with
simulations reveal that the source of the enhancement of the
hybrid antennas can fully be attributed to an increased
plasmonic near-ﬁeld that is caused by the presence of the
dielectric ITO nanocrystals. However, this ﬁeld predominantly
drives the optical nonlinearity of the gold gap-antennas rather
than the third-order susceptibility of the ITO nanocrystals.

dramatically inﬂuences and enhances the eﬃciency of nonlinear
optical eﬀects. Most prominently, plasmonic Fano resonances
have been utilized to achieve the reduction in linewidth,2,26,27
even in combination with the aforementioned doubly resonant
nanoantenna design.28,29
Beyond that it has been envisioned that the strong local
electric ﬁelds in the vicinity of plasmonic nanostructures can be
utilized to boost the eﬃciency of nonlinear optical eﬀects in
semiconducting or dielectric materials. There are few examples
where researchers unambiguously observed a nonlinear optical
signal contribution from a nonplasmonic material driven by the
enhanced electric near-ﬁeld of plasmonic nanostructures.
Already in 2006, K. Chen et al. observed plasmon-enhanced
SH generation from ionic self-assembled multilayer ﬁlms.30
Furthermore, in 2009 Niesler et al. fabricated SRR arrays with
varying spatial orientation on a GaAs substrate and in
dependence on the SRR orientation they were able to observe
and drive diﬀerent elements of the second-order susceptibility
tensor of the GaAs.31 Noteworthy is also the work by J. Lee and
co-workers, who observed a strong nonlinear response by
coupling plasmonic metasurfaces to intersubband transitions of
multi-quantum-well semiconductor heterostructures.32
In several other experiments researchers incorporated
nonlinear dielectrics into the hot-spot of plasmonic gapantennas. Thorough investigations revealed that the incorporation of the dielectrics can lead to an enhancement of the
nonlinear response; however, this enhancement is not caused
by the optical nonlinearity of the dielectrics, but has to be
attributed to an increased ﬁeld enhancement that predominantly drives the optical nonlinearity of the metals.3,20
In parallel to the eﬀorts for boosting the eﬃciency of
nonlinear optical eﬀects researchers also aimed for a better
understanding of the microscopic origin of the nonlinear
response. In particular, the inﬂuence of the symmetry of the
nanostructure geometry on the SH response has been studied
in detail, most remarkably by the group of M. Kauranen.33,34
While in most cases these symmetry selection rules predict the
measured results in a convincing and precise fashion, in some
cases they fail. In particular, inversion symmetric dipole
nanoantennas have been found to exhibit a strong SH
response,4,20 although for these structures SH generation
should be forbidden by symmetry in dipole approximation. In
other studies Linden et al. investigated the inﬂuence of the
lattice constant of arrays of SRRs on the SH response and
found that collective eﬀects in the lattice strongly inﬂuence the
second-harmonic response.35 Furthermore, tailoring the geometry of a plasmonic metamaterial allowed researchers to realize
a material with either a focusing or a defocusing Kerr-type
nonlinearity.36 Very recently also the nonlinear response of
chiral plasmonic structures and metasurfaces has been
investigated,37,38 and nonlinear plasmonic elements have been
introduced for eﬃcient terahertz generation39 and as sensors in
refractive index sensing.40
In this review we summarize our most important recent
results on nonlinear optical spectroscopy of plasmonic
nanostructure arrays, ranging from dipole nanoantennas to
complex hybrid plasmonic structures.
First, we study the nonlinear optical response of rod-type
gold and aluminum nanoantenna arrays. Such dipole nanoantennas can be tailored to exhibit localized surface plasmon
resonances (LSPR) either at the fundamental laser wavelength
or at the wavelength of a desired nonlinear harmonic signal.41,42
We ﬁnd that both conﬁgurations allow boosting nonlinear

■

EXPERIMENTAL SETUP
In classical nonlinear optical experiments typically bulk crystals
such as lithium niobate or beta barium borate are used for
frequency conversion. These crystals are usually driven far oﬀresonance to prevent absorption that would decrease the
overall conversion eﬃciency, which could lead to optical
damage. Therefore, the nonlinear coeﬃcients that describe the
eﬃciency for frequency conversion are nearly frequency
independent over a large spectral range. In contrast, metal
nanostructures exhibit strong LSPRs in the visible and the nearinfrared, and hence nonlinear optics of plasmonic nanostructures are resonant nonlinear optics. As a consequence, the
nonlinear optical properties of metal nanoantennas are highly
frequency dependent and strongly depend on their linear
optical response. Therefore, it is necessary to perform spectrally
resolved nonlinear optical spectroscopy to ensure a resonant
excitation of the nanostructures and to determine the spectral
position of highest conversion eﬃciency.
Consequently, we use a sophisticated experimental setup that
enables nonlinear optical spectroscopy over a large spectral
range. The setup is schematically depicted in Figure 1. We
utilize a home-built Yb:KGW solitary mode-locked oscillator
emitting 175 fs laser pulses at a repetition rate of 44 MHz and a
central wavelength of 1030 nm.49 The oscillator laser pulses are
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Figure 1. Experimental setup for measuring polarization-resolved SH
and TH spectra. LMA-PCF: large mode area photonic crystal ﬁber, PS:
pulse shaper, F: ﬂip mirror, SM: silver mirror, AM: aluminum mirror,
AL: achromatic lens, FL: fused silica lens, S: sample, Q: quartz crystal,
A: analyzer, KG: KG ﬁlters. Reprinted with permission from Nano Lett.
2015, 15, 3917−3922. Copyright 2015 American Chemical Society.
Figure 2. Schematic illustration of SH and TH generation in Aunanoantenna arrays that are resonant to the laser at frequency ω. The
background and the inset show tilted scanning electron micrographs of
an investigated Au-nanoantenna array.

sent into a nonlinear photonic crystal ﬁber for spectral
broadening and subsequently into a 4f pulse shaper for
amplitude and phase modulation. This setup allows generation
of shaped sub-30 fs laser pulses tunable from 900 to 1180 nm.50
For nonlinear spectroscopy experiments of plasmonic
nanostructure arrays the laser pulses from the pulse shaper
are focused onto the sample under normal incidence using a 75
mm focal length achromatic lens with an average power
between about 10 and 25 mW. This leads to a beam diameter
in the focus of about 50 μm and to peak intensities on the order
of about 1 GW/cm2. Subsequently, we collimate the nonlinear
signals radiated in the forward direction using a fused silica lens,
send the signals through an analyzer, ﬁlter the fundamental
laser light, and measure the nonlinear signals with a Peltiercooled CCD camera attached to a spectrometer. After the
measurements we integrate the measured nonlinear spectra
over all wavelength components to obtain a scalar value
describing the signal intensity. Lastly, to eliminate the inﬂuence
of the wavelength dependence of the optical components in the
experimental setup and to account for diﬀerent average powers
of the laser source at diﬀerent spectral positions, we normalize
all nonlinear signals from the nanostructures to reference
nonlinear signals. In the case of SH spectroscopy we use a ﬂip
mirror to focus the laser pulses by an identical lens in ppolarization onto a birefringent quartz crystal under an angle of
incidence of 45°, generating a reference SH signal;51 see Figure
1. In the case of TH spectroscopy the reference TH signals are
generated either at the bare fused silica substrate1 or at a 20 nm
thick gold ﬁlm.2

microscope (SEM) images of one particular antenna array with
an antenna length of about 225 nm.
Before the nonlinear spectroscopy experiments of the
antenna arrays we measured their linear extinction spectra.
The measured extinction spectrum αz = −ln(T) of one antenna
array is depicted in Figure 3a, displaying an LSPR at a central
wavelength of about 1025 nm. In Figure 3a we also plot a
shaped laser spectrum with a Gaussian-like spectral shape with
a central wavelength of 1000 nm and a bandwidth of 45 nm.
This bandwidth corresponds to a Fourier-limited pulse duration
of about 30 fs. The corresponding measured nonlinear
spectrum of the radiated nonlinear signals after focusing this

