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Abstract

Resonant dielectric structures have emerged recently as a new platform for subwave-
length non-plasmonic photonics. It was suggested and demonstrated that magnetic and
electric Mie resonances can enhance substantially many effects at the nanoscale includ-
ing spontaneous Raman scattering. Here we demonstrate stimulated Raman scattering
(SRS) for isolated crystalline silicon (c-Si) nanoparticles and observe experimentally a
transition from spontaneous to stimulated scattering manifested in a nonlinear growth
of the signal intensity above a certain pump threshold. At the Mie resonance, the light
gets confined into a low volume of the resonant mode with enhanced electromagnetic
fields inside the c¢-Si nanoparticle due to its high refractive index, which leads to an
overall strong SRS signal at low pump intensities. Our finding paves the way to the

development of efficient Raman nanolasers for multifunctional photonic metadevices.
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Raman scattering is a powerful tool for analyzing both plasmonic’? and dielectric®
optical structures. Semiconductors, which are often considered as relevant materials for all-
dielectric photonics, have a strong inherent Raman response due to their crystalline lattice
structure. In particular, crystalline silicon (c-Si) has a sharp Raman line around 520 cm™?,
caused by the interaction of light with optical phonons. A few years ago, it was demonstrated
experimentally® that this Raman response can be enhanced resonantly through the excitation
of magnetic dipole Mie modes in dielectric nanostructures.

Spontaneous Raman scattering enhanced by the electric and magnetic Mie resonances of
subwavelength particles®” was suggested for sensing®, nanothermometry®?, and controllable
drug delivery'?. However, spontaneous Raman scattering remains a relatively weak effect as
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compared with luminescence observed in resonant dielectric nanostructures . A transition

from spontaneous to stimulated Raman emission 4

empowered by Mie resonances is expected
to enhance the scattering efficiency in subwavelength photonics.

The high-quality-factor (high-@Q) factor) Raman microlasers were first demonstrated for
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micrometer-size liquid droplets and silica microspheres!”. To shrink the resonator di-

mensions, one needs employing semiconductors, and the Raman gain about 107 times higher

18220 Stimulated Raman

than that for silica has been demonstrated for silicon resonators
scattering (SRS) was achieved in cavity-enhanced nanowires longer than 1 ym?"??  with the
pump intensities larger than 10 kW /cm?, being accompanied by strong overheating.

In this Letter, we observe experimentally, for the first time to our knowledge, SRS from
isolated subwavelength c-Si nanoparticles empowered by multipolar Mie resonances. We
optimize the parameters of both nanoparticles and a substrate to achieve enhanced stim-
ulated emission without overheating. This approach provides an additional degree of free-

dom for achieving the highest Raman scattering yield from fully subwavelength all-dielectric

nanoscale structures, and it may be employed for useful functionalities such as sensing and



nanothermometry.

Results

Sample fabrication and characterization. Our samples are made from a silicon-on-
sapphire wafer with a thickness of the ¢-Si film of 600 nm. The nanoparticles have the shape of
nanodisks [or nanopillars, see Fig. 1(a)] with diameters 2001000 nm, and they are fabricated
by electron-beam lithography (for details, see Methods below). Distance between isolated
nanoparticles is 50 pum (all additional details are given in Supporting Information) and this
removes any effect of neighboring particles in confocal optical measurements. Figures 1(b,c)

show the SEM images of typical nanoparticles used in the experiment.

Y
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Figure 1: Mie-resonant c-Si nanoparticle on a substrate for SRS experiments.
(a) Schematic view of a Si nanoparticle excited with a laser light. (b,c) Top and side SEM
images of a ¢-Si nanoparticle fabricated on a sapphire substrate. Scale bars are 200 nm.

