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ABSTRACT: We observe enhanced third-harmonic gener-
ation from silicon nanodisks exhibiting both electric and
magnetic dipolar resonances. Experimental characterization of
the nonlinear optical response through third-harmonic
microscopy and spectroscopy reveals that the third-harmonic
generation is significantly enhanced in the vicinity of the
magnetic dipole resonances. The field localization at the
magnetic resonance results in two orders of magnitude
enhancement of the harmonic intensity with respect to
unstructured bulk silicon with the conversion efficiency limited
only by the two-photon absorption in the substrate.
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P l onlinear optics describes processes in which photons tracking microscopy.* Many subsequent studies of the THG

with new frequencies are coherently generated when light process have been conducted for metallic nanostructures such

passes through an optical medium. The commonly known as plasmonic nanoantennas,”® complex plasmonic Fano
examples of such nonlinear processes are doubling and tripling structures,” and plasmonic metamaterials.* ' However, non-
the input frequency of light with a nonlinear crystal, when it is linear effects in resonant high-permittivity dielectric nano-
illuminated with an intense light field." The optical properties particles have not been reported. The importance of both
of nanoscale structures differ substantially from bulk materials electric and magnetic dipolar resonances on the nonlinear
because they are affected by strong confinement resulting in conversion efficiency in such particles still remains unknown.
geometrical resonances. For example, at the frequency of the Generally, high-permittivity nanoparticles are emerging as a
localized plasmon resonances there is a strong enhancement of promising alternative to metallic nanoparticles for a wide range
local electric fields with the formation of “hot spots”, which are of nanophotonic applications that utilize localized resonant
known to boost substantially nonlinear optical effects in metal modes, recently observed experimentally in the entire visible and
nanostructures.” However, the strong local field enhancement near-IR spectral ranges in silicon nanospheres.“’12 Such
in plasmonic systems comes only in a confined volume, which nanoparticles offer unique opportunities for the study of
inevitably limits the nonlinear conversion efficiency. In contrast, nonlinear effects due to very low losses in combination with
resonances of high-index dielectric nanoparticles provide mode multipolar characteristics of both electric and magnetic
volume, which is not limited to interfaces, and despite the resonant optical modes. More importantly, the nonlinear
weaker field enhancement, the overall conversion efficiency is optical effects of magnetic origin can have fundamentally
expected to be much higher. different properties compared with those of electric origin.

As the second-harmonic generation is an even-order When nonlinearities of both electric and magnetic origin are
nonlinear process, it can be observed only for noncentrosym- present, the nonlinear response can be modified substantially
metric structures. The third-harmonic generation (THG) being accompanied by nonlinear mode mixing and magneto-
process is a more general effect’ because the symmetry- electric coupling studied so far only at microwave frequen-
induced selection rules are more relaxed for the most of the
known media. The first observation of the third-harmonic Received: August 6, 2014
signal from single plasmonic nanoparticles was reported for Revised:  October 10, 2014
gold colloids, and it was suggested for single-biomolecule Published: October 16, 2014
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cies.!>'* It is, therefore, an important task to characterize the
optical nonlinear effects originating from the magnetoelectric
response of high-index nanostructures. Furthermore, silicon is a
material with high third-order nonlinearity; hence, strong
enhancement can be expected in the nonlinear optical response
of high-index nanoparticles.

In this Letter, for the first time to our knowledge, we study
the nonlinear response from individual silicon disk nano-
particles in the vicinity of the magnetic resonance. We
demonstrate that by engineering the resonant modes of such
nanoparticles, we can control the locally enhanced electro-
magnetic fields, giving rise to two orders of magnitude
enhancement of THG with respect to bulk silicon. The
maximum IR-to-visible conversion efficiency is found to be
limited only by the two-photon absorption process in the
substrate.

For nonlinear optical studies of silicon nanoparticles, we
make use of the nanodisk geometry. Silicon nanodisks have
recently shown versatility in independent tailoring of electric
and magnetic response stemming from two degrees of freedom:
radius and height.15 Also, as opposed to nanospheres, the
fabrication of nanodisks is easily accessed by modern electron-
beam lithography, which enables a precise control of the
nanodisk size and lattice geometries. In our experiment, we
address silicon nanodisks placed on silica as shown in Figure 1.