■

PLASMONIC DIPOLE NANOANTENNAS
The ﬁrst plasmonic nanostructure arrays we discuss here
consist of gold nanoantennas that exhibit a dipolar LSPR for
light polarized along their long axis. The nanoantenna lengths
are chosen such that their plasmon resonances approximately
coincide with the fundamental laser wavelength. Consequently,
the absorbance of fundamental laser light at frequency ω is
resonantly enhanced by the plasmon resonances, which is
sketched by a corresponding energy level diagram in Figure 2.
The investigated nanoantenna arrays with an area of 100 ×
100 μm2 are fabricated by standard electron beam lithography
on Suprasil (Heraeus) substrates. The individual rod-type
antennas show a nominal height and width of 40 and 60 nm,
respectively, and the antenna length is tuned among diﬀerent
arrays between 200 and 250 nm. The grating period in both
directions is 500 nm. Figure 2 shows scanning electron

Figure 3. (a) Measured extinction spectrum (black) of a gold
nanoantenna array with an antenna length of about 225 nm as well as a
measured Gaussian laser spectrum (orange) at a central wavelength of
1000 nm, which is focused on the nanoantenna array with an average
power of 16 mW. (b) Corresponding measured SH and TH signals,
which occur at a wavelength of 500 and 333 nm, respectively.
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magnitude stronger than the TH of the fused silica substrate,
but it is also about an order of magnitude weaker than the TH
of the nanoantenna array.

laser spectrum under normal incidence and polarized along the
antenna axes on the nanoantenna array is shown in Figure 3b.
We observe two peaks, namely, at two times and three times
the incoming frequency, at a wavelength of 500 and 333 nm,
respectively, which correspond to the generated SH and TH
signals.
It is quite unexpected that we observe a SH signal in the
experiment. The dipole nanoantennas are inversion symmetric,
and hence, second-order nonlinear optical eﬀects such as SH
generation should be forbidden in dipole approximation. The
microscopic origin of the radiated SH signals of inversion
symmetric plasmonic structures could be the surface of the
metal nanostructures or the substrate, which breaks the
symmetry along the propagation direction. Also higher order
tensor elements, such as the magnetic dipole or the electric
quadrupole, might contribute to the SH response; however, this
is still under discussion.
When analyzing the polarization state of the nonlinear
signals, we ﬁnd that the generated TH in Figure 3b exhibits the
same polarization state as the incoming laser light and, hence, is
polarized parallel to the plasmonic nanoantennas. In contrast,
the polarization of the SH signals is mainly oriented
perpendicular to the antennas. However, also a weak
contribution polarized parallel to the antennas of the generated
SH could be detected.
In order to unambiguously prove that the measured
nonlinear signals originate from two-photon and three-photon
processes, we measured the SH and TH signal intensity in
dependence on the average input power on a gold nanoantenna
array and on the bare substrate. The corresponding results are
depicted in Figure 4.

■

THIRD-HARMONIC RESPONSE OF GOLD
NANOANTENNAS RESONANT TO THE LASER
WAVELENGTH
To determine the spectral dependence of TH generation on the
plasmonic nanoantenna arrays, we measured the linear
extinction spectra and the wavelength-dependent TH intensities on ﬁve diﬀerent antenna arrays, where we increased the
length of the individual gold antennas from 200 nm to 245 nm.
These antenna arrays are located on three diﬀerent samples.
Hence, the width, the height, and the quality of the antennas
might diﬀer slightly, even though they are nominally fabricated
with equal parameters. The change in antenna length leads
mainly to a shift of the fundamental LSPR from about 970 to
about 1100 nm.
The results of these measurements are depicted in Figure 5.
The measured TH intensities (green, diamonds) are plotted
over the fundamental laser wavelength together with the
corresponding linear extinction spectra (black) for increasing
nanoantenna length from top to bottom. Every data point in
the TH intensity corresponds to a measured TH spectrum,
which was integrated over all wavelength components and was
normalized to the TH of the bare substrate. We ﬁnd that when
the nanoantennas are resonantly excited, the TH intensity can
be up to 3 orders of magnitude larger than that of the bare
substrate. Furthermore, the peak of the TH generation intensity
is always located close to and slightly red-shifted with respect to
the maximum of the linear extinction spectrum.
Anharmonic Oscillator Model. The behavior of the TH
response of the plasmonic nanoantenna arrays can be modeled
with an anharmonic oscillator model.13,43 We treat the particle
plasmon as a classical harmonic oscillator with a small
perturbation that is proportional to x3(t):
x ̈ + 2γx ̇ + ω02x + ax 3 = −

e
E (t )
m

(1)

where x(t) denotes the oscillator amplitude, γ describes its
damping, ω0 is the resonance frequency, a is a small
perturbation parameter and describes the strength of the TH,
e corresponds to the charge, m is the mass of the oscillator, and
E(t) is the incident electric ﬁeld amplitude of the laser pulses.
The solution to this diﬀerential equation can be obtained
using perturbation theory. We express x(t) in a power series for
the perturbation parameter a as x(t) = x(0)(t) + ax(1)(t) +
6(a 2). The ﬁrst term x(0)(t) corresponds to the unperturbed
solution, while x(1)(t) is the ﬁrst-order correction that oscillates
at the TH frequency. Since the solution of x(0)(t) is required to
calculate x(1)(t), we ﬁrst solve the unperturbed harmonic
oscillation by Fourier transformation. The solution is given by

Figure 4. Measured peak intensities of SH and TH signals plotted over
the incident average power generated on a gold nanoantenna array
with an antenna length of 225 nm and measured TH peak intensities
generated on a fused silica substrate.