Optical Mie-type resonances in nanoparticles can be characterized experimentally by
dark-field spectroscopy, when white light is illuminated on an isolated nanoparticle under
an oblique incidence, and the scattered signal is collected by an objective, being then sent
to a spectrometer and CCD camera (for details, see Methods below; the optical setup is

shown in Supporting Information). Experimental dark-field spectra are shown in Fig. 2(a),
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Figure 2: White-light scattering by Si nanoparticles. (a) Experimental and (b) the-
oretical dark-field white-light scattering (spectral range 500--700 nm) from the Si nanopar-
ticles with diameters 250--800 nm and height 600 nm. (c¢) Theoretical dark-field spectrum
analyzed with the modal decomposition for the 475-nm nanoparticle, corresponding to the
SRS experiment. Here ED, MD, MQ, EQ and EO are electric dipole, magnetic dipole,
magnetic quadrupole, electric quadrupole, and electric octupole, respectively.



and they should be compared with numerically simulated white-light scattering spectra of
Fig. 2(b) (see Methods below for details of calculations). These results reveal the excitation
of Mie resonances, that can be characterized by applying the multipole mode decomposition,
as shown in Fig. 2(c) (see also Supporting Information).

As is known, spontaneous Raman scattering was demonstrated to be a very useful tool in
the study of optical modes, because it involves the emission from a bulk of nanoparticles®823.
Strongly enhanced Raman scattering signal corresponds to an efficient energy coupling to
the nanoparticle modes. In order to select the subwavelength nanoparticle with the strongest
Raman scattering signal, we carry out the confocal Raman scattering measurements from
individual ¢-Si nanoparticles (for details, see Methods), and obtain the size dependence of
the signal excited at a pump wavelength of 633 nm, as summarized in Fig. 3(a). The beam
radius of focused light is estimated to be around r ~ 0.5 um. Remarkably, the sapphire
substrate with thermal conductivity almost 50 times higher than that of glass provides
an excellent thermal sink for the nanoparticles possessing a good thermal contact with a
substrate. That is why we do not observe in experiment any overheating effects in the
Raman scattering signal with an additional shift and broadening, as was reported previously
for nanospheres® and nanowires?? placed on a glass substrate. In our experiments at low
intensity (less than 0.1 mW/um?), the maximum Raman scattering signal corresponds to
the nanoparticle diameter of 475 nm, being driven mostly by the MQ (third order) and MD
(third order) modes, both at 654 nm and 633 nm wavelengths, as confirmed by the multipole
mode decomposition in Fig. 2(c).

Stimulated Raman amplification. Figure 3(b) shows typical experimental depen-
dencies of Raman scattering signal vs. pump intensity. At low intensities, spontaneous
Raman scattering dominates being characterized by a linear dependence on the incident

power, as was demonstrated earlier with c-Si nanoparticles®®.

However, at higher inten-
sities (higher than 0.3 MW /cm?), we observe a nonlinear growth of the Raman scattering

signal for the nanodisk with diameter 475 nm, which is not observed for other nanodisks



with diameters 250800 nm, see a dashed line with blue squares in Fig. 3(b). This sharp
difference characterizes the SRS regime. The Raman spectra are shown in Fig. 3(c) for a
c-Si nanoparticle with diameter 475 nm and height 600 nm.

In the SRS regime, a stronger pump transfers a part of its energy to a weaker red-shifted
Raman signal (i.e. at the Stokes wavelength or frequency) by interacting with a nonlinear
medium. As a result, a weak Stokes beam can be amplified by the pump, and this process is
attributed to the Raman amplification. The Raman amplification is the third-order nonlinear
process described with nonlinear susceptibility, Xﬁ%(ws; wp, —Wp,ws), or simpler Xf}%(ws)-
The amplification can be characterized by the Raman gain of the Stokes wave,
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where wg is the frequency of the Stokes photons, ng (or np) is the refractive index at the
Stokes (or pump) frequency, c¢ is the speed of light, and ¢y is permittivity of vacuum. For
Si at near infrared frequencies, a typical gain is ¢ =~ 80 cm/GW 821 and it depends
on crystalline properties of ¢-Si and the pump wavelength. For example, the Raman gain
depends linearly on the Stokes frequency??, and its value can be several times larger than in
the visible frequency range where, however, optical losses are often higher.