Figure 1. Illustration of THG from individual Si nanodisks at the
magnetic dipole responance at optical frequencies. Each sample
comprises a square array of silicon nanodisks on a 2-um-thick SiO,
layer situated on a bulk silicon substrate (not shown). Two sets of
nanodisk arrays are considered: one with a disk diameter of d =
360 nm, a height of h = 260 nm, and a period of p = 2.85 um and the
other one with d = 500 nm, h = 220 nm, and p = 0.8 um.

The disks are illuminated by an intense femtosecond laser pulse
train with the frequency @ close to the magnetic dipole
resonance of the former. As a result of the high silicon third-
order susceptibility ¥*, the transmitted signal contains pulses
of the tripled fundamental frequency 3w. Because the third
harmonic (TH) signal is proportional to the local field intensity
cubed, it is reasonable to anticipate considerable enhancement
of the TH process in the nanodisks with their magnetic
resonances excited by the fundamental wave.

Silicon nanodisks were fabricated via electron-beam lithog-
raphy on backside polished (001)-cut silicon-on-insulator
(SOI) wafers (SOITEC). The process was followed by a
reactive-ion etching process using the obtained electron-beam
resist pattern as an etch mask. Two square arrays of nanodisks
with different nanodisk densities were fabricated: one with a
period of 2.85 um, intended for THG microscopy measure-
ments, and the other with a period of 0.8 ym, intended for
THG spectroscopy measurements.

A scanning electron micrograph of the first nanodisk array is
shown in Figure 2a. Figure 2b shows the negative logarithm of
the transmission spectrum obtained for this sample using a
setup based on a white light source and an IR spectrometer
(see Supporting Information, Section I). The spectrum is
normalized over the spectrum of the adjacent sample area
where the top Si layer is etched away.

Two resonances are seen in the spectrum. The shorter
wavelength resonance is the electric dipole resonance of a
single disk, and the longer wavelength resonance is the
magnetic dipole resonance. This is determined by conducting
full-wave simulations with CST Microwave Studio and
performing a subsequent multipole expansion of the scattered
field.'® In Figure 2c the scattering cross-section of a single
silicon nanodisk is decomposed to electric and magnetic dipole
contributions exhibiting two distinct resonances. The false-
color plots in Figure 2 provide the maps of the local fields
excited within the disks at the electric and magnetic dipolar
resonances. It is worth noting that the maximum local field
value within the disk at the magnetic resonance is twice as large
as the maximum fleld excited at the electric one. The
discrepancy between the experimental and calculated positions
of the electric dipolar resonance is likely due to several factors,
including the presence of the substrate, deviations from a
perfect disk shape due to not perfectly vertical nanodisk
sidewalls realized in experiment'” and the sensitivity of the
electric resonance position to the nanodisk spacing. None of
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Figure 2. Spatially resolved THG from individual Si nanodisks enhanced by the magnetic resonance. (a) Scanning electronic microscopy image of an
array of silicon nanodisks with d = 360 nm, h = 260 nm, and p = 2.85 um. (b) Experimental normalized transmission spectrum of the sample (black)
with the pump pulse spectrum denoted with the red area. ED denotes the position of the electric dipole resonance, and MD shows the position of
the magnetic dipole resonance. (c) Calculated scattering cross section (SCS) spectra of the nanodisks (black) decomposed to electric dipole (red)
and magnetic dipole (blue) contributions with corresponding electric field distributions. (d) Microscopic image of the sample taken with a scanning
optical microscope by detecting THG signal at 4 = 413 & S nm. The signal is normalized by the signal acquired under the same conditions from the
substrate area. Local-field-enhanced THG is seen at the nanodisk sites as compared to the substrate between them.
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the mentioned factors are taken into account in Figure 2; the
role of the lattice spacing is discussed in Supporting
Information, Section VI.