In the case of the TH power dependence of the bare
substrate we ﬁnd an increase that almost perfectly follows the
expected power of 3 dependence. In the case of the nonlinear
signals that are generated at the plasmonic nanoantenna array
we ﬁnd a slope of about 2.26 and 2.77 for SH and TH
generation, respectively. Hence, both signals are proven to be of
nonlinear origin; however, they are found to deviate quite
remarkably from the expected power of 2 and 3 behavior. In the
case of SH generation the larger slope might indicate that
higher order tensor elements contribute to the SH response of
the nanoantennas, while in the case of TH generation intensitydependent losses seem to limit the TH conversion eﬃciency.
Remarkably, at a typical average power of about 10 mW the SH
signal intensity of the nanoantenna array is about an order of

x(0)(ω) = −

e
g (ω) E(ω)
m

(2)

where g(ω) = −(ω2 − ω20 + 2iγω)−1 is the linear response
function of an oscillator. Furthermore, we relate the linear
response function g(ω) to an eﬀective linear optical
susceptibility χ(1)(ω) = e2 n/ϵ0m g(ω), where n corresponds
to the number density of the plasmonic oscillators, and we
derive an expression for the linear extinction spectrum α(ω):
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ITH(ω) ∝ |E TH(ω)|2 ∝ |ωx(1)(ω)|2

(5)

If this model is used to describe the measured TH intensities,
we obtain the green dashed curves in Figure 5. The anharmonic
oscillator model explains the experimental behavior including
the slight red-shift of the TH intensites with respect to the
linear extinction spectra quantitatively.
The physical origin of this shift is that the TH generation is
most eﬃcient when the plasmon oscillator amplitude |x(0)(ω)|
is at its maximum value. The peak of the amplitude however is
red-shifted with respect to the linear extinction spectrum due to
the damped nature of the plasmon oscillator.53 The plasmon
oscillator amplitude |x(0)(ω)| does not peak at the resonance
frequency ω0, but at the red-shifted near-ﬁeld resonance
frequency ω NF = ω02 − 2γ 2 .54 In contrast, the far-ﬁeld
extinction spectrum α(ω) of eq 4 peaks independent of the
damping constant γ at the resonance frequency ω0. Therefore,
the TH intensity peaks are slightly red-shifted with respect to
the linear extinction spectrum.
The only free parameter in this model is the perturbation
parameter a, into which information about the intrinsic bare
gold nonlinearity enters. In our case it acts as a scaling
parameter for the absolute TH intensities and is for all ﬁve
antenna arrays individually scaled so that the simulation ﬁts the
measured data points best. Yet, the complete wavelength
dependence of the TH response is well predicted by the model.
Linewidth, Resonance Position, and Their Inﬂuence
on the Near-Field Enhancement. In the previous section we
have seen that the anharmonic oscillator is able to describe the
lineshape of the linear and the TH optical response of
plasmonic nanoantennas that are resonant to the laser
wavelength quite well. However, we did not use the oscillator
model to predict the relative eﬃciency of TH generation
between diﬀerent nanonantenna arrays, but rather scaled the
modeled TH curves to the measured ones.
However, the oscillator model can also provide estimates on
the overall eﬃciency of nonlinear optical processes, at least to
some extent, which we illustrate in the following. In the
oscillator model the source term for nonlinear optical eﬀects is
the plasmon oscillator amplitude x(0), which is proportional to
the eﬀective ﬁeld enhancement of the plasmonic nanoantennas.
Here, we consider the absolute value of the plasmon
oscillator amplitude |x(0)(ω)| = e/m|g(ω) E(ω)|. For continuous wave excitation with E(t) = E0 e−iωt we obtain in the
frequency domain

Figure 5. Measured and modeled TH intensities with respect to the
linear extinction spectra plotted over the fundamental laser wavelength. The top axis shows the TH wavelength. From top to bottom
the length of the antennas increases from 200 nm to 245 nm. The
insets show colored scanning electron micrographs of a single antenna
element of the corresponding nanoantenna array. Reprinted with
permission from Opt. Lett. 2012, 37, 4741−4743. Copyright 2012
Optical Society of America.

α(ω) =
2

ω
Im{χ (1) (ω)}
c

(3)

x(0)(ω) =

2

γω
en
=
2
ϵ0cm (ω − ω02)2 + 4γ 2ω 2

(4)

2πeE0
m

1
2

(ω −

ω02)2

+ 4γ 2ω 2

(6)

We have seen that the oscillator amplitude peaks at the red-

The extinction spectrum α(ω), comprising absorbance and
scattering, allows for quantiﬁcation of the interaction of the
light ﬁeld with the plasmonic antennas. Hence, expression 4 can
be used as a ﬁt function for the measured extinction spectra.
The ﬁts of the extinction spectra are shown in Figure 5 (yellow,
dashed). From the ﬁts it is possible to extract the parameters γ
and ω0, which are the main parameters we need to calculate the
unperturbed solution x(0)(t).
Subsequently, the solution for x(1)(ω) can be calculated as
x(1)(ω) = −g (ω) -{(x(0)(t ))3 }, where - denotes a Fourier
transform. The TH intensity ITH(ω) radiated to the far-ﬁeld is
calculated as52

shifted near-ﬁeld resonance frequency ω NF =
Hence, its peak value is given by
x(0)(ω NF) =

≈

2πeE0
1
m 2γ ω 2 − γ 2
0

2πeE0 1
1
∝
γω0
m 2γω0

ω02 − 2γ 2 .53

(7)

(8)

where we used the approximation γ ≪ ω0, which is often well
fulﬁlled for plasmonic oscillators. We ﬁnd the oscillator
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range,55 aluminum nanostructures can exhibit well-modulated
plasmonic modes in our SH wavelength range between 450 and
570 nm,56 and small interband absorption eﬀects are seen only
around 800 nm.57 The height and width of the individual rodtype nanoantennas are 50 and 60 nm, respectively, and their
length is varied from 120 to 150 nm. The lattice constant in
both directions is 300 nm; corresponding scanning electron
micrographs can be seen in Figure 6.
As before, in advance of SH spectroscopy experiments we
measured linear optical spectra of the nanoantenna arrays
under normal incidence using a linearly p- or s-polarized white
light source. Beyond their common meaning, p- and spolarization here denote the polarization direction parallel
and perpendicular to the nanoantenna long axis, respectively.
For reﬂection measurements we utilized a 100 nm thick
aluminum ﬁlm for the reference reﬂection. In Figure 7 an

amplitude, or equivalently the electric near-ﬁeld enhancement,
to be inversely proportional to the resonance frequency ω0 and
the damping constant γ.
At ﬁrst glance it might appear unexpected that the resonance
position ω0 inﬂuences the absolute value of the near-ﬁeld
enhancement. However, the resonance frequency ω0 is directly
related to the restoring force of a classical oscillator, and hence
it is intuitive that a lower resonance frequency ω0, which
corresponds to a reduced restoring force, leads to a higher
oscillator amplitude.
Furthermore, the amplitude of the oscillation increases with
decreasing damping γ. Hence, a long lifetime τ or equivalently a
narrow linewidth of the plasmon resonances also leads to
higher ﬁeld enhancement.24,42
Finally, nonlinear optical eﬀects scale with higher powers of
the ﬁeld enhancement. For example the TH intensity scales
with the sixth power of the plasmon oscillator amplitude.
Hence, the TH intensity critically depends on these quantities
and increases with decreasing ω0 and with 1/γ6.13
It is important to note that the harmonic oscillator is a purely
classical model and cannot replace a full quantitative electrodynamic simulation. In real systems a number of eﬀects take
place simultaneously that are not accounted for by the oscillator
model. However, the simple model provides an intuitive picture
of the enhancement of nonlinear optical processes in plasmonic
nanostructures.