When the pump photons become trapped by a resonator mode, the Raman scattering gets
enhanced, and it should generate a signal that grows exponentially with the input intensity

(Ip), being characterized by the gain factor?®:

I§™ ~ exp(glpLs), 2)

where IR is the intensity of the nonlinearly amplified Raman scattering signal at the Stokes
frequency (wg), and the effective interaction length Lg is described as: Lg = QgAg/2mn. Ex-
perimentally measured data for the nonlinear Raman scattering signal can be fitted with this

exponential dependence vs. incident intensity, where the transition from spontaneous scat-
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Figure 3: Experimental Raman scattering from c-Si nanoparticles. (a) Raman scat-
tering intensity for varying diameters of nanoparticles measured at 0.22 MW /cm? intensity
at pump wavelength 633 nm. (b) Experimental Raman scattering intensities at different
pumps for the resonant 475-nm nanoparticle (red circles) and nonresonant 445-nm nanopar-
ticle (blue squares). The red line corresponds to an exponential fitting based on Eq. (2). (c)
SRS spectra for the 475-nm nanoparticle at the pump intensities: 0.1, 0.55, and 1.1 MW /cm?.
An arrow shows a growth of the pump intensity.



tering to the SRS amplification occurs at I ~0.4 MW /cm?, and this dependence deviates
from a linear regime thus characterizing the SRS process.
Further, the Raman lasing threshold can be achieved when the resonator round-trip gain

becomes equal to its round-trip loss. Generally, the threshold power can be estimated from

the equation7-26:

annp ‘/eff ’/T2 1
" XeAp QsQp g BT

(3)

where P, is the incident pump power that differs from the power coupled to the resonator, np
(or ng) is the index of refraction at the pump (or Stokes) wavelength, Vg is the effective mode
volume at Stokes wavelength, A, and Ag are the pump and Stokes wavelengths, respectively,
g is the nonlinear bulk Raman gain coefficient, Qp (or Q)g) is the total @ factor for the
resonant mode excited at the pump (or Stokes) wavelength, B is the coupling efficiency, and
' is the spatial overlap factor of the modes.

Remarkably, for luminescence and lasing, the ratio Veg/Qg is directly connected with
the Purcell factor, and it defines the emission efficiency?”?®. Indeed, to initiate photolumi-
nescence for optical photoexcitation, strong interband transitions result in high absorption
at the pump wavelength suppressing optical modes in the resonator, which allows to ne-
glect resonant effects assuming QQp ~1. In the SRS process, the resonant interaction at the
pump wavelength becomes crucial and, as a result, the amplification depends on the term
Vet /QsQp, according to Eq. (3). Thus, to improve the coupling efficiency and minimize
the threshold for the nonlinear Raman amplification in a resonator, the optimization of two
resonances is required.

Optimization of resonator parameters. For the Si nanoparticles with a fixed height
(600 nm) placed on a sapphire substrate (Al;O3), the @ factor of the Mie-type modes can be
calculated numerically [see Fig. 4(a)] in order to define the best parameters for experiment.
The numerical study is performed with COMSOL software (for more details, see Methods).
According to Eq. (3), the optimal SRS conditions correspond to the case when the pump

wavelength A\p=633 nm and Stokes wavelength A¢=654 nm match the eigenmodes of the
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Figure 4: Numerical study of resonant properties of nanoparticles. (a) Quality
factor of the eigenmodes of Si disks with 600 nm height for the wavelength 633 nm corre-
sponding to the pump wavelength of the HeNe laser (filled red circles) and for the Raman
Stokes emission wavelength (hollow blue circles). Insets show the normalized electric field
magnitude distribution of the eigenmodes for the nanoparticle supporting stimulated Raman
emission at pump and Stokes wavelengths. Color-bar scales are of normalized units. Solid
lines are built for the ease of perception. (b) Numerical calculation of the field enhancement
inside a single nanoparticle excited by a plane wave at 633 nm for varying diameters. (c)
Numerical calculation of optical heating of a single nanoparticle with varying diameters.

nanoparticle. Figure 4(a) shows that this requirement can be fulfilled for a number of diam-
eters. Remarkably, the values of the () factor are generally higher for the Stokes wavelength
because of lower material losses of c-Si in this spectral range as compared with the pump
wavelength.