In order to straightforwardly indicate the enhanced nonlinear
response from single nanodisks, we perform THG microscopy
and laser scanning microscopy using a confocal microscope and
an external femtosecond optical parametric oscillator as a pump
(see Supporting Information, Section II). Figure 2d shows an
image of the first nanodisk array taken in the regime of the
THG signal detection by tuning the spectrometer to the region
of the TH radiation detection at 413 nm. Here, the pump
radiation centered at A,,,, = 1.24 um is focused to a spot of
approximately 5 pm in diameter to specifically address the
magnetic dipole resonance of four nanodisks. THG is seen to
be enhanced by a factor of up to 10 at the nanodisk sites if
compared to THG from the bulk substrate in between them,
despite that the substrate contains a silicon slab which is
roughly 0.5 mm thick.

To further investigate the role of the magnetic resonance in
the enhanced nonlinear response of the nanodisks, we perform
THG spectroscopy measurements. Bulk silicon possesses a high
intrinsic third-order nonlinear susceptibility of up to ¥ = 2.5
X 10710 esu® as well as significant y* dispersion in the spectral
range of interest caused by the resonant coherent three-photon
direct transitions at 34w = 3.45 eV. To unambiguously disclose
wavelength-dependent contributions coming specifically from
the nanodisks and their magnetic dipole resonances, for each
pump wavelength, THG was measured consecutively from the
nanodisk arrays and from the adjacent area where the top
silicon layer was etched away. Because the source of both TH
signals is bulk silicon, normalizing THG from the samples by
THG from the unstructured area cancels out the y*(1)
dispersion.

The relative density of the disks is very important for higher
yield of the TH radiation. Therefore, we measure the THG
spectra for the nanodisk array with a smaller period of p =
0.8 um. Also, we match the thickness of the disks to the
penetration depth of the TH radiation into Si at the magnetic
dipole resonance for better extraction of the TH from the
whole nanodisk volume (see Supporting Information,
Section V). As indicated with the gray area in Figure 3a, the
sample possesses a resonance at 1.24 um with considerable
magnetic dipole component as indicated in Figure 3b. The
resonance is characterized by enhanced local electric fields
tightly bound within the nanodisk volume. Because the third-
order nonlinear polarization scales with the local fields cubed,
one expects a considerable enhancement of the nonlinear
optical effects, including THG, from the disks pumped by the
resonant laser radiation. This is proved by the THG spectrum
of the sample shown with purple dots. We observe the
resonance of the nanodisks enhance the THG by the factor of
up to 100 as compared to the bulk silicon slab at the
fundamental wavelength of 4 = 1.26 ym. This generates the 420
nm radiation bright enough to be observed by naked eye under
the table-lamp illumination conditions as shown in the inset of
Figure 4.

The THG resonance is seen to be split into two. The
splitting can be connected to the microscopic structure of the
fields within the disks and their multipole moments. Figure 3b
shows the simulated transmission of the fundamental frequency
through the disk array and substrate. This simulated trans-
mission is in good agreement with that measured in the
experiment. We extract the electric and magnetic dipole
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Figure 3. (a) THG spectroscopy of Si nanodisk arrays. The negative
logarithm of the normalized transmission spectrum of the sample with
p = 0.8 um, h = 220 nm, and d = 0.5 ym is given with the gray area
indicating a resonance at 1.24 ym. The THG spectrum of the sample
normalized over the spectrum of the substrate is shown in purple dots
to be strongly enhanced within the spectral band of the resonance.
The inset shows the SEM image of the sample fragment. The scale bar
is S00 nm. (b) The simulated transmission spectrum of the
fundamental wavelength through the disk array and substrate, showing
good agreement with the observed transmission in the experiment.
The overlaid blue and red curves give the magnitude of the electric and
magnetic dipole moments (respectively) induced in a single disk in the
transmission simulation. These dipole moments demonstrate that the
electric and magnetic resonances are either side of the observed
transmission resonance. The two-peak structure of each dipole
moment spectrum contributes to the two-peak THG spectrum in (a).

moments of an individual disk by integrating the induced
currents according to the standard expressions for the dipole
moments.'® These dipole moments represent the main
multipole moments of the system as seen in the reconstructed
transmission spectra (see Supporting Information, Section VI).
As follows from Figure 3b, the electric and magnetic resonances
are in fact either side of the main resonance observed in
transmission, respectively. This stems from the fact that the
electric resonance of the sparse nanodisk array undergoes
considerable red shift upon decreasing the period of the array
and comes to a partial overlap in with the magnetic resonance.
The locations of the resulting two resonances notably
correspond to the peaks of the observed TH signal as could
be expected.

