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Second harmonic generation spectroscopy on hybrid
plasmonic/dielectric nanoantennas

Heiko Linnenbank’, Yevgen Grynkoz, Jens Forstner® and Stefan Linden'

Plasmonic nanoantennas provide unprecedented opportunities to concentrate light fields in subwavelength-sized volumes. By placing a
nonlinear dielectric nanoparticle in such a hot spot, one can hope to take advantage of both the field enhancement provided by
nanoantennas and the large, nonlinear optical susceptibility of dielectric nanoparticles. To test this concept, we combine gold gap
nanoantennas with second-order, nonlinear zinc sulfide nanoparticles, and perform second harmonic generation (SHG) spectroscopy on
the combined hybrid dielectric/plasmonic nanoantennas as well as on the individual constituents. We find that SHG from the bare gold
nanoantennas, even though it should be forbidden due to symmetry reasons, is several orders of magnitude larger than that of the bare zinc
sulfide nanoparticles. Even stronger second harmonic signals are generated by the hybrid dielectric/plasmonic nanoantennas. Control
experiments with nanoantennas containing linear lanthanum fluoride nanoparticles reveal; however, that the increased SHG efficiency of
the hybrid dielectric/plasmonic nanoantennas does not depend on the nonlinear optical susceptibility of the dielectric nanoparticles but
is an effect of the modification of the dielectric environment. The combination of a hybrid dielectric/plasmonic nanoantenna, which is
only resonant for the incoming pump light field, with a second nanoantenna, which is resonant for the generated second harmonic light,
allows for a further increase in the efficiency of SHG. As the second nanoantenna mediates the coupling of the second harmonic light to

the far field, this double-resonant approach also provides us with control over the polarization of the generated light.
Light: Science & Applications (2016) 5, e16013; doi:10.1038/Isa.2016.13; published online 15 January 2016

Keywords: nanoantennas; plasmonics; second harmonic generation

INTRODUCTION
Since the pioneering experiments of H. Hertz and G. Marconi, anten-
nas have been essential tools for the manipulation of electromagnetic
waves2. Thus far, antennas have been mainly used for radio and
microwave applications, e.g., as components of wireless communica-
tion systems or for object detection and ranging’. The development of
high precision nano-fabrication techniques has additionally revealed
promising possibilities for antennas in the optical domain. For
instance, one can nowadays fabricate nanometer-sized metallic nano-
structures that exhibit resonances in the near infrared and even in the
visible spectral regime*®. Like their counterparts in the radio or
microwave regime, these so-called plasmonic nanoantennas can be
used to funnel-free propagating waves into volumes far smaller than
the diffraction limit and vice versa*”. This results in an enormous
intensity enhancement for a resonant incoming light field and pro-
vides an enhanced far-field coupling for nanoscale light sources.
One class of optical processes with a strong demand for high intens-
ities is the class of nonlinear optical frequency conversion processes™®.
The most prominent among them are second harmonic generation
(SHG) and parametric down-conversion in noncentrosymmetric bulk
crystals (noncentrosymmetry is a necessary condition for electric
dipole allowed second-order nonlinear optical processes, see, e.g.,
Boyd®, which are both widely used for the generation of high power,

coherent, tunable radiation, from the ultraviolet up to the mid-infra-
red range’™'. Through an increased demand for subwavelength
coherent light sources, an interest in subwavelength frequency con-
version schemes has also emerged'>™"?. A simple approach could be to
directly use nanometer-sized nonlinear dielectric crystals for fre-
quency conversion applications. However, the efficiency of these pro-
cesses is a superlinear function of the volume of the employed
crystals®. Therefore, nonlinear frequency conversion processes based
on such nonlinear dielectric nanocrystals are intrinsically very weak.
A strategy to overcome the poor conversion efficiency of nonlinear
dielectric nanocrystals could be to place the nanocrystals in the hot
spots of plasmonic nanoantennas so that one can take advantage of
both the plasmonic field-enhancement effect and the large nonlinear
optical susceptibility of the dielectric nanoparticles. In several experi-
ments on SHG*'~** and third harmonic generation (THG)*** from
such hybrid plasmonic/dielectric nanoantennas, an enhancement of
the nonlinear efficiency of the hybrid dielectric/plasmonic nanoanten-
nas compared to that of the corresponding bare, nonlinear dielectric
nanocrystals was indeed observed. These findings apparently support
the idea behind the aforementioned strategy, i.e., the increase in the
nonlinear signal is caused by a combination of plasmonic field enhance-
ment and a large dielectric nonlinear susceptibility. However, a recent
experimental study on THG from gap nanoantennas containing

