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ABSTRACT: It is known that the nonlinear optical properties
of photonic nanostructures can be modified substantially due
to strong field confinement and optical resonances. In this
contribution, we study third-harmonic generation from low-
loss subwavelength silicon nanodisks arranged in the form of
trimer oligomers with varying distance between the nano-
particles. Each of the nanodisks exhibits both electric and
magnetic Mie-type resonances that are shown to affect
significantly the nonlinear response. We observe the third-
harmonic radiation intensity that is comparable to that of a
bulk silicon slab and demonstrate a pronounced reshaping of
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the third-harmonic spectra due to interference of the nonlinearly generated waves augmented by an interplay between the electric

and the magnetic dipolar resonances.
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Nonlinear optical properties of photonic and plasmonic
nanostructures are known to differ substantially from the
properties of bulk materials due to strong subwavelength
confinement and localized resonances.! In particular, a
pronounced modification of the second-order nonlinear
response has been observed in arrays of metallic subwavelength
holes™ and lattices of metallic chiral nanoparticles,* and it was
demonstrated that the strong enhancement of the local fields
with the formation of “hot spots” can improve the nonlinear
optical processes efficiency in these nanostructures.' Similarly,
third-harmonic generation (THG) was very recently observed
in metallic nanoantennas,” complex plasmonic Fano nanostruc-
tures,® and plasmonic metacrystals,” where an enhancement of
the THG signal was demonstrated in the presence of electric
resonances. In contrast, the effect of magnetic resonances on
the nonlinear properties of nanostructures is much less studied
and, until recently, was limited to plasmonic structures such as
split-ring resonators,®” fishnet metasurfaces,"”'" and L-shaped
plasmonic nanoparticles.'> However, the nonlinear frequency
generation in plasmonic nanostructures suffers from strong
losses of metals at optical frequencies, losses that are further
enhanced near the resonances.

To overcome this problem, we recently studied third-
harmonic generation from individual silicon nanodisks and
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their periodic arrangements, and we demonstrated that the field
localization at the magnetic resonance can result in 2 orders of
magnitude enhancement of the third-harmonic (TH) intensity
with respect to unstructured bulk silicon."> These high-
permittivity, dielectric nanoparticles are emerging as a
promising alternative to metallic nanoparticles for a wide
range of nanophotonics applications; such nanoparticles exhibit
both electric and magnetic multipolar resonances in the visible
and near-IR spectral range."*"> In combination with their very
low losses, these nanoparticles and their composites offer many
unique opportunities for tailoring their nonlinear optical
response. Interestingly, when nonlinearities of both electric
and magnetic origin are present, the nonlinear response can be
both modified substantially and accompanied by nonlinear
interference, magnetoelectric coupling, and wave mixing effects,
which have, so far, only been studied for microwave
metamaterials and a few limited geometries.'®"”

In this Letter, we study experimentally optical nonlinear
effects originating from the resonant magnetoelectric response
of all-dielectric symmetric oligomers composed of three silicon
nanoparticles. Silicon nanoparticle oligomers have previously
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been studied in the linear regime.'® Since silicon is a material
with high third-order susceptibility,'> we observe strong
nonlinear phenomena in the optical response of high-index
nanoparticles, and analyze how the spectral shape of the
generated harmonic field depends on the distance between the
nanoparticles in the structure. We reveal that both electric and
magnetic Mie-type resonances can substantially enhance the
intensity of the third-harmonic radiation, and we observe an
interplay of electric and magnetic resonances with a strong
reshaping of the third-harmonic spectra via the Fano-like
interference®® of nonlinearly generated optical waves, interfer-
ence which we term below as “nonlinear interference.”

B RESULTS AND DISCUSSION

The silicon nanodisk trimers were fabricated via electron-beam
lithography on backside polished silicon-on-insulator wafers
with the top silicon layer of 260 nm. A scanning electron
micrograph of a typical trimer is shown in the inset of Figure 1.

Figure 1. Illustration of the third-harmonic generation process in
silicon nanodisk trimers. The IR pump beam illuminates the back of a
silicon-on-insulator substrate with an array of nanodisk trimers
fabricated out of the 260 nm thick top silicon layer. Exciting Mie-
type electric and magnetic dipolar resonances with controlled spectral
positions allows for a considerable enhancement of the THG by
nanodisks as compared to the silicon substrate. Inset: oblique-view
SEM image of a nanodisk trimer.

