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Abstract

Frequency conversion is one of the main applications of nonlinear optical processes
in which a signal is produced at a different wavelength from the excitation wavelength.
In particular, four-wave mixing (FWM) is a third order non-linear optical process that
allows, for instance, the generation of visible frequencies by tuning near-infrared laser
pumps. Here, in order to augment the very weak FWM conversion efficiency, we design

silicon Mie resonators that exhibit two resonances of the internal electric field intensity
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around the frequency range of the laser pumps. The linear extinction spectrum of the
individual Si resonator is first measured by bright field spectroscopy and compared with
numerical simulations to confirm the existence of the two resonances corresponding to
electric and magnetic dipoles excitations. The FWM signal is then measured for a single
Si nanoresonator when the first pump is set to the electric resonance, while tuning the
frequency of the second pump across the magnetic dipolar resonance. We show that
the FWM signal generated in the visible spectrum is maximum when the frequency of
the tunable pump corresponds to the maximum of the internal electric field intensity.
At this position, the FWM signal is enhanced by more than two orders of magnitude

compared with the FWM signal generated by the unpatterned silicon film.

Introduction

Silicon is an ubiquitous material in opto-electronics with applications in image sensors or
photovoltaics. However, the spectral range of applications of silicon is limited in the visible
spectrum since its band gap is located near 1.1 eV for crystalline Si. As a consequence,
silicon is transparent in the near infrared, and behaves as a dielectric characterized by a high
refractive index ~ 3.4. Making silicon sensitive to near-infrared (NIR) radiation is very chal-
lenging and multiphoton absorption is a promising way to address this challenge. Four wave
mixing (FWM) is a third order nonlinear effect where four photons of different frequencies are
mixed together and, for instance, light in the NIR can generate visible (VIS) radiation.!™®
Such nonlinear effects are generally weak since the nonlinear susceptibility x(® is small.
However, given that the nonlinear field is proportional to the product between the nonlinear
susceptibility of the nonlinear medium and the applied electric field, the nonlinear field can
be enhanced near the resonances.® For this purpose, optical cavities can be designed to trap
light inside the nonlinear material. In particular, high refractive index subwavelength-sized

particles can host low order Mie resonances that are associated with strong electric field

intensities inside or in the vicinity of the particle.” ¢ Silicon nanoparticles behave as optical



antennas able to efficiently couple the far field radiation to the near field, with applications
in fluorescence or in biosensing.”2* The possibility to engineer the near-field intensity via
optical antennae has opened a novel route to develop nonlinear optics with nanostructured
semi-conductors.?>?¢ The first demonstrations were with Mie resonators designed in group
IV semiconductors (silicon, germanium) yielding third harmonic generation (THG).?"32 All-

33236 can also

dielectric nanostructures made of crystalline silicon®' or III-V semiconductors
be engineered to enhance the process of second harmonic generation (SHG) due to their
non-centrosymmetric crystalline structure. III-V semiconductors feature excellent nonlinear
properties and the coupling between their intrinsic nonlinearity with internal field enhance-
ments in Mie resonators has strong potential for the development of highly efficient nonlinear
all-dielectric metasurfaces. Besides SHG and THG, four-wave mixing (FWM) is a versatile
nonlinear process that allows to tune the frequency of the nonlinear signal by modifying the

37:38 Tn the context of Mie resonators, FWM allows for spectrally tun-

frequency of one pump.
ing the pump around the frequency of a Mie resonance in order to maximize the nonlinearity
enhancement by compensating for material inhomogeneities and fabrication inaccuracies.
Here we generate visible photons by degenerate FWM when two NIR pumps are ex-
citing an individual silicon nanodisk (Fig. la,b). The first pump is delivered by a tun-
able Ti-Sapphire laser (Coherent Chameleon Ultra) generating 140 fs pulses with a central
wavelength ranging between 750 nm and 880 nm. The second pump is obtained by an
Optical Parametric Oscillator (OPO) (Coherent Chameleon) coupled to the main oscillator
(Chameleon Ultra), as shown in Fig. 1c. The mean wavelength of the second pump can also
be tuned between 1050 nm and 1500 nm. Since the two femtosecond laser pulses have to
overlap both in space and in time, the arrival time of the first beam with frequency w; is
tuned by an optical delay line whereas the spatial overlap is controlled by positioning the
point spread functions of the two pumps at the image plane of a home-built confocal micro-

scope by a 100x and high numerical aperture (NA= 0.85) air microscope objective (Olympus