Physikalisches Institut, Rheinische Friedrich-Wilhelms Universitat Bonn, Bonn 53115, Germany and “Department of Electrical Engineering, Universitat Paderborn, Paderborn

33102, Germany
Correspondence: H Linnenbank, Email: linnenbank@physik.uni-bonn.de

Received 20 April 2015; revised 19 August 2015; accepted 19 August 2015; accepted article preview online 23 August 2015


www.nature.com/lsa

SHG spectroscopy on hybrid nanoantennas
H Linnenbank et a/

N

indium tin oxide (ITO) nanoparticles casts serious doubts on this
interpretation®. By performing THG spectroscopy on different sized
gap nanoantennas, Metzger et al. found strong evidence that the
nonlinear enhancement of the investigated hybrid plasmonic/
dielectric nanoantennas is mainly related to changes in the linear
optical properties of the gap nanoantenna resonances due to the

presence of the ITO nanoparticles and not the third-order non-
linearity of the nanoparticles. Furthermore, they identified the
gold nanoantennas as the dominant source of the THG emission.

Plasmonic nanoantennas can be used not only to concentrate the
incident pump field in small volumes at the position of the nonlinear
nanocrystal but also to help control the coupling of the generated

Figure 1 (a) Schematic sketch of a double-resonant hybrid plasmonic/dielectric nanoantenna system together with the coordinate system used in this work. (b)—(f)
Top-view SEM micrographs of the investigated ZnS nanostructures, bare gold nanoantennas, nanoantennas with ZnS nanoparticles, nanoantennas with LaFs

nanoparticles, and double-resonant nanoantenna systems with ZnS nanoparticles.
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second harmonic (SH) light to the far field. To combine both effects
in a single nanostructure, a plasmonic nanoantenna must be
designed that it is resonant for both the incoming pump light field
and the locally generated SH light field*™®, This can, for example,
be done by combining two differently sized plasmonic nanoantennas
and a nonlinear dielectric nanoparticle to create a double-resonant
hybrid plasmonic/dielectric nanoantenna system, as shown in
Figure la. In a classical resonator picture, this geometry can be seen
as a miniaturized version of a double-resonant cavity used for intra-
cavity SHG, which is known to show higher conversion efficiencies
than the case in which only the pump light or the SH light is resonantly
enhanced® 2,

In this work, we study the origin of the SHG enhancement in hybrid
plasmonic/dielectric nanoantennas. For this purpose, we combine gap
nanoantennas made of gold either with nonlinear zinc sulfide nano-
particles or linear (in this context, linear means that the second-order
nonlinear susceptibility vanishes due to symmetry reasons) lan-
thanum fluoride nanoparticles and perform linear extinction mea-
surements and SHG spectroscopy on the hybrid dielectric/
plasmonic nanoantennas, as well as on the individual constituents.
We find that the SHG efficiency of the bare gold nanoantennas is
several orders of magnitude higher than that of the zinc sulfide nano-
particles. A comparison of the SHG efficiency of the two types of
hybrid nanoantennas shows that this process is very sensitive to
changes of the environment of the nanoantennas, but independent
of the nonlinear properties of the dielectric nanoparticles.
Additionally, we combine two plasmonic nanoantennas such that
one nanoantenna is resonant for the pump field, while the second
nanoantenna is resonant for the generated SH light. With this
approach, we can not only achieve a higher conversion efficiency
but also control the polarization state of the generated SH light.