Different samples of trimers were fabricated, featuring an
exposure-dose controlled variation of the diameter (d) of the
individual nanodisks. The trimers were arranged in a square
lattice with the lattice constant fixed to p = 2 um. In addition,
samples with different nominal center-to-center spacing (D)
between the individual nanodisks within the trimer were
fabricated. The nanodisks are known to demonstrate
pronounced resonant electric and magnetic response in the
near-IR,*! and therefore, varying the nanodisk diameter, d, and
the distance between nanodisks, D, allows for precise
engineering of the mutual position of the electric and magnetic
resonances of the trimers. The dimensions of the trimers are
given in Table 1. The presence of the electric and magnetic
dipolar resonances is verified by linear transmission spectros-
copy as shown in Figure 2 with red curves for two sets of d and
D: well-separated nanodisks with d = 374 nm and D = 551 nm,
and close-packed nanodisks with d = 349 nm and D = 365 nm.
Two pronounced minima could be observed in both of the
transmittance spectra; the short-wavelength one being the Mie-
type electric dipolar (ED) resonance and the long-wavelength
one being the magnetic dipolar (MD) resonance. This can be
established by comparing the spectra to those resulting from
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Table 1. Main Parameters of the Samples: Nanodisk
Diameter, Interparticle Distance within the Trimers, And
Electric and Magnetic Resonance Position Values”

nanodisk center-to- electric magnetic
sample diameter, center distance, resonance resonance
number d (nm) D (nm) position (um)  position (um)
1 349 465 1.053 1.126
2 347 583 1.054 1.143
3 367 460 1.054 1.165
4 371 461 1.059 1.168
S 367 552 1.057 1.171
6 371 556 1.057 1.175
7 374 551 1.058 1.181

“The geometrical parameters are designed in a way that the electric
resonance retains its position within a 5 nm corridor, while the
magnetic one has different position values. The listed quantities are
extracted from SEM images. The statistical errors are 2 nm for d, S nm
for D, and 3 nm for the resonance positions.
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Figure 2. Tuning the TH spectral response (purple dots) of the silicon
nanodisk trimers via the resonance properties of and the coupling
strength between its constituent elements: (a) shows a trimer with
well-separated nanodisks and (b) shows a trimer with close-packed
nanodisks. Transmittance spectra (solid red curves) reveal the spectral
position of the electric dipolar (ED) and magnetic dipolar (MD)
resonances. The magnetic resonance position is tuned by varying both
the distance between the nanodisks and their diameters. The THG
spectrum normalized to the TH signal from the substrate away from
the sample indicates a qualitatively different nonlinear response in the
well-separated and close-packed trimer cases. The insets show the
scanning electron micrographs of the trimers with the scale bar set at
300 nm.

the multipole decomposition, as described in the Supporting
Information.

Exciting the Mie-type resonances is expected to lead to an
enhancement of the local electromagnetic fields inside the
nanodisks. Since the third-order nonlinear polarization is
proportional to the cube of the local electric field, enhanced
local fields lead to a boost in the nonlinear optical conversion.
We verify this by comparing the THG from the samples to the
THG generated by the bulk silicon substrate underneath, both
measured by our custom-built THG spectroscopy setup (see
Methods and Supporting Information). Purple dots in Figure 2
show the THG spectra for the trimers with well-separated and
close-packed nanodisks; notably, a mere 55 nm shift in the MD
resonance wavelength results in strong qualitative changes in
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Figure 3. Controlling the TH response by adjusting the magnetic dipolar resonance position. (a) Experimental transmittance spectra for the
nanodisk trimer samples revealing the gradual shift of the magnetic dipolar resonance peak of up to 55 nm. The spectra are vertically shifted by 0.15
units with respect to each other for better readability. (b) Corresponding numerical transmittance spectra of the trimer arrays. (c) Normalized THG
spectra for the samples under study showing the evolution of the interference pattern as the resonances are brought closer to each other. A vertical
displacement of 1.5 units is introduced between individual spectra for better readability. The dashed lines show the baseline denoting the condition

THGsam
their respective spectra.