LCPLN100XIR). The visible nonlinearly generated photons from individual resonators are



collected by the same objective and analyzed by an optical spectrometer (Princeton Instru-
ments, Isoplane 320) coupled to a visible CCD camera (Princeton Instruments, Pixis 1024)

(Fig. 1a).
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Figure 1: (a) Schematic representation of the degenerate four-wave mixing (FWM) experi-
ment: two laser pumps of frequency w; and ws are mixed in a silicon nanodisk to generate a
FWM signal at frequency w, = 2w; — wy. (b) FWM principle. (¢) Schematic representation
of the experimental set-up: the laser pump beam w; is in red and wy is in brown. The FWM
beam is in yellow. D. M.: Dichroic Mirror.

A schematic representation of the FWM process used is depicted in Fig. 1b. Degenerate
FWM is a third order nonlinear process in which a signal at the frequency wy = 2w; — wy
is generated when the sample is illuminated by the two pumps at frequencies w; and ws.
Assuming that the material we consider is amorphous (this assumption shall be discussed

hereafter), the non-linear polarization associated with this process has the following form:

P i, (1) = 660x 1 (Euy (1) - Euy (r)) E,y (r) + 30X by (Buy (r) - Euy (1) E, (r). (1)

where Xﬁ)m and Xf;)ﬂ are two elements of the third-order susceptibility tensor of amorphous

silicon and the nonlinear signal has a frequency ws = 2w; — ws.



Results and discussion

Silicon nanodisks are designed to exhibit two resonances yielding internal field maxima near
the wavelengths of the two chosen pumps w; &~ 850 nm and wy ~ 1200 nm. The nanodisks
are fabricated by nanopatterning of a thin film of amorphous silicon. However, illumination
of amorphous silicon by femto-second laser pulses leads to a crystallization of silicon as
will be discussed later.??4? The actual FWM measurements will then be performed after
the crystallization of silicon. Subsequently, in our simulations we use the dispersion data
of crystalline silicon for calculating the optical response of the silicon nanodisks on a glass
substrate.

Let us consider the average of the internal field enhancement E;,;/Eq over the whole
volume of the silicon disk:

Sy, [ Ein|dr

(Bunl) = e

where Vp is the volume of the scatterer while Eq is the amplitude of the excitation field. The
internal field enhancement and its average in the particle (|E;|) are calculated by Finite
Element Methods (FEM) (COMSOL Multiphysics). We found that a silicon cylinder with a
diameter D = 340 nm and a height h = 240 nm on a glass substrate, exhibits two resonances
of the internal field (|E;y|) at w; and we, for which the spectrum is plotted in Fig. 2a.
The two maxima in the spectral field distribution are located in the NIR. The nature of
these two resonances can be determined by computing a multipolar decomposition of the
optical response of the nanodisk. In Fig. 2c¢, the extinction cross-section of the nanodisk
(D = 340 nm and a height h = 240 nm) and its multipolar expansion are plotted as a
function of the wavelength.

The spectral peak at A ~ 1205 nm is associated with a magnetic-dipolar resonance.
This multipolar analysis is confirmed by observing that the calculated field distribution at
A = 1205 nm in Fig. 2d is similar to a magnetic dipole field distribution. A counterpart to the

second peak of the internal field average can also be found in the extinction spectrum located



at A = 840 nm. The multipolar analysis of this second peak reveals that it is mostly due
to an electric dipolar response combined with a weaker magnetic quadrupolar contribution.
Two peaks of the ED can be observed in the spectrum near A ~ 840 nm and A ~ 1050 nm
that are associated with very different electric field distributions inside the nanoresonator.
Different from the resonant peak at A =~ 1050 nm where the electric field is mostly enhanced
around the surface of the nano-resonators, the electric field for the peak at A &~ 840 nm,
penetrates inside the nano-resonator, resulting in a strong internal field enhancement which
can further facilitate light-matter interactions and augment the nonlinear process.