MATERIALS AND METHODS

The preparation of the nanoantennas was done by a two-step electron
beam lithography process. In the first electron beam lithography step,
we fabricated several arrays of gold nanoantennas and additional
alignment marks. In the second lithography step, prior to the expo-
sure, the positions of those marks were detected to determine the
positions of the nanoantennas. Subsequently, the electron beam resist
was selectively exposed at the regions of the gaps of the antennas. After
development, we deposited a 60-nm thin dielectric layer via high
vacuum thermal evaporation and performed a lift-off process. For
one sample (sample 1), zinc sulfide (ZnS), which is a wide band gap
noncentrosymmetric semiconductor, was used as a dielectric, whereas
for a second sample (sample 2), lanthanum fluoride (LaF;), which has
a comparable refractive index to ZnS but a centrosymmetric crystal
structure, was used instead. For our experiments, we chose a gap
nanoantenna design, which is known to exhibit only a weak intrinsic
SHG efficiency®>*. The nanoantennas had a width and a height of 40
nm, a gap width of 50 nm, and were arranged on a 900 nm X 600 nm
lattice with a size of 40 pm X 40 um. The lengths of the nanoantennas
(approximately 300 nm per antenna arm) were chosen such that the
linear extinction has a maximum at approximately 1500 nm wave-
length. Additionally, dielectric nanoparticles were arranged on a 900
nm X 600 nm lattice without antennas but with a comparable size to
those located in the nanoantenna gaps, and thin dielectric films were
fabricated in the second lithography step. In Figure 1, SEM micro-
graphs of the investigated (b) ZnS nanostructures, (c) bare gold
nanoantennas, (d) nanoantennas with ZnS nanoparticles, (e) nanoan-
tennas with LaF; nanoparticles, and (f) double-resonant nanoantenna
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systems with ZnS nanoparticles are shown. The SEM micrographs
indicate that the ZnS is in a crystalline state.

The linear response of the nanoantenna arrays was measured with
polarization selective, normal-incidence, white-light transmission
spectroscopy over a wavelength range from 600 nm to 1700 nm. For
the SHG spectroscopy measurements, we employed a double-pass
optical parametric generator (OPG), delivering pulses with a length
of 200-300 fs (spectral full width at half maximum 8-40 nm) at 42
MH?z repetition rate, tunable from 1400 nm to 1650 nm, as pump light
source®®. The average power of the pump beam was attenuated to
below 10 mW. Above this value, the nonlinear response of the nanoan-
tenna arrays would begin to drop with time, indicating an optical-
induced thermal damage. The linear polarization in the x-direction
(see coordinate system in Figure 1a) of the pump beam was controlled
by the combination of a polarizer and a half-wave plate. The pump
light was focused down to an approximately 30-pum spot diameter
under normal incidence (z-direction). The SHG signal was recorded
in transmission with a charge-coupled device spectrometer for differ-
ent pump wavelengths in steps of approximately 10 nm. Additionally,
a polarizer could be used to characterize the polarization of the SH
light. If not stated otherwise, the SHG signal was recorded polarization
unselective. To eliminate any parasitic effects due to changes in the
pulse shape and beam divergence when tuning the OPG, the SHG
signals from the nanoantenna and nanoparticle arrays were spectrally
integrated and referenced to the weak SHG signal obtained from the
ITO-covered substrate surface. A dielectric OD 4 longpass filter in
front of the focusing lens was used to block any parasitic-generated
SH light from the OPG or used optics. Furthermore, to make sure that
the recorded SHG signal indeed stemmed from the investigated struc-
tures, we recorded after each measurement spectra without any sample
and also with a glass substrate without ITO under the same conditions
as those used in the actual measurement.