■

SECOND-HARMONIC RESPONSE OF
AL-NANOANTENNAS RESONANT TO THE
SECOND-HARMONIC WAVELENGTH
The nanostructures that are investigated in the following are
again dipole nanoantennas. However, this time they are not
designed to exhibit plasmonic resonances in the spectral range
of the fundamental wavelength, but at the SH wavelength.
Consequently, the emission of a SH polarization ﬁeld to the farﬁeld can be resonantly enhanced; see Figure 6.
In order to experimentally investigate the emission enhancement by plasmonic nanoantennas for SH generation, we
fabricated aluminum nanoantenna arrays with an area of 100 ×
100 μm2 on a fused silica substrate. In contrast to gold, which is
hampered by interband absorptions in the visible spectral

Figure 7. Exemplary measured laser spectrum (red) and its
corresponding measured SH spectrum (blue) with respect to the
measured reﬂectance spectrum of an aluminum nanoantenna array
(black). The inset shows a tilted scanning electron micrograph of the
corresponding nanoantenna array. Reprinted with permission from
Nano Lett. 2015, 15, 3917−3922. Copyright 2015 American Chemical
Society.

exemplary reﬂectance spectrum (black) measured in ppolarization of a nanoantenna array is shown, which exhibits
a longitudinal LSPR at a central wavelength of about 520 nm.
The measured s-polarized reﬂectance spectra exhibit no distinct
features in the considered spectral range. Figure 7 also depicts a
measured laser spectrum (red) at a central wavelength of 1000
nm and a corresponding measured SH spectrum (blue) at a
wavelength of 500 nm. The red- and the blue-shaded areas
indicate the tuning range of the central wavelength of our laser
source and the SH signals, respectively.
The experimental results of SH spectroscopy experiments for
excitation under normal incidence are shown in Figure 8a for
various nanoantenna arrays with diﬀerent nanoantenna lengths
l increasing from top to bottom. A number of important
observations can be made: First, for increasing antenna length l
the LSPRs red-shift as expected from the linear reﬂectance
spectra (black). Second, together with the red-shift, the
linewidth of the plasmon resonances increases monotonically,
which can most likely be attributed to an increased coupling
between the diﬀerent antenna elements in an entire nanoantenna array.35,58 Third, the p-polarized SH signals (blue)
almost follow the reﬂectance spectra of the nanoantenna arrays;
however, there is an obvious trend for the peaks of the SH
intensities to be slightly blue-shifted with respect to the peaks
of the linear reﬂectance spectra. Fourth, we also observe
comparably weak s-polarized SH signals (green), increasing
toward shorter wavelength.

Figure 6. Illustration of SH spectroscopy of Al-nanoantennas that are
resonant to the SH wavelength. The background and the inset show
tilted scanning electron micrographs of the investigated sample.
Reprinted with permission from Nano Lett. 2015, 15, 3917−3922.
Copyright 2015 American Chemical Society.
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Figure 8. Measured (a) and modeled (b) polarization-resolved SH spectra together with the corresponding reﬂectance spectra of four aluminum
nanoantenna arrays with diﬀerent nanoantenna length l increasing from top to bottom from about 120 to 150 nm plotted over the SH wavelength.
The top axis shows the corresponding fundamental laser wavelength. The insets show corresponding scanning electron micrographs. The scale bar is
200 nm. Reprinted with permission from Nano Lett. 2015, 15, 3917−3922. Copyright 2015 American Chemical Society.

SH intensities are found to increase toward shorter nanoantenna length, which can be attributed to the previously
mentioned narrowing of the resonance linewidth.35 This trend
can also qualitatively be conﬁrmed and understood by the ﬁeld
enhancement factors, which increase in amplitude for
decreasing resonance linewidth. However, the quantitative
agreement of the relative SH intensities of the four nanoantenna arrays between the measurement and the model is
limited. Therefore, the modeled p-polarized SH intensities have
been independently scaled so that the modeled peak values
agree with the measured SH peak value of the corresponding
nanoantenna array. However, the relative SH signal strengths
between the two SH polarization components of one
nanoantenna array are well approximated by the model, since
the s- and p-polarized SH intensities have been scaled with the
same factor, respectively.
The results of the modeling allow understanding the details
of the SH spectra: Although the nanoantenna arrays are
resonant to the SH wavelength, the tails of the resonances
stretch all the way to the fundamental laser wavelength. Hence,

In order to gain more insight into the nonlinear optical
processes and to understand the spectral behavior of the SH
intensities, the plasmonic resonances are modeled in a quite
similar fashion to that in the previous section using a
phenomenological ﬁeld enhancement factor, L(ω), that
accounts for the ﬁeld enhancement caused by the plasmonic
resonances at the fundamental ﬁeld and at the SH ﬁeld. For a
single plasmonic resonance this ﬁeld enhancement factor L(ω)
can be approximated by a Lorentzian, and in the radiated SH
amplitudes it enters quadratically at the fundamental ﬁeld and
linearly in the SH ﬁeld.4,59
The results of the modeled s- and p-polarized SH intensities
are depicted together with the modeled reﬂectance spectra in
Figure 8b. First of all, the enhanced radiation eﬃciency for the
p-polarized SH intensity (blue) is well described by the model,
as is the slight blue-shift of its peak position. Moreover, also the
increase of the s-polarized SH intensity (green) toward shorter
wavelength is reproduced. Admittedly, the relative SH signal
strength between the four nanoantenna arrays is not well
described by the model. In the measurement the p-polarized
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destructive interference. Beyond that, we extend the
anharmonic oscillator to a coupled anharmonic oscillator
model that takes retardation between the two plasmonic
modes into account by using a complex coupling coeﬃcient.60
This model allows us to describe and understand the linear and
the nonlinear spectra in a descriptive fashion.
The ﬁrst experimental results of linear and TH spectroscopy
measurements of a dolmen-type plasmonic Fano structure array
are shown in Figure 10a. Throughout these experiments the

the absorbance of the fundamental laser light is increased when
the laser is tuned toward shorter wavelength, which leads to the
increase of the s-polarized SH intensity. The blue-shift of the ppolarized SH intensity is closely related to this phenomenon.
The radiation eﬃciency for the p-polarized SH signals that are
enhanced by the plasmon resonance peaks at the far-ﬁeld
resonance frequency ω0,; however, due to the increased
absorption for the incoming laser radiation tuned toward
shorter wavelengths, the overall p-polarized SH intensity curve
shifts to the blue.
To summarize this section, plasmonic nanoantennas that
exhibit plasmonic resonances at the SH wavelength allow
eﬃciently boosting the emission of SH signals to the far-ﬁeld.
In the case of dipole nanoantennas the peak of the SH
generation is located slightly blue-shifted with respect to the
linear optical spectra, which can be explained by a model that
accounts for the almost oﬀ-resonant absorption at the
fundamental wavelength and the resonant emission process at
the SH wavelength.4

■

PLASMONIC FANO STRUCTURES
So far, we investigated plasmonic nanostructures that exhibit
Lorentzian-like plasmonic modes. However, there is another
prominent type of resonance, which can be formed when dark
and bright plasmonic modes are coupled together, referred to
as plasmonic Fano resonances. Due to their reduced linewidth,
they are considered highly attractive for enhancing nonlinear
optical eﬀects at the nanoscale.26,45−48
In the following we study the linear and TH response of
dolmen-type plasmonic Fano structures, as shown in Figure 9.
Figure 10. Measured (a) and modeled (b) TH spectra plotted
together with the corresponding linear extinction spectrum of a
dolmen-type plasmonic Fano structure array with a gap distance g of
about 50 nm. Reprinted with permission from ACS Photonics 2014, 1,
471−476. Copyright 2014 American Chemical Society.