A careful analysis of Eq. 1 shows that the nonlinear polarization depends on two terms
(Eu,(r) - Eo,(r)Ey, (r)) and (E,, (r) - E,, (1)) E,, (r). We therefore plot in Fig. 2b the overlap

integrals:

) (3)

=[] @) Bt B

Inp, = ‘ / / /V ) (E,, (r) - Ey, (1)) Ey, (r)d’r|.

The color maps in Fig. 2b provide information on the FWM generation with respect to

(4)

the wy; and wy frequencies showing four areas in which the FWM signal is enhanced. The
peak that occurs in the area corresponding to the spectral range of the two pumps, i.e.

A1 = [800 — 900] nm and Ay = [1150 — 1300] nm, is more pronounced Iy,. As the FWM

signal occurs at the wavelength A\, = 2;‘21:\31, the peak observed on the top left of the Iny1

and Inpe color maps, i.e. for A\; ~ 840 nm and Ay ~ [1200 — 1300] nm, will yield a FWM
signal in the visible at \; ~ [620 — 646] nm for A\; ~ 840 nm. The femtosecond pumps
induce a crystallization of silicon after illumination of the nanodisk. The FWM signal in
monocrystalline silicon should be rigorously modeled by three terms?? while Eq. (1) that
includes two terms is valid in amorphous silicon. However, the femtosecond pumps induce
a polycrystallization of the silicon nanodisk with a random orientation of the crystalline

meshes. The non-linear tensor used when modeling the FWM signal in our experiment can



—
QO
L~

Max
~ 2
=
g
= 1
‘ Min
800 1000 1200 1400 900 1000 1100 1200 900 1000 1100 1200
Wavelength (nm) 2y (nm) 21 (nm)
[E|/Eq
©, (d) 5
g A: @ Cos? Ko
D
X =g S
K 0
£ F | 4
3 =N =
3 B:
n . aas o .
' 00 “ 0

800 1000 1200 1400
Wavelength (nm)

Figure 2: (a) Spectrum in the near-infrared of the simulated internal field enhancement
averaged in the whole volume of the crystalline silicon disk,** (|Eiyl|), chosen to feature
two resonances at A\; and Ay: diameter D = 340 nm and height h = 240 nm. (b) Overlap
integrals Iy (left) and Inzo (right) calculated with Eqgs. 3-4 and plotted with respect to A\
and Ag. (c¢) Scattering spectrum and multipolar decomposition calculated for the chosen Si
particle (D = 340 nm, h = 240 nm) on a substrate of refractive index 1.5. Full calculation:
black curve; colored curves: multipolar decomposition. Blue curves: electric (full line) and
magnetic (dotted line) dipolar contribution. Red curves: electric (full line) and magnetic
(dotted line) quadrupolar contribution. (d) Electric near-field distributions for wavelength
position A and B as depicted in (c) corresponding to the excitation of 2" ED and 1%
MD resonances, respectively. All calculations are carried out with the permittivity data of
crystalline silicon.*!

therefore be assumed to have the same symmetry as in amorphous silicon and accurately
modeled with Eq. (1).