RESULTS AND DISCUSSION

To first assess the nonlinear properties of the thermal evaporated
dielectrics, we compared the SHG efficiency of the nanoparticle arrays
and thin films made from ZnS and LaF; with the SHG efficiency of the
underlying ITO-covered substrate surface at a fixed wavelength of
1480 nm (see Figure 2). In the case of the LaF; nanoparticle arrays/
thin films, the SHG efficiency was weaker than that of the underlying
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Figure 2 SHG signals obtained, with a fixed pump wavelength of 1480 nm and
constant pump intensity, from a thin film of ZnS (red), a ZnS nanoparticle array
(blue), a LaF3 nanoparticle array (green), and a thin film of LaF3 (dark yellow). All
nanoparticle arrays and thin films were deposited on a glass substrate covered
with a thin layer of ITO. The SHG signal from the ITO-covered substrate surface is
shown in black.
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ITO surface. The most likely reason for this observation is scattering/
reflection of the incoming pump light. In the case of the ZnS nano-
particle arrays/thin films, the SHG efficiency was larger by a factor of
1.4/115 than that of the underlying ITO surface. Additionally, the ratio
between the SHG efficiency of the ZnS nanoparticle arrays and the thin
films is in excellent agreement with the theories for random quasi
phase matching, taking their volumes into account’’™*°, Therefore,
this preliminary experiment indicates that the ZnS nanoparticles
indeed show a second-order nonlinear response, whereas no sec-
ond-order nonlinear effects can be observed from the LaF; nanopar-
ticles, as expected.

Next, we compared the SHG efficiency of a nanoantenna array with
ZnS$ nanoparticles with that of an array of bare ZnS nanoparticles (see
Figure 1b and 1d) at the center wavelength of the plasmonic resonance
of the nanoantennas. Here, we found that the SHG signal of the hybrid
plasmonic/dielectric nanoantenna array was larger than that of the
ZnS nanoparticle array by a factor of 500 000.

To determine the main source of the nonlinear signal of the hybrid
plasmonic/dielectric nanoantennas, we compared the linear and non-
linear spectra of an array of bare gold nanoantennas with that of an
array of nanoantennas with ZnS nanoparticles, both located on sample
1. The incorporation of a high refractive index material in the gap of a
gold nanoantenna usually leads to a red-shift of the plasmonic res-
onance”, which would prevent a direct comparison. To compensate
this red-shift, i.e., to obtain congruent plasmonic resonances, we have
chosen hybrid nanoantennas, which are approximately 10% shorter
than the bare gold nanoantennas, for the comparison. The corres-
ponding extinction (one minus measured transmission) spectra for
x-polarized normal incident light are shown as continuous lines in
Figure 3a. The connected symbols represent the measured SHG spec-
tra, normalized to the maximum SHG signal of the bare gold nanoan-
tennas. For both antenna arrays, the SHG efficiency closely followed
the linear extinction, showing that the SHG was indeed governed by
the plasmonic resonance of the nanoantennas. A comparison of the
SHG efficiencies of both antenna arrays shows a doubling of the SHG
efficiency of the nanoantennas due to the incorporation of the ZnS
nanoparticles.

To test whether the increased SHG efficiency really stems from the
nonlinear properties of the ZnS, we compared an array of bare gold
nanoantennas and a nanoantenna array with LaF; nanoparticles, both
located on sample 2, in the same way as before (see Figure 3b). Here,
we again observe a doubling of the SHG efficiency due to the incorp-
oration of a dielectric.

A survey of the presented experimental results allows us to draw
several conclusions: (i) Because we obtained the same efficiency
enhancement regardless whether we used linear LaF; or nonlinear
ZnS nanoparticles, we conclude that the SHG efficiency enhance-
ment of the plasmonic nanoantennas due to the incorporation of
dielectric nanoparticles does not originate from an interplay
between the plasmonic field-enhancement effect and the nonlinear
optical properties of the dielectric nanoparticle. (ii) The gold
nanoantennas are the dominant source of the SH signal, as the
LaF; nanoparticles show no measurable second-order nonlinearity.
(iii) The SHG efficiency of plasmonic nanoantennas can be increased
by a modification of the dielectric environment. We attribute this
effect to a small but measurable narrowing of the resonance line
width of the hybrid nanoantennas relative to the bare gold nanoan-
tennas. This is synonymous with an increase of the quality factor Q,
which has a strong effect on the nonlinear performance of plasmonic
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Figure 3 (a) Normal-incidence optical extinction (one minus the measured
intensity transmission) spectra for x-polarized light (left axis, continuous lines)
as well as the SHG intensity (right axis, connected data points) for an array of bare
gold nanoantennas (dark yellow) and an array of nanoantennas with ZnS nano-
particles (red), both located on sample 1. (b) The same as in (a) but for an array of
bare gold nanoantennas (dark yellow) and an array of nanoantennas with LaF3
nanoparticles (blue), both located on sample 2. The SHG intensity spectra are
both cases normalized to the maxima of the corresponding bare gold nanoan-
tenna arrays.