The nanodisks demonstrate a remarkable resonant THG
conversion efficiency. To estimate the efliciency, we first
calibrate the PMT output by measuring the TH beam directly
with a calibrated photodiode power meter (see Supporting
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Figure 4. Power dependence and conversion efficiency of the resonant
THG process in Si nanodisks. Blue circles denote the THG power
dependence upon increasing the power of the pump, while red circles
denote the reverse procedure both obtained at A = 126 um
fundamental wavelength. The reversibility of the process, as well as
the deviation at 5 GW/cm? pump peak intensity from the cubic
dependence given by the black line are demonstrated. The left inset
shows a photographic image of the sample irradiated with the invisible
IR beam impinging from the back side of the sample as indicated by
the red arrow. The blue point represents the scattered TH signal
detected by the camera. Note the colors are not reproduced reliably.
The right inset shows the conversion efficiency of the nanodisk sample
as a function of the pump power.

Information, Section IV). The maximum time-averaged yield of
the TH radiation from the disks at A = 420 nm is measured to
be P;, ® 4 nW, which is observed by naked eye; see the
corresponding inset of Figure 4. As proved by measuring a
reversible P,,(P,) dependence shown in Figure 4, the sample
does not undergo irreversible changes even after being
irradiated with high-power resonant laser pulses, making it a
more attractive tool for the wavelength conversion than any
highly absorbing surface plasmon-enhanced media reported
thus far.*®'*">! Here, up until the pump power of P,, = 30 mW
(peak intensity & 5.5 GW/cm?), the dependence represents the
expected cubic law, whereas for the higher pump power values
the dependence comes to a saturation regime, which is
discussed below. The maximum efficiency of IR-to-visible
conversion is calculated as # = P,,/P,, and is estimated to peak
at  ~ 1077. To compare to the previously known record in
silicon set by the slow light in photonic crystal waveguides,”
the nanodisks provide similar conversion rate being essentially a
subwavelength device. This improvement can be explained by
both higher 7 value observed closer to the three-photon
direct transition wavelength at 3Ai@w = 3.45 eV and lower two-
photon absorption build-up sensitivity threshold: in our system
the critical peak intensity value is &5 GW/cm? whereas for
ref 22, it is 2.5 MW/cm?.

The saturation regime comes as a limitation of using an SOI
wafer: at these powers, free carriers generated via two-photon
absorption in the bulk Si substrate lead to free-carrier
absorption of the pump beam. Using proper expressions™
and data on two-photon absorption (# = 0.5 cm/GW and
Imy® = 3 x 1072 esu at 1.2 um),** we calculate the free-
carrier absorption attenuation constant to be approximately
10 cm™' at the peak pump intensity of S GW/cm®. This
corresponds to 1 mm 1/e penetration depth of the pump,
which is comparable to the thickness of our substrate and could
possibly address the observed saturation. We anticipate that by
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using the reflection geometry or a sample with no underlying Si
substrate the threshold intensity of the two-photon absorption
effect could be increased by approximately 4 orders of
magnitude limited by the thickness of the disks. This could
allow for a vast increase of the conversion efficiency; however,
note that under these conditions, various limiting factors will
start to play a role, such as, for example, the quality of the
sample surface and the properties of the environment. Further
optimization of the TH yield and output wavelength could be
performed by more sophisticated design of the nanoparticles.

In conclusion, using third-harmonic generation microscopy
and spectroscopy techniques, we have observed enhanced
third-order optical nonlinearities of silicon nanodisks in the
vicinity of the magnetic dipolar resonances pumped by
femtosecond laser pulses. The efficiency of the IR-to-visible
conversion is enhanced by 2 orders of magnitude with respect
to the unstructured bulk silicon slab. High conversion efficiency
of ~1077 is found to be limited only by two-photon absorption
in the substrate. We believe the results will pave a way to
establishing novel efficient platforms of nanoscale resonant
nonlinear optical media driven by optically induced magnetic
response of low-loss high-index nanoparticles.
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