Although some of the eigenmodes have larger () factors, they are difficult to be ex-
cited due to the symmetry constrains. The field distribution for an eigenmode is shown in
Fig. 4(a), revealing its complex character. Figure 4(b) shows the local field enhancement for
the excitation by a linear polarized plane wave, providing the important information that
a plane wave with the linear polarization can excite efficiently the nanoparticle with diam-

eter D=475 nm where both the maximum field enhancement (corresponding to calculated



coupling efficiency B = 2.41, see Section S5 of Supporting Information) and high @) factors
(Qp ~100 and Qg ~120) can be achieved. Experimental measurements of the Raman inten-
sity confirms that the Raman scattering signal takes a maximum value at D=475 nm, see
Fig. 3(a). Finally, a spatial overlapping between pump and Stokes modes is an important pa-
rameter which affects the efficiency of SRS, according to Eq. (3). Our numerical calculations
give the value I" &= 0.784 (see Section S5 of Supporting Information).

This analysis allows estimating a threshold for Raman lasing from Eq. (3) to understand
better the observed phenomena. Namely, we use the Raman gain coefficient of c-Si as
76 cm/GW from Ref. 18 and parameters: Ap=633 nm, A\¢=654 nm, ng ~ np ~ 3.8 from
Ref. 29, and Veg= 0.108V, where V is the nanoparticle volume (for details of numerical

calculations, see Section S5 of Supporting Information). For the threshold, we obtain P ~

250 mW, being two orders of magnitude higher than the experimental value P, = If-mr? &
3 mW. Along with the absence of spectral narrowing of the Raman peak?’, this means that
we do not achieve the lasing threshold but instead demonstrate nonlinear amplification of
the Raman scattering via stimulated emission mechanism.

Reduction of thermal overheating. Finally, we discuss the Mie-empowered thermal
effects because c-Si has non-vanishing optical losses (a 23.9x10%m™" from Ref. 29) at the

8.9.22 strong heating of Si nanoparticles can

pump wavelength A\p=633 nm. As shown earlier
be achieved at critical coupling and low thermal conductivity of the substrate. For example,
a spherical Si nanoparticle placed on a glass substrate can be heated up to 600 K under
the conditions similar to our study®. Such a strong overheating reduces and broadens the
Raman peak. In our design, we employ sapphire as the substrate material with much higher
thermal conductivity (~40 Wm™K™!) as compared to silica glass (~1 Wm™'K~1). More-
over, a tight contact of the nanoparticle with the substrate is better for a thermal sink than
that for spherical nanoparticles®® or nanowires??. Figure 4(c) shows the calculated average

temperature of the nanoparticles with height 600 nm and different diameters. Despite the

heating maximum is achieved also at D = 475 nm, it shows a weaker effect on optical proper-
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ties of ¢c-Si nanoparticles. However, this estimate suggests that the intensity of 1.1 MW /cm?
is close to the limiting value due to overheating.

In summary, we have reported on the first observation of the stimulated Raman scattering
from subwavelength crystalline silicon nanoparticles enhanced by Mie-type resonances. We
have revealed the importance of critical optimization of the @) factors of nanoparticles, and
thermal conductivity of a substrate to achieve a strong optical response and avoid overheating
at higher intensities. We believe that our finding will be useful for advanced applications of
resonant dielectric nanophotonics for nanoscale thermometry and biosensing, and we envision

further studies of the stimulated Raman scattering in various nanophotonic designs3!33.

Methods

Fabrication of samples. A set of single-crystal silicon nanoparticles (nanopillars and
nanodisks) with different diameters placed on sapphire (AlyO3) substrates are fabricated by
using a top-down technique. An epitaxial structure is grown by molecular beam epitaxy at
600° C using the Stranski-Krastanov growth mode. A set of isolated nanoparticle resonators
with diameters variable with a 10-nm step in diameters is created on the grown epitaxial
structure by applying focused gallium ion beam (FIB) milling using a FEI Versa 3D dual
beam system. Ion current adjustment down to 1.5 pA allows to obtain nearly vertical side
walls of the nanoparticles.