polarization of the incoming laser light is oriented along the
dipole antenna. We ﬁnd the TH that is polarized parallel to the
dipole to peak close to the low-energy peak of the Fano
resonance (green diamonds). Neither in the Fano resonance
dip nor at the high-energy peak is strong TH emission
observed. Furthermore, perpendicular to the dipole, only very
weak TH emission can be detected (orange diamonds). The
inset shows the perpendicularly polarized TH in a magniﬁed
fashion, which we ﬁnd to peak close to the Fano resonance dip.
In order to unravel the underlying physical mechanisms, we
describe the dipole and the quadrupole mode as classical
harmonic coupled oscillators with a small cubic perturbation,
which accounts for the TH response:13,47,61−63
e
xd̈ + 2γdxḋ + ωd2xd − κxq + axd3 = − E(t )
(9)
m

Figure 9. Tilted SEM images of dolmen-type plasmonic Fano
structures. The length and width of the dipole antenna are 220 and
70 nm. The length and width of the quadrupole antennas are 190 and
50 nm. The gap distance between the dipole and the quadrupole is
about 50 nm, and the structure height is 60 nm. The lattice constants
of the nanostructure arrays are 600 and 700 nm perpendicular and
parallel to the dipole rod, respectively. The scale bars are 500 and 200
nm in the overview and the inset, respectively. Reprinted with
permission from ACS Photonics 2014, 1, 471−476. Copyright 2014
American Chemical Society.

In these nanostructures a dark plasmonic mode is realized by
two parallel dipole nanoantennas, which together form a
quadrupolar mode. This dark quadrupolar mode is coupled to a
bright dipole antenna. The interference of the two modes leads
to the typical Fano lineshape in the linear spectrum, which is
characterized by a spectrally narrow transmittance window
within a broad absorbance peak. In particular, we investigate the
TH response of the quadrupolar mode and ﬁnd that as in the
case of the fundamental ﬁeld the TH polarization ﬁeld of the
quadrupolar mode does not radiate to the far-ﬁeld due to

xq̈ + 2γqxq̇ + ωq2xq − κxd + axq3 = 0

(10)

where the indices j = d, q represent the dipole and the
quadrupole mode, respectively, xj(t) are the oscillator
amplitudes, γj are the damping constants, ωj denote the
resonance frequencies, κ describes the coupling strength, a is a
perturbation parameter, which determines the strength of the
TH, e is the charge of the dipole mode, m is its mass, and E(t)
is the electric ﬁeld amplitude of the incident laser pulses.
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As a consequence of the relatively large gap distance g of 50
nm of the structures and the resulting retardation between the
modes, we utilize a complex coupling coeﬃcient κ = |κ| eiϕ.60
The origin of this complex-valued coupling coeﬃcient will be
discussed further below. The solution of the coupled diﬀerential
equations again can be obtained in the frequency domain using
perturbation theory. The unperturbed solution for the
amplitudes x(0)
j (ω) then follow from a matrix inversion:
⎡ x (0)⎤
⎡ gd κgd gq ⎤⎡ E(ω)⎤
1
e
⎢ d ⎥
⎢
⎥⎢
=
−
⎥
⎢ (0)⎥
m 1 − κ 2gd gq ⎢⎣ κgd gq gq ⎥⎦⎣ 0 ⎦
x
⎣ q ⎦

Figure 11. Simulated ﬁeld distributions of the absolute value of the xcomponent (left) and the y-component (right) of the TH polarization
ﬁeld in dolmen-type gold nanostructures with a gap distance of 50 nm,
each plotted at their corresponding spectral peak position. Reprinted
with permission from ACS Photonics 2014, 1, 471−476. Copyright
2014 American Chemical Society.

(11)

where gj(ω) = −[ω2 − ω2j + 2iγjω]−1 denote the linear response
functions of the two oscillators. From the solution a formula for
the extinction spectrum α(ω) for light polarized along the
dipole can be derived;47,60 compare formula 3:
α(ω) =

⎤
⎡
gd
e 2n ω ⎢
⎥
Im
ϵ0m c ⎢⎣ 1 − κ 2gd gq ⎥⎦

dipole is originating from the dipole mode. Furthermore, the ypolarized TH polarization ﬁeld is equally distributed in the
quadrupolar rods. However, as a consequence of the out-ofphase oscillation of the quadrupolar mode, this TH polarization
ﬁeld does not radiate eﬃciently to the far-ﬁeld due to
destructive interference.
In order to test this hypothesis and to further elaborate on
the origin of the perpendicularly polarized TH, we now shift
the dipole of the structures in small steps from its center
position closer to one of the quadrupole wires; see the SEM
images in Figure 12. The introduced asymmetry leads to an
unequal coupling between the dipole rod and the perpendicularly oriented rods. Hence, the two quadrupole rods are now

(12)

Fitting of the measured linear extinction spectra with the
expression for α(ω) yields the linear optical properties (ωj, γj,
κ) of the coupled oscillator system. Subsequently, the solution
in ﬁrst-order perturbation x(1)
j (ω), which describes the TH
(0)
3
response, can be calculated as x(1)
j (ω) ∝ -{(xj (t )) }.
Consequently, the expression for x(1)
d (ω) allows calculating
the radiated TH from the dipole antenna.1,43,64
The results of the anharmonic coupled oscillator model are
depicted in Figure 10b. The TH radiated from the dipole
(green) is shown together with the ﬁtted linear extinction
spectrum (black). The model describes all features of the
radiated TH intensity polarized parallel to the dipole. In
particular the peak position of the TH is found close to the lowenergy peak. Hence, the TH parallel to the dipole is completely
described by the TH of the dipole mode. The TH from the
mode of the quadrupole rods is predicted by the model to peak
between the Fano resonance dip and the low-energy peak (not
shown). This spectral position suggests that the weak TH
measured perpendicular to the dipole stems from the
quadrupole rods.
To examine the microscopic source of the quadrupolar TH
in more detail, we perform FEM simulations (Comsol
Multiphysics) of the dolmen-type structures. In the simulations
the structures are deﬁned with the dimensions given in Figure 9
and are positioned on a substrate with a constant refractive
index of n = 1.5, and for the optical properties of gold we use
the data of Johnson and Christy.55 The TH polarization PTH(r)
at each spatial coordinate r can be obtained from the linear
polarization P(r) via
(3) 3
(1) 3 3
PTH ∝ χAu
E ∝ [χAu
] E ∝ P3

(13)

where E corresponds to the complex local electric ﬁeld
(3)
amplitude and χ(1)
Au and χAu are the ﬁrst- and third-order
susceptibilities of bare gold, respectively. After the second
approximate sign, we used the classical expression for the thirdorder susceptibility, after which it is proportional to the third
power of the ﬁrst-order susceptibility.13
The simulated x- and y-polarized TH polarization ﬁeld
distributions are shown in Figure 11. We ﬁnd the x-polarized
TH polarization ﬁeld predominantly located in the dipole
antenna. This conﬁrms that the TH polarized parallel to the