Before investigating the nonlinear optical properties of the fabricated silicon Mie res-
onators, we verified that the geometrical and optical properties of the samples are in agree-
ment with the expected morphology and optical behaviour in the linear regime. The former
is first investigated by a scanning electron beam microscope and the diameter of the disk is

found in reasonable agreement with the targeted value D = 340 nm (see Fig. 3a). Second, we
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Figure 3: (a) Image of a fabricated Si resonator obtained by Scanning Electron Microscopy
(SEM). The measurement of the diameter of the Si nanodisk gives a diameter equal to
342 nm. (b,c) Comparison between the measured and the calculated extinction spectra
in the visible (b) and near infrared (c) spectrum. Full black line, left scale: experimental
measurements of the extinction spectrum; blue full line, right scale: numerical calculations
of the extinction cross-section of a silicon cylinder of diameter D = 340 nm and height
h = 240 nm with crystalline silicon.*!

verified that the linear response of isolated nanodisks before the crystallization of silicon, i.e.
before illuminating the silicon nanodisk with the femtosecond pumps, matches the numerical
prediction of the extinction cross-section calculated with amorphous silicon (See SI).

Since the generation of a FWM signal requires an excitation of the sample by two high-
power femtosecond laser pumps, a modification of the extinction spectrum is observed after
the first illumination by the pumps. This change corresponds to a blue-shift of the reso-
nance wavelengths in the extinction spectrum. This blue shift of the spectra is assumed to
result from the crystallization of the initially amorphous silicon nanodisks due to the pulsed

943 and is confirmed by numerical calculations of the extinction spectra

laser illumination?®
performed with the refractive index of crystalline silicon (See SI). We verified that after the
crystallization induced by the first illumination from the two laser pumps, the resonances
do not exhibit any further spectral shift. Therefore, we show in Fig. 3b,c the stable spectra
obtained after several illuminations (spectra acquired in the visible and NIR are obtained

with two different cameras which explains why they are plotted in two different figures). The

noise observed in Fig. 3b,c comes from the fact that extinction spectra are measured at the



single resonator scale. Hence, the FWM measurements are performed only after illuminat-
ing the nanoresonators and verifying that crystallization has occurred which stabilizes the
spectral position of the resonances.

The intensity of the FWM signal is measured with the camera while sweeping the wave-
length \; of the second pump across the NIR resonance of the nanoresonator after crystal-
lization has occurred. The first pump is set at wavelength A\; = 810 nm, matching the high
frequency electric dipolar resonance of the Si disk.

In order to assure that the pump excitation has not further modified the properties of
the silicon resonator, the extinction of the silicon nanodisk is measured before and after each
excitation of the FWM signal. The FWM signal enhancement yielded by the individual
silicon resonator is compared with the FWM signal measured from an unpatterned silicon
thin film. This measurement of the FWM signal on the pristine silicon film is used as a
reference. In addition to this reference, all measurements are normalized by the intensity of
the two pumps (normalization of the FWM signal is detailed in Methods). The FWM spectra
obtained from the pristine thin film and from the silicon Mie resonator are displayed in Fig. 4
for six different wavelengths \; of the pump 2. The FMW signal generated by individual
nanoresonators is more than two-orders of magnitude higher than the one measured from
the unpatterned Si film (Fig. 4a,b).

The spectral dependence of the FWM signal generated by the silicon film may be due to
several factors. First, the third-order susceptibility is certainly dispersive. This makes the
nonlinear response of the thin film dependent both on the wavelengths of the pumps and
on the wavelength of the signal. Second, the dependence of the FWM signal may also be
caused by the excitation of Fabry-Perot resonances inside the silicon slab. Regarding the
FWM response of the silicon nanodisk, it has a maximum at Ay = 1200 nm and decreases
for shorter and larger values of \y. The significance of the Mie resonances for enhancing
the FWM signal is clear when observing the two spectra in Fig. 4a,b since the FWM signal

generated by the silicon particles can be two-orders of magnitude higher than that measured
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Figure 4: Comparison of the normalized FWM signal measurement on (a) an unpatterned
silicon layer and (b) on a silicon nanodisk of diameter D = 340 nm and height h = 240 nm
when the wavelength of the second pump Ay is changed. The values in the legend are the
different values of Ay

on the unpatterned Si film.