To quantitatively test this qualitative reasoning and to rule out any
experimental artifacts, we have performed numerical calculations
using the discontinuous Galerkin time-domain method*>*’ for the
bare gold nanoantenna arrays and nanoantenna arrays with a linear
dielectric. Our approach self-consistently takes the light propagation
at the SH frequency into account and therefore includes SHG reab-
sorption, emission shaping and the near-to far-field transition. We
described the optical response of the metal by the state-of-the-art
hydroynamic Maxwell-Vlasov theory****, which takes both surface
and bulk contributions into account. Its linear limit corresponds to
the Drude free-electron model, for which we have chosen a plasma
frequency wp = 1.33 X 10%6 rad s, a collision frequency ¢, = 8 X
10" rad s, and a background dielectric constant &, = 9.84. The
refractive index of the glass substrate was taken as n = 1.46.
The geometric parameters of the nanoantennas were adapted from
the SEM micrographs shown in Figure 1c and 1d, respectively. The
length of the nanoantennas was 350 nm per arm in the case of the bare
gold nanoantennas and 325 nm in the case of the hybrid nanoantenna.
The width and height were approximately 40 nm. The gap had a width
of 60 nm and the size of the dielectric nanoparticles was chosen such
that they scarcely touched the nanoantenna arms. The nanoantennas
as well as the dielectric nanoparticles were modeled with a surface
roughness of approximately 3 nm root mean square by a random
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displacement of the vertices defining the surfaces of the geometries in
the used meshes. This mimicked the experimental conditions and
resulted in the observed significant SHG signal. The refractive index
of the dielectric nanoparticles was varied to obtain overlapping reso-
nances between the hybrid and bare gold nanoantennas, resulting in a
refractive index of n = 3. To verify the influence of a change of the
dielectric environment of the nanoantennas on their SHG efficiency,
the second-order nonlinear coefficient of the dielectric nanoparticles
was set equal to zero. The linear extinction calculations, as well as the
nonlinear SHG simulations, are presented in Figure 4 in the same way
as before the experimental results. Both the enhancement of SHG
efficiency and the slight narrowing of the resonance line width of
the hybrid nanoantennas relative to the bare gold nanoantennas are
nicely reproduced. The slight quantitative deviation between the SHG
enhancement in the case of the calculation and the experiment can be
attributed to experimental as well as numerical uncertainties. The
numerical calculations have been repeated, assuming the dielectric
nanoparticle to possess an isotropic second-order susceptibility of 2
pm V™', which mimics the effective value for a polycrystalline Zn$S
nanoparticle. The results are identical to those assuming no nonlinear-
ity for the dielectric nanoparticle. Overall, the numerical results
strongly support the above qualitative reasoning in that the SHG signal
is strongly influenced by a modification of the dielectric environment.

Subsequently, we studied double-resonant nanoantenna systems
consisting of two gap nanoantennas-oriented perpendicular to each
other (see Figure la and 1f). One nanoantenna was designed to be
resonant to the pump field (long horizontal-orientated nanoantenna),
whereas the other nanoantenna was designed to be resonant to the
generated SH light (short vertical-orientated nanoantenna). We per-
formed linear extinction and SHG spectroscopy measurements on an
array of double-resonant nanoantenna systems with ZnS nanoparti-
cles. For reference, we used an array of only pump-resonant nanoan-
tennas with ZnS nanoparticles (see Figure 5). Both the pump-resonant
nanoantennas and the long nanoantennas of the double-resonant
nanoantenna systems had nominally the same length. In the case of
the double-resonant nanoantenna systems, we observed a resonance in
the extinction spectrum at approximately 780 nm wavelength for y-
polarized incident light due to the presence of the short nanoantennas,
which was absent in the case of the only pump-resonant nanoanten-
nas. The resonance of the long nanoantennas, which was only visible
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Figure 4 Calculated normal-incidence optical extinction (one minus the calcu-
lated intensity transmission) spectra for x-polarized light (left axis, continuous
lines), as well as the calculated SHG intensity (right axis, connected data points)
for an array of bare gold nanoantennas (dark yellow) and an array of nanoanten-
nas with dielectric nanoparticles (blue). The SHG intensity spectra are normal-
ized to the maxima of the corresponding bare gold nanoantenna arrays.
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Figure 5 Normal-incidence optical extinction (one minus the measured
intensity transmission) spectra for x-polarization (left axis, continuous lines)
and y-polarization (left axis, dashed lines), and the SHG intensity (right axis,
connected data points) for an array of ZnS nanoantennas with ZnS nanoparticles
(red) and an array of double-resonant nanoantenna systems with ZnS nanopar-
ticles (green). The SHG intensity spectra are both normalized to the maxima of
the corresponding bare gold nanoantenna array (see Figure 3a).