Figure 12. Measured and modeled TH spectra polarized perpendicular
to the dipole antenna for increasing dipole oﬀset s together with
corresponding linear extinction spectra from top to bottom. On the
left SEM images are depicted, respectively. The scale bar is 100 nm.
Reprinted with permission from ACS Photonics 2014, 1, 471−476.
Copyright 2014 American Chemical Society.
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κ = |κ | eiϕ

excited with diﬀerent strength and phase (due to the distancedependent retarded coupling).
The corresponding TH spectroscopy measurements are
depicted in Figure 12, where the measured TH signals polarized
perpendicular to the dipole (orange, diamonds) together with
the measured linear extinction spectra (black) are shown, with
increasing dipole oﬀset s from top to bottom. We ﬁnd a
monotonic increase of the TH emission with increasing dipole
oﬀset s. As before, we ﬁtted the linear extinction spectra with
the coupled oscillator model and calculated subsequently the
displacement x(1)
q (ω) describing the TH of the mode of the
quadrupole rods; see Figure 12 (orange, lines). It is noteworthy
that only in the fully symmetric case is the plasmonic mode of
the quadrupole rods a pure quadrupolar mode. As soon as the
symmetry is broken by displacing the dipole wire, the excited
mode in the quadrupole rods xq will be a superposition of the
dark quadrupolar mode and a more dipole-like contribution.
Importantly, the oscillator model does not include information
about how eﬃcient the mode of the quadrupole rods xq radiates
TH light into the far-ﬁeld. In contrast to the spectral behavior
the absolute far-ﬁeld TH strength is a parameter that cannot be
predicted by the model. Therefore, the modeled TH spectra are
scaled with respect to amplitude to the measured TH data
points. Nevertheless, the spectral behavior and the peak
position of the TH are very well predicted by the model.
We also simulated the TH polarization-ﬁeld distribution of a
symmetry-broken dolmen-type structure with an exemplary
dipole oﬀset s of 30 nm, which is shown in Figure 13. As before,

(14)

to account for the retarded interaction between the plasmonic
modes. Since we did not discuss the origin of this complex
coupling coeﬃcient in detail, we further elaborate on this.
We fabricated another series of gold dolmen-type nanostructure arrays with the same geometrical parameters as given in
Figure 9; however, for this sample we varied the gap distance g
from about 20 nm to 100 nm in steps of 10 nm, and for
comparison we also fabricated a dipole antenna array, which
exhibits the same lattice constant as the dolmen-type
nanostructures.
For excitation along the dipole antenna of the dolmen-type
structures we measured the transmittance spectra T and the
reﬂectance spectra R and calculated via T + R + A = 1 the
corresponding absorbance spectra A. The resulting absorbance
spectra are depicted in Figure 14 for decreasing gap distance g

Figure 13. Simulated ﬁeld distributions of the absolute value of the xcomponent (left) and the y-component (right) of the TH polarization
ﬁeld in asymmetric dolmen-type Fano structures (s = 30 nm), each
plotted at their corresponding spectral peak position. Reprinted with
permission from ACS Photonics 2014, 1, 471−476. Copyright 2014
American Chemical Society.

Figure 14. Measured (black, line) and ﬁtted (yellow, dashed)
absorbance spectra of plasmonic dolmen-type nanostructure arrays
for diﬀerent values of the gap distance g, decreasing from top to
bottom from about 100 nm to about 20 nm. The topmost spectrum
corresponds to the absorbance of a dipole antenna array, which lacks
the quadrupole rods.

the x-polarized TH polarization ﬁeld is located in the dipole
antenna. However, the y-polarized TH polarization ﬁeld is no
longer equally distributed in both quadrupolar bars, but is
predominantly located in the quadrupolar bar that features a
smaller gap distance with respect to the dipole antenna.
We conclude that for the symmetric structure the TH
polarization ﬁeld of the mode of the quadrupole rods interferes
destructively in the far-ﬁeld due to the out-of-phase oscillation
in the two quadrupole wires. For increasing dipole oﬀset s the
unequal excitation of the quadrupole wires leads to reduced
destructive interference and hence to an eﬃcient radiation of
the TH light to the far-ﬁeld.
Complex Coupling Coeﬃcient in Coupled Plasmonic
Systems. In order to describe the linear and the TH response
of dolmen-type plasmonic Fano structures in the previous
section within the framework of a coupled oscillator model, we
needed to implement a complex coupling coeﬃcient:

from top to bottom. For increasing coupling, i.e., decreasing
gap distance, we observe as expected a more pronounced
splitting of the Fano resonance peaks.
We ﬁtted the linear optical absorbance spectra with eq 12 of
the coupled oscillator model for the seven smallest gap
distances of the sample. For larger gap distances than about
80 nm the ﬁtting of the absorbance spectra becomes highly
ambiguous due to the weak coupling between the plasmonic
modes. The free parameters in the ﬁtting are the two resonance
frequencies ωd and ωq, the damping constants γd and γq, the
coupling coeﬃcient κ, and an overall amplitude. We ﬁnd that
the absorbance spectra cannot be ﬁtted using a purely real
coupling coeﬃcient κ, in particular in the case of the larger gap
distances. However, by implementing a complex coupling
coeﬃcient κ = |κ| eiϕ the absorbance spectra can be ﬁtted very
well.60 In Figure 14 the ﬁts of the absorbance spectra are shown
together with the measured absorbance spectra.
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From the ﬁts it is possible to extract the absolute value |κ| and
the phase ϕ of the complex coupling coeﬃcient κ, which are
displayed in Figure 15 with respect to the gap distance g. As

First, we demonstrate the fabrication of hybrid ITO
nanocrystal-incorporated plasmonic gap-antennas using a twostep electron beam lithography process. Second, we experimentally investigate the hybrid nanostructure arrays by means
of TH spectroscopy and observe doubling of the TH response
of the hybrid system when comparing to the TH response of an
identical bare plasmonic gap-antenna array, without ITO
nanocrystals. Third, we identify the origin of the TH signal
enhancement, which is mainly related to changes in the linear
optical properties and the lifetime of the plasmonic antenna
resonances.
In the experiments we utilize arrays of dimer nanoantennas
consisting of two identical gold rods separated by a small gap.
Illuminating the nanostructure arrays with electromagnetic
plane waves polarized along the long axis of the gap-antennas
excites the hybridized symmetric plasmonic mode, located in
the near-infrared spectral region at about 1000 nm. To estimate
the electric ﬁeld enhancement |E|/|E0| associated with this
plasmonic mode, we perform ﬁnite element simulations of the
structures, where E and E0 are deﬁned as the local electric ﬁeld
amplitude and the incoming electric far-ﬁeld amplitude,
respectively. For the simulations we utilize a commercial
software package (Comsol Multiphysics). Therein, the
structures are deﬁned on a substrate with a constant refractive
index of n = 1.5, and for the optical properties of gold we use
the data of Johnson and Christy.55 Figure 17 shows the electric

Figure 15. Absolute value |κ| and phase ϕ of the complex coupling
coeﬃcient κ for diﬀerent values of the gap distance g in plasmonic
dolmen-type Fano structures, which have been determined by ﬁtting of
the measured absorbance spectra with eq 12.