In order to better understand the enhancement of the FWM intensity, we plot in Fig. 5
the FWM signal intensity as a function of the wavelength Ay of the second pump. This
signal intensity is compared to the square of the internal field enhancement defined in Eq. (2)
calculated with the dielectric permittivity of crystalline silicon in Fig. 5.4 A good agreement
is found between the internal field enhancement and the FWM signal. This is in agreement
with the fact that a FWM signal is proportional to o< |(Ey,(r) - E,,(r)) Eg,(r)|?>. This
explains why the two fold enhancement of the internal field intensity (|E|)? induces a
nearly two fold enhancement of the FWM signal. Let us stress that we tuned only Ay while
the first pump matches the electric dipole resonance. This explains why the gain efficiency
brought by the magnetic resonance is limited by 2, but that combining the two resonances

leads to a FWM signal enhancement of two orders of magnitude compared with the thin
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Figure 5: FWM signal normalized by the pump intensities plotted in red dots with respect
to the wavelength Ay of pump 2 and compared with (a) the spectrum of the internal field
enhancement ((|Eiy|))? calculated with Eq. (2) and with (b) the measured extinction cross-
section calculated with the permittivity of crystalline silicon.

film.

In Fig. 5(b), we plot the FWM signal and the extinction measurement on the same figure
in order to compare the peak of the FWM signal to the resonance of the nanodisk extinction.
There appears indeed to be a red-shift of the FWM peak with respect to the resonance of
the extinction of the crystallized nanodisk. This red-shift is expected since the resonance of
the internal field is classically red-shifted compared to the resonance of the extinction cross
section.® The stronger extinction cross-section observed in Fig. 5(b) at shortest wavelengths,
around 1100 nm, may be due to a larger scattering of light caused by the resonant excitation
of an electric dipole inside the Si particle. This electric dipole is associated with a strong
enhancement of light intensity around the surface of the particle, as displayed in Fig.2d,

which is expected to increase the sensitivity to surface scattering.

Conclusion

In conclusion, we combined linear and non-linear spectroscopy to report the generation
of visible light by exciting a single silicon particle in the NIR spectrum with two pumps.

This particle was designed to exhibit two different resonances, namely an electric dipolar
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resonance associated a magnetic quadrupolar resonance excited by the first pump and a
magnetic dipolar resonance FWM experiments with silicon. Higher order resonances could
also certainly yield strong FWM signal enhancements, but at the cost of a much larger
fingerprint of the photonic nanostructure. The frequency of one pump was swept over the
magnetic resonance to verify that the two fold enhancement of the internal field in the
volume of the Si particle yielded an almost two fold enhancement of the FWM intensity.
This experiment was performed while keeping the frequency of the other pump at the electric
dipole frequency. The excitation of the two different resonances leads to an enhancement
of the FWM intensity in the visible spectrum of two orders of magnitude compared with
a thin Si film of same thickness. Our study proves the importance of internal electric field
enhancement yielded by Mie resonances to enhance the frequency conversion efficiency from
the near-infrared to the visible spectrum. All-dielectric nanophotonics therefore appears as a
promising route for upconverting near infrared signals to higher frequencies and for detecting

infrared photons with indirect bandgap semiconductors.

Methods

Nanodisk fabrication

Silicon nanodisks are fabricated by e-beam lithography (EBL) along with reactive-ion etch-
ing. A 240 nm thick layer of amorphous silicon is deposited onto a 150 pum thick glass
substrate by plasma assisted reactive magnetron sputtering (Buhler, HELIOS). A 60 nm
thick layer of a PMMA (poly(methyl-methacrylate)) positive e-beam resist is spin-coated
on top of the silicon film. Arrays with a 10 gum pitch of nanocircles with diameter ranging
from 250 nm to 360 nm are then patterned by e-beam lithography (Pioneer, Raith). The
sample is then developed in a commercial MIBK-isopropanol solution. A layer of nickel,
16 nm in thickness, is then evaporated on top of the sample and acts as a hard mask dur-

ing the reactive-ion etching step. After the resist development, the remaining PMMA and
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the nickel layer on top of it are removed in a lift-off process by putting the samples into a
ultrasonic bath of ethyl lactate. After this step, the nickel mask remains only on the nan-
odisks patterned during the e-beam lithography step. The zones of the silicon layer that are
not covered by the nickel mask are then etched by reactive-ion etching (MG-200, Plassys)
by a gas mixture containing SFg, Oy and CHF3 and with a pure O, plasma. Finally, the

remaining nickel mask is removed in an acid solution of HCI and FeCls.