= THG,. The leftmost part of the figure shows SEM images of the corresponding trimers with color-coded outlines matching the colors of

the THG spectrum. Specifically, if the resonances are separated
spectrally, the enhancement effect is observed separately for the
ED resonance at A = 1.058 ym and for the MD resonance at 4 =
1.181 pm. In contrast, bringing the ED and MD resonances
together by closer arrangement of the nanodisks provides an
extra resonant feature in the spectrum in between the
resonances at 4 = 1.095 um. Moreover, this feature leads to a
higher THG yield than that at the resonances themselves. This
enhancement points out the importance of the interplay of the
simultaneous excitation of ED and MD resonances. The
smooth transition from individual to collective ED and MD
regimes of the THG is shown in Figure 3c for a set of seven
trimer arrays with the dimensions, as given in Table 1. Note
that, due to the lower penetration depth of the TH radiation
into Si and a lower density of disks, the observed enhancement
factors are roughly 1.5 orders of magnitude below the results
reported previously for a single-disk system." In addition to the
THG spectra, Figure 3 contains the corresponding linear
transmittance spectra, which shows good agreement between
the experiment and the spectra calculated numerically with
CST Microwave Studio and shown in Figure 3b. The subtle
oscillations and apparent peak splitting observed in the
calculated spectra supposedly result from the periodic arrange-
ment of the trimers and the plane-wave excitation used for our
simulations. This is confirmed by the fact that the oscillations
are absent in the experiment, where the incident beam had a
finite numerical aperture, and, therefore, the diffractive coupling
effect was smeared out. Note that, in accord with previous
works,”* we set the nanodisks to have 50 nm less diameter than
measured with SEM from the top, due to an overetching of
silicon as observed in the inset of Figure 1.

To get a deeper insight into the possible origin of the
complex multipeak patterns observed in the THG spectra, we
consider interference of the nonlinearly generated TH waves
radiated by different parts of the sample, as illustrated
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schematically in Figure 4. Specifically, it is reasonable to
consider two main sources of the THG: a nonresonant
background contribution from the bulk silicon slab E,, and a
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Figure 4. Explanation of the experimental THG patterns. (a)
Schematic of the experiment. The observed THG signal consists of
the resonant TH field E (@) generated by the trimers and the
background TH field E,, generated by the substrate. The sample can
supply the background (b) and resonant (c) contributions to generate
an asymmetric interference pattern (d) analogous to the Fano line-
shape. (e) With two resonances present in the system, the
experimental three-peak pattern observed in Figure 2b can be
reproduced by plotting |E,.(w) + Ep.ql* given by eq 3. The dashed
line gives the calculated TH signal that would have been detected in
the absence of the substrate beneath the trimers.
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resonant contribution from the nanodisks E,.(®). The spectra
of the amplitude and phase of the respective contributions are
shown in Figure 4b and c, respectively. The observed THG
spectra are a consequence of the far-field interference of the
above contributions, as illustrated in Figure 4d:

((D) & lEres(a)) + Ebackl2 (1)

Under the conditions of similar contributions E,., & Ey, the
spectrum is expected to exhibit pronounced oscillations, since
E.., is highly dispersive with a remarkable 37 phase jump over
the resonance (a phase jump in THG which corresponds to the
standard 7z phase jump from a single, linear, Mie-type
resonance). The contribution of the THG spectra from the
disks E,.,(w) can then be written in terms of two components;
one from the ED resonance and one from the MD resonance:

Isam
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where A and B are the amplitudes of the electric and magnetic
resonance contributions, @y and @y are the central frequencies
of the respective resonances, and y is the (radiative) damping
constant of the resonances, which is assumed to be the same for
both resonances as deduced from the transmittance spectra in
Figure 3a. We can then rewrite the expression for the observed
THG signal in eq 1 as
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where C is a fitting coefficient that is responsible for the
nonresonant reflection of the substrate THG by the nanodisk
trimers. Equation 3 is plotted in Figure 4e (black curve) for the
following fitting parameter values: A = 0.9, B = 1.15, C =
0.9¢7%% y =4 x 10 57!, wg = 1.76 X 10" s7! (A = 1.07 ym),
wy = 1.70 X 10% s7' (4 = 1.11 um). Although these values
were set as the fitting parameters, the obtained quantities are
consistent with the experimental data. The spectrum is
reproduced in good overall agreement with the experimental
data of Figure 2b. Other features seen in Figure 2b, namely, the
oscillations in the red part of the spectrum, might be attributed
to the Fabry—Perot (FP) oscillations of the TH radiation in the
buried oxide layer of the silicon-on-insulator substrate. Indeed,
the estimated period of the oscillations is 313,/(2nl) = 82 nm
at As,, = 400 nm, where n = 1.47 is the refractive index of $i0,>
and [ = 2.0 ym is the buried oxide thickness. The multiplier of 3
rises due to the TH wavelength being considered at the
fundamental, that is, tripled, wavelength. The oscillations,
however, are not considered as the source of the main three-
peak feature of the spectrum in Figure 2b, because the spectral
distance between the observed adjacent minima (or maxima) is
less than 50 nm. The FP effect was not included into the model
because of the need in additional (unknown) fitting parameters,
for example, the forward-to-backward THG emission ratio,
which would reduce the clarity of the physics behind the
observed data. The dashed curve in Figure 4e shows eq 3
plotted with the same set of parameters, except for C set to
zero, to demonstrate the explicit contributions of the ED and
MD to the THG spectrum. It is peculiar to observe the
maximum overall THG at the high-pump-transmission wave-
length; this behavior could be utilized to apply the observed
nonlinear interference effects for building efficient multilayered
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nanostructures with improved nonlinear response. Also, a
bimodal nanostructure under study could lead to a considerable
improvement of frequency nondegenerate processes.”*
Although the reported nanostructures provide relatively modest
conversion efficiency of approximately 107'%, which is not at the
level of subdamage-threshold plasmonic nanoantennae yet,
the resonant silicon-based platform under study is barely
restricted by linear Ohmic losses, making it a very promising
candidate for high-power applications within nanophotonics.

In conclusion, we have experimentally studied the third-
harmonic generation in all-dielectric oligomers composed of
three silicon nanodisks. We have demonstrated that both
electric and magnetic Mie-type resonances of nanodisk trimers
can substantially enhance the intensity of the generated third-
harmonic field. We have further observed the interplay of both
electric and magnetic resonances with a strong reshaping of the
third-harmonic spectra, and analyzed the dependence on the
distance between the nanoparticles in the structure. We expect
that, by tailoring the mutual position of the trimer Mie-type
resonances, one can achieve additional flexibility in tuning
nonlinear response of novel low-loss photonic nanostructures
and metasurfaces.

B METHODS

Sample Preparation. The samples were fabricated via
electron-beam lithography on silicon-on-insulator wafers
followed by reactive-ion etching. The 2procedure is similar to
the one found in our previous works.”" Each nanostructured
square area had a footprint of 200 ym X 200 ym and contained
a total of 10* nanodisk trimers arranged in a square lattice with
a lattice constant of 2 um. The sample dimensions as
determined from SEM images are given in Table 1.

Transmittance Spectroscopy and Third-Harmonic
Generation Spectroscopy. Optical properties of the silicon
nanodisk trimer samples were examined using a setup for
transmittance spectroscopy and THG spectroscopy. Radiation
from an incandescent light source was focused at the plane of
the sample at normal incidence to a 20 um spot. The
transmitted beam was collected and transferred to a grating
InGaAs-based-CCD spectrometer. The spectrum measured
from the sample area was normalized to the spectrum obtained
for the area with no trimers. THG spectra were obtained using
the same setup by focusing a train of wavelength-tunable
femtosecond laser pulses to the same point of the sample to a
waist of about 10 ym in diameter. The peak intensities of the
chopper-modulated beam reached 8 GW/cm* THG signal was
lock-in detected by a photomultiplier. The detailed description
of the setup is given in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

A detailed description of the transmission spectroscopy
measurements, THG spectroscopy measurements, evaluation
of eq 3, and multipole decomposition results. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsphotonics.5b0006S.
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