expected, we ﬁnd a monotonic decrease of the absolute value |κ|
of the coupling coeﬃcient for increasing gap distance g. This
circumstance is caused by a reduced near-ﬁeld coupling for
larger distances of the plasmonic nanorods.
In addition to the absolute value |κ| of the coupling
coeﬃcient we show its phase ϕ, which is found to increase
monotonically in its absolute value for increasing gap distance g.
As mentioned at the beginning, the reason for the increase of
the phase for a larger gap distance is the retarded interaction
between the gold nanorods. The eﬀect of an electromagnetic
interaction can spread maximally with the speed of light, which
leads to a noninstantaneous coupling of the two plasmonic
modes.
To summarize, the interaction between plasmonic nanoantennas that are separated by several tens of nanometers is
noninstantaneous due to the retardation of light. This
circumstance can be described in the oscillator model by the
implementation of a complex coupling coeﬃcient κ = |κ| eiϕ.60

Figure 17. Simulation of the electric near-ﬁeld enhancement |E|/|E0| of
a plasmonic gap-antenna. The ﬁeld distribution is shown for the plane
symmetrically cutting the antenna and for resonant excitation. The
scale bar corresponds to 100 nm. Reprinted with permission from
Nano Lett. 2014, 14, 2867−2872. Copyright 2014 American Chemical
Society.

■

ITO NANOCRYSTAL-INCORPORATED PLASMONIC
GAP-ANTENNAS
In this last section we incorporate nonlinear dielectric materials
into the hot-spot of plasmonic gap-antennas, to make use of the
ﬁeld enhancement eﬀect in the gap region of the antennas and
to boost the optical nonlinearity of the dielectric material.

ﬁeld enhancement |E|/|E0| for resonant plane wave excitation of
a plasmonic gap-antenna. As expected, the strongest electric
ﬁeld enhancement of about 20 to 30 is observed in the gap
region of the dimer nanoantenna, which is commonly referred
to as the antenna “hot-spot”.65 This hot-spot is generally
expected to be the major source of any nonlinear signal and is
in particular the ideal position for a selective incorporation of a
nonlinear dielectric.8,25
In order to experimentally study a system made of hybrid
nanoparticle-incorporated plasmonic gap-antennas, we developed a process for the selective ﬁlling of the antenna gaps with
diﬀerent kinds of nanoparticles. The fabrication of the hybrid
nanostructure arrays works via a two-step electron beam
exposure66 and a subsequent so-called squeegee process.67,68 In
a ﬁrst step the nanoantennas as well as alignment marks are
deﬁned in a double-layer poly(methyl methacrylate) (PMMA)
resist on a fused silica substrate (Suprasil, Heraeus), followed
by the evaporation of a 2 nm Cr adhesion layer and a 40 nm
gold layer and the subsequent lift-oﬀ of the resist. Afterward,
the sample is once again coated with a double layer of PMMA

Figure 16. Illustration of TH generation in hybrid ITO nanocrystalincorporated plasmonic gap-antennas. Reprinted with permission from
Nano Lett. 2014, 14, 2867−2872. Copyright 2014 American Chemical
Society.
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resist, and the alignment marks are used to selectively open
resist apertures on top of the nanoantenna gaps. Subsequently,
the nanocrystals can be transferred into the apertures from
solution. In our case monodisperse ITO nanocrystals have been
synthesized according to literature methods,69 resulting in a
mean crystal diameter of 6 nm, suspended in hexane. A droplet
of the concentrated nanocrystal−hexane solution is deposited
onto the resist and swept across the sample surface by a cut
piece of polydimethylsiloxane (PDMS). The nanocrystals are
dragged along with the meniscus of the slowly evaporating
hexane solution and deposited into the resist openings.68 Once
the hexane is nearly fully evaporated, the remaining nanocrystals are dragged to the rim of the substrate and away from the
gold nanostructures in order to prevent clustering in the
structured areas. Subsequently, the sample is placed top-down
on additional glass slides in an acetone beaker to remove the
PMMA resist mask and the excess nanocrystals. The ﬁnal
nanoantenna arrays have a size of 90 × 90 μm2, with an
excellent ﬁlling ratio of the antenna feed gaps; see scanning
electron micrographs in Figure 18.
Figure 19. (a) TH spectroscopy of bare (green) and hybrid ITO
nanocrystal-incorporated (orange) plasmonic gap-antenna arrays, with
an antenna length l of about 180 nm. The lines correspond to
measured extinction spectra; the data points are measured TH
intensities plotted over the fundamental excitation wavelength. The
top axis shows the corresponding TH wavelength. (b) Maximum of
the measured TH intensities of diﬀerent bare (green) and ITO
nanocrystal-incorporated (orange) gap-antenna arrays with diﬀerent
antenna length l plotted over their corresponding plasmon resonance
wavelength. Data points with identical labeling correspond to an equal
antenna length l, which is given in the right corner of the graph.
Reprinted with permission from Nano Lett. 2014, 14, 2867−2872.
Copyright 2014 American Chemical Society.
Figure 18. Colored SEM image of a hybrid ITO nanocrystalincorporated plasmonic gap-antenna array. The inset shows an SEM of
a single antenna element. The individual gap-antenna elements consist
of two identical gold rods, with a height, a width, and a length of about
40, 50, and 180 nm, respectively. The gap distance is about 20 nm.
The scale bar is 500 nm in the overview and 100 nm in the inset,
respectively. Reprinted with permission from Nano Lett. 2014, 14,
2867−2872. Copyright 2014 American Chemical Society.

the ITO volume from ϵm,AIR = 1 of air to about ϵm,ITO ≈ 2.9 of
the ITO.71 Consequently, the peak of the TH conversion
eﬃciency (orange, diamonds) shifts together with the linear
spectrum to longer wavelengths by about the same value. The
maximum TH conversion eﬃciency is about a factor of 2 larger
when compared to that of the bare gap-antenna arrays.
In order to further investigate the role of the ITO
nanocrystals in the measured enhancement of the TH
conversion eﬃciency, we tune the spectral characteristics of
the gap-antennas by varying the length l of the two gold rods
from about 150 nm to about 190 nm, in a step size of 10 nm.
As before, we measured the TH spectra of the bare as well as
the hybrid ITO nanocrystal-incorporated antenna arrays. The
measured linear and TH signal spectra exhibit very similar
behavior to the exemplary one shown in Figure 19a. For clarity,
in Figure 19b we plot only the maximum TH signal strength for
each antenna array versus the spectral position of its plasmonic
resonance (green: bare; orange: nanocrystal-incorporated). We
observe a monotonic increase of the TH intensity radiated from
all measured antenna arrays when plotted over their
corresponding plasmon resonance wavelength. In particular,
we ﬁnd that the TH signal increases by about an order of
magnitude in the considered wavelength range. Most
importantly, the TH maxima of the hybrid nanocrystalincorporated gap-antenna arrays and the bare antenna arrays
follow the same trend, not only qualitatively but also
quantitatively. The measured data suggest that only the spectral
position of the plasmonic resonance determines the maximum
TH signal. In contrast, if there is a signiﬁcant contribution of