Linear characterization

For the linear characterization of the isolated silicon nanodisks, the extinction spectrum is
measured with a confocal microscope. The sample is illuminated by a collimated white source
slightly focused in order to combine intensity and homogeneity of the beam on the sample.
The light from the sample is subsequently collected by a 100x magnifying objective with
a numerical aperture equal to 0.85 (Olympus LCPLN100XIR) and then focused on the slit
of the photospectrometer (Princeton Instrument, Isoplane 320) that acts as a spatial filter.
In fact, only the light coming from the image of the slit onto the sample is collected by the
photospectrometer. Light scattered by an isolated Si nanodisk is then collected by adequately
closing the slit to spatially filter the light signal in one direction and by using the binning
option of the camera to spatially filter in the other direction. Extinction measurements are
then performed by measuring the light spectrum transmitted through (i) an isolated disk
I; and (ii) the substrate I, and the background noise I,. Extinction spectrum is defined by
(A

Y FIC ey F1CY;
Ext(A) = =780

>

Nonlinear characterization

Four-wave mixing measurements are performed using the experimental setup displayed in
Fig. 1. The first pump is a femtosecond pulse centered at the wavelength \; generated by
a Ti-sapphire laser (Coherent Chameleon Ultra). The second pump is a femtosecond pulse

centered at the wavelength Ay, produced by an optical parametric oscillator (OPO) pumped
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by the Ti-sapphire laser. The output beams from the Ti:sapphire laser and the OPO are
then sent to the microscope in two different optical paths, one of which passes through an
optical delay line for controlling the temporal overlap of the pump pulses.

The two linearly polarized beams are merged before entering in an optical microscope via
a dichroic mirror (Thorlabs, DMSP1000R). The laser pulses are then reflected by another
dichroic mirror (cutoff wavelength 805 nm, Thorlabs DMSP805R) and then focused onto the
sample by a 100x, 0.85 numerical aperture objective (Olympus LCPLN100XIR). A perfect
spatial overlap is necessary to produce a FWM optical signal at the image plane of the
objective where the sample is located. The temporal overlap of the pulses generated by each
source is obtained by adjusting the optical delay line until the FWM signal is maximized.
The reflected FWM signal is then collected by the same objective and subsequently sent to
a spectrometer.

We measure the FWM signal from the Si nanoresonators and comparing it to the FWM
signal obtained from a Si thin-film. The row data from the spectrometer are normalized in
order to take into account the change of average intensity on the sample when the wavelength
of the pumps is changed. For that purpose, we measured the average powers of the two
pumps and normalized them by the surface of the focused spot. This area was estimated by
using the radius of a diffraction limited system: r(\) = O.GINLA where N A is the numerical

aperture of the objective that in our case is equal to NA = 0.85. The normalization factor

Py
wr(A1)?

2
for the FWM measurements is consequently equal to Nyorm = ( ) Mlzfé)Q. Finally the
signal from the silicon nanodisks and the FWM signal from the layer are both normalized

by the maximum FWM intensity from the silicon layer: 3.5 * 10?2

Numerical calculation method

For the numerical simulation of linear scattering, we use a finite-element-method solver in
the frequency domain from COMSOL Multiphysics to model the linear response from our Si

resonator. As the presence of substrate makes it difficult to perform the multipolar analysis
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using the scattered fields directly, the multipolar decomposition analysis here is performed
using the polarization currents induced inside the Si resonator.* By considering the fields
radiated into air, we calculate and predict the contributions associated with each multipole

from our Si resonator.
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