Optical characterisation. The experimental optical elastic scattering properties of the
nanoparticles were studied by means of dark-field optical scattering technique. The setup
consists of an infinity corrected objective (10x, NA = 0.26, Mitutoyo Plan Apo NIR) that is
used for illumination with a white light source (HL-2000 halogen lamp) of the sample under
angle 67° to the substrate normal. The second objective (50x, NA = 0.42 Mitutoyo Plan
Apo NIR) placed perpendicularly on top of the sample substrate is applied for acquiring the

scattering signal. The scattered signal is analyzed by a confocal system with a spectrometer
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(HORIBA LabRam HR) and cooled charge-coupled device (CCD) Camera (Andor DU 420A-
OE 325) equipped with a 150 g/mm diffraction grating. The position of the nanoparticles
is controlled by an additional CCD camera.

Raman scattering measurements. The experimental studies of Raman scattering
experimental are performed with the confocal spectrometer (HORIBA LabRam HR) and
confocal setup with 1800 g/mm diffractional grating allowing higher spectral resolution.
The excitation source of 632.8 nm HeNe continuous wave laser focused through the optical
microscope lens (100x, NA = 0.9 Mitutoyo Plan Apo HR) perpendicular to the sample sub-
strate. The same objective is used for both excitation and collection of the Raman scattering
signal. The employed laser system provides desired stability both in output intensity and
laser spectral bandwidth of less than 0.002 nm (0.05 cm™'), allowing precise Raman scatter-
ing measurements. The reflected signal is subsequently passed through 632.8 nm notch-filter
in order to get rid of elastic scattering from the nanoparticles samples. A set of optical filters
is used for varying the incident laser intensity on the nanoparticle samples.

Numerical simulations. For numerical simulations of the dark-field scattering, we
employ the cylindrical symmetry of the problem to reduce it from fully three-dimensional
to a two-dimensional electromagnetic problem. In the experimental setup, the incident TM-
polarized plane wave (in-plane E-vector) excites the nanoparticle propagating at the angle of
67 degrees to normal. This plane wave is expanded into a series of the azimuthal harmonics
~ €™ to calculate their contribution to the total scattering cross-section. We estimate the
number of harmonics that have significant contributions to the total scattering by comparing
the partial cross-sections with the results of the lower orders to include a finite number of
them into the calculation. The commercial software COMSOL Multiphysics is used to model
the computational domain size around 6 times larger than the size of a nanoparticle (this
parameter is estimated from the computed dependence of the solution convergence from
the size of the outer area). Physical domains include the cylindrical silicon nanoparticle (a

rectangle in the plane projection), a sapphire substrate, and air. To avoid reflections from the
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outer boundaries, the computational domain is surrounded by a PML-layer. The scattered
radiation is collected in a solid angle with the angular opening of 49 degrees. Then, in the
top of the model the line segment is selected where we calculate the radiation flow.

In the eigenmode calculations, we employ a three-dimensional model being important
not only for the evaluation of the @) factor of the eigenmodes but also for the estimation
of the field distribution inside the nanoparticle and the type of its symmetry. We employ
the commercial numerical software COMSOL to study a cylindrical particle, its substrate,
and the air surrounded by the cylindrical PML-layer. The size of the computational domain
depends on the nanoparticle diameter, and it is approximately of 5-6 diameters. The study
of the eigenmodes is conducted using the eigenfrequency module around the frequency cor-
responding to the incident wavelength. Analyzing the shift of the field distribution with the
growth of the nanoparticle diameter, it is possible to estimate the configurations for which
the eigenmode wavelength coincides with the initial one and select the nanoparticle with the
best ) factors.

Optical heating. Calculations of optical heating are conducted by using numerical
commercial software COMSOL Multiphysics. Fully three-dimensional problem for the elec-
tromagnetic wave propagation and heat transfer in solids is solved by using multi-physics
solution. Computational domain consists of an outer sphere (radius 2 pm) placed on a
sapphire hemisphere. Further computational steps are the same as described in Ref. 8.

Multipolar mode decomposition. The multipole mode decomposition of the radia-
tion is performed by applying the approach described in Refs. 34,35. The basic multipole
moments are evaluated by integrating numerically the total electric field inside the nanopar-
ticle induced by a normally incident plane wave. Scattering power is decomposed up to
the octupole terms, and higher-order terms are neglected. Further details can be found in

Supporting Information.
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