The incorporation of the high refractive index ITO
nanocrystals into the hot-spot of the gold gap-antennas
inﬂuences the plasmonic mode of the nanoantennas, since
these are highly sensitive to changes in the dielectric
environment. In particular, the resonance frequency ω0 of the
plasmonic mode shifts to lower frequencies due to the increase
in the outer eﬀective dielectric constant.
In Figure 19a the results of TH spectroscopy experiments for
one exemplary bare (green) and one hybrid (orange) antenna
array are shown. The solid lines correspond to measured linear
extinction spectra of the antenna arrays, whereas the data points
(diamonds) represent normalized TH intensities. The linear
extinction spectrum of the bare gap-antenna array (green) is
characterized by a single Lorentzian peak associated with its
plasmon resonance at around 1025 nm. As reported in earlier
work,1,53,70 we ﬁnd the peak of the TH conversion eﬃciency
(green, diamonds) close yet slightly red-shifted with respect to
the peak of its far-ﬁeld extinction spectrum. As mentioned
above, the incorporation of the ITO nanocrystals leads to a
signiﬁcant red-shift of the extinction peak by about 45 nm. The
origin of the red-shift is the increase of the dielectric constant
ϵm of the environment, which changes in the gap region, that is,
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boosting second- or third-harmonic generation signiﬁcantly.
Furthermore, we investigated the quadrupolar third-harmonic
response of dolmen-type plasmonic Fano structures and found
that the third-harmonic polarization ﬁeld of the quadrupolar
mode does not radiate to the far-ﬁeld due to destructive
interference. However, symmetry breaking in the nanostructures renders the quadrupolar mode more dipole-like, which
allows the eﬃcient transfer of third-harmonic energy to the farﬁeld. Lastly, we investigated the third-harmonic response of
hybrid indium tin oxide nanocrystal-incorporated plasmonic
gap-antennas and found a doubling of the third-harmonic
conversion eﬃciency when comparing the third-harmonic
response of the hybrid antennas to bare gold gap-antennas
without indium tin oxide nanocrystals. However, a thorough
study of bare and hybrid antennas revealed that the origin of
the enhanced third-harmonic signal is located in the gold
volume of the antennas rather than in the volume of the
dielectric nanocrystals and is caused by an enhanced near-ﬁeld
of the red-shifted hybrid plasmonic gap-antennas.
Although many aspects of the nonlinear optical response of
the plasmonic nanostructures investigated in this Review are
well understood, there are still a number of unanswered
questions. As an example, we investigated the second-harmonic
response of dipole nanoantennas resonant to the secondharmonic wavelength and observed a strong enhancement of
the second-harmonic emission. However, it has not been
answered conclusively what the source of the second-harmonic
signal is at all. The dipole nanoantennas are inversion
symmetric structures and therefore should exhibit no secondorder response.13 There are diﬀerent possible mechanisms that
might explain the occurrence of the second-harmonic: One
reason might be the symmetry breaking at the interface of the
antennas or the substrate, or diﬀerent electric near-ﬁeld
components might drive tensor elements that are not accessible
from the far-ﬁeld and that are not forbidden by symmetry. Also
higher order magnetic dipole or electric quadrupole tensor
elements might contribute to the second-harmonic signal.
These higher order contributions become important as the
nanostructure size becomes comparable to the wavelength of
light.9 A related question is whether deliberate symmetry
breaking using asymmetric or chiral plasmonic structures allows
further boosting the second-order response.73−75
Beyond that, in our experiments on hybrid plasmonic gapantennas we did not observe a distinct third-harmonic signal
from the dielectric indium tin oxide nanocrystals when
compared to the third-harmonic signal that was emitted from
the gold nanoantennas. The reason for the weak contribution of
the indium tin oxide nanocrystals to the overall third-harmonic
signal can be attributed to their weak third-order susceptibility
when compared to the optical nonlinearity of gold. However,
the overall concept is still promising. We believe that other
nonlinear optical materials with higher third-order susceptibilities, such as semiconductors or nonlinear polymers, should
give a distinct contribution to the overall TH response when
incorporated into the hot-spot of plasmonic nanoantennas.
Indeed there are few examples of mixed systems where the
enhanced near-ﬁeld of a plasmonic nanostructure drives the
nonlinearity of a surrounding medium.30−32 Hence, this
concept might in the future lead to superior conversion
eﬃciencies of nonlinear optical eﬀects at the nanoscale.

the ITO nanocrystals to the overall TH signal, the bare and the
ITO nanocrystal-incorporated antenna arrays should form two
distinct subsets in Figure 19b, with the latter having a higher
overall TH signal. The observation that they form a single
indistinguishable set is a strong indication that a contribution of
the ITO nanocrystals to the overall TH intensity is not the
main reason for the observed increased TH conversion
eﬃciency.
As we have seen above, the linear optical properties of a
plasmonic system have a crucial inﬂuence on its nonlinear
optical response. In particular, the spectral position of the
plasmon resonance frequency ω0 and the damping constant γ
are of crucial importance.1,35,43 When analyzing the plasmon
resonances, we ﬁnd a monotonic decrease in the resonance
linewidth for increasing resonance wavelength, independent of
whether there are ITO nanocrystals incorporated into the
antenna gaps or not.3
Thus, for the bare and the hybrid nanostructure arrays the
increase in the TH signal strength is mainly related to a
decrease of the resonance frequency ω0 and a decrease in the
resonance linewidth, i.e., the damping constant γ, which lead to
an enhanced polarization ﬁeld of the red-shifted plasmon
resonances and therefore to increased generation of TH light in
the gold volume of the plasmonic gap-antennas.
To summarize, we incorporated ITO nanocrystals into the
hot-spot of plasmonic gap-antennas and observed an enhancement of the TH signals radiated from the hybrid gap-antenna
arrays by about a factor of 2 when comparing them to the TH
signals of identical bare plasmonic gap-antenna arrays. A close
study revealed that the enhanced TH signal strength is mainly
related to changes in the linear optical properties of the
respective antenna arrays. The incorporation of the ITO
nanocrystals leads to a red-shift of the plasmon resonance and
therefore to a decrease of the resonance frequency ω0 and the
resonance linewidth γ. Both decreasing quantities increase the
polarization-ﬁeld amplitude of the plasmonic antennas and
ultimately lead to the observed increase in the TH signal
strength. Furthermore, the TH signal is found to be nearly
exclusively generated in the gold volume, which also can be
conﬁrmed by corresponding ﬁnite element simulations of the
nanostructures,3 and not inside the ITO nanocrystals as
reported in another publication.72 While the exact experimental
conditions in the other publication might have been quite
diﬀerent from our experiments, and hence, it might be possible
that they indeed observed a signiﬁcant TH signal contribution
from the ITO nanoparticles, our work shows that it is highly
important to take changes in the ﬁeld enhancement carefully
into account when varying the dielectric environment of
plasmonic nanoantennas to unambiguously determine the
origin of the nonlinear response.20

■

SUMMARY AND OUTLOOK
To summarize, localized surface plasmon resonances of
plasmonic nanoantennas allow enhancing nonlinear optical
eﬀects at the nanoscale. The resulting nonlinear conversion
eﬃciencies surpass the eﬃciency of nonlinear optical eﬀects in
dielectrics in comparable nanoscale volumes by orders of
magnitude. Most importantly, the plasmonic elements are
eﬃcient frequency converters only when driven at resonance,
either at the fundamental wavelength or at the harmonic signal.
We showed that the plasmonic resonances of dipole
nanoantennas that are located either at the fundamental
wavelength or at the wavelength of a nonlinear signal allow
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