for x-polarized incident light, was slightly red-shifted, and its line
width was marginally increased in the case of the double-resonant
systems compared to the only pump-resonant nanoantennas. The
red-shift and line width increase originated from a coupling between
the short and long nanoantennas. Investigation of the linear extinction
spectra of several different double-resonant nanoantenna systems
revealed the red-shift and line width increase to be independent of
the actual nanoantenna lengths (not shown). By comparing the SHG
spectroscopy data of both structures (see Figure 5), we see that the
feedback provided by the additional short nanoantennas strongly
enhances the SHG efficiency of the hybrid nanoantenna systems, even
though the previously mentioned increase of the line width should act
counterproductively®>*,

The additional short nanoantenna in the case of the double-res-
onant nanoantenna systems does not only enhance the SHG efficiency
but also mediates the coupling to the far field of the generated SH light.
This becomes evident upon examination of the polarization properties
of the SH light generated by the only pump-resonant nanoantennas
with ZnS nanoparticles and the double-resonant nanoantenna systems
with ZnS nanoparticles. The results are shown in the polar diagrams of
Figure 6. In the case of the only pump-resonant nanoantennas, the SH
light was weakly polarized along the long nanoantenna axis (x-polar-
ized), whereas we observed a significant larger degree of polarization
in the case of the double-resonant nanoantenna systems, this time
along the axis of the short nanoantennas (y-polarized). Our results
indicate that double-resonant nanoantenna systems offer the oppor-
tunity to influence the far-field properties of the generated SH light.

For the sake of completeness, we checked the SHG efficiency of both
nanoantenna geometries for y-polarized pump light. However, in both
cases, we could not measure any SHG signal within our measurement
resolution.

CONCLUSION

In this work, we compared the SHG efficiency of nonlinear dielectric
nanoparticles with plasmonic nanoantennas as well as hybrid dielec-
tric/plasmonic nanoantennas containing either linear or nonlinear
dielectric nanoparticles. By combining the results of linear extinction
measurements and SHG spectroscopy, we can conclude that an
increase of the SHG efficiency of plasmonic nanoantennas obtained
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Figure 6 Polar diagrams of the polarization state of the generated SH light from
an array of nanoantennas with ZnS nanoparticles (upper diagram) and an array of
double-resonant nanoantenna systems with ZnS nanoparticles (lower diagram).
In both cases, the pump light was x-polarized. All data points are normalized to
the maxima of the corresponding data set.

by filling their feed gaps with a dielectric nanoparticle is independent
of the nonlinear properties of the dielectric. Furthermore, our experi-
ments showed that the SHG efficiency of plasmonic nanoantennas is
several orders of magnitude higher than that of the nonlinear dielectric
nanoparticles. The situation might be different if nonlinear dielectrics
possessing higher second-order nonlinear coefficients or monocrys-
talline nonlinear dielectrics with their crystal axis aligned to the local
field distributions could be employed.

We additionally showed that a simple combination of two nanoan-
tennas to form a double-resonant nanoantenna system provides not
only a strong enhancement of the SHG efficiency but also offers control
over the polarization properties of the generated SH signal. In the light
of these results, one could also consider the directional emission of the
generated SH light mediated by the second nanoantenna. Because the
resonances of this system are highly tunable, this design could be easily
adapted for a whole variety of frequency conversion processes.
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