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ABSTRACT: Silicon (Si) is generally considered as a poor
photon emitter, and various scenarios have been proposed to
improve the photon emission efficiency of Si. Here, we report the
observation of a burst of the hot electron luminescence from Si
nanoparticles with diameters of 150−250 nm, which is triggered by
the exponential increase of the carrier density at high temperatures.
We show that the stable white light emission above the threshold
can be realized by resonantly exciting either the mirror-image-
induced magnetic dipole resonance of a Si nanoparticle placed on a
thin silver film or the surface lattice resonance of a regular array of
Si nanopillars with femtosecond laser pulses of only a few
picojoules, where significant enhancements in two- and three-
photon-induced absorption can be achieved. Our findings indicate the possibility of realizing all-Si-based nanolasers with
manipulated emission wavelength, which can be easily incorporated into future integrated optical circuits.
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■ INTRODUCTION

Silicon (Si) has demonstrated its superior properties in making
electronic devices, optical waveguides and detectors, solar cells,
and so on.1 All-Si-based integrated circuits for all-optical signal
processing have been the dream of scientists and engineers.2,3

Basically, light emitters, waveguides, and detectors are
considered as the key components for optical computation
which requires signal generation, transportation, and detection.
So far, Si has been proven as a good material for making
waveguides and detectors.4,5 However, crystalline Si light
sources compatible with the current fabrication technology still
remain as a big challenge although those made of Si quantum
dots or porous Si have been demonstrated.6−9 Hence, the
effort devoted to Si-based light emitters never stops, and direct
bandgap emission from hexagonal Ge and Si/Ge alloys has
been realized.10 Recently, Si nanoparticles with diameters
ranging from 150−250 nm have attracted great interest owing
to the existence of Mie resonances which can be exploited to
manipulate their scattering properties.10−15 Directional scatter-
ing of a Si nanoparticle has been demonstrated by exploiting
the interference of its electric dipole (ED) and magnetic dipole
(MD).16−18 More interestingly, the significantly enhanced
electric field achieved at the Mie resonances can be employed
to enhance the nonlinear optical responses of high-index
dielectric nanoparticles, such as harmonic generation, hot
electron luminescence, and even lasing.19−27

■ RESULTS AND DISCUSSION

Recently, luminescence originating from the relaxation of hot
electrons within the conduction band, which is quite similar to
that observed in single plasmonic hot spots,28 was observed in
GaAs nanoparticles.29 In contrast, luminescence resulting from
the interband transition of hot electrons was found in Si
nanowires coated with silver (Ag) films.30 Similarly,
luminescence arising from the vertical transition of hot
electrons was realized in Si quantum dots by utilizing the
Auger effect.6 Very recently, it was demonstrated that
interband transition of hot electrons can also be realized in
Si nanoparticles by exploiting the MD-enhanced two- and
three-photon-induced absorption (2PA and 3PA) and the
magnetic quadrupole (MQ)/electric quadrupole (EQ)-en-
hanced radiative recombination.23,24 This strategy is illustrated
in Figure 1a where the Auger effect plays a crucial role in
significantly enhancing the quantum efficiency. However, it is
apparent that a large carrier density at the Δ valley is necessary
in order to fully exploit this effect. Fortunately, this
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requirement can be fulfilled by utilizing the heat released by
the thermalization of hot electrons, which may trigger the
intrinsic excitation in the Si nanoparticle and lead to an
exponential increase of carrier density, as shown in Figure 1b.
Actually, the high temperature necessary for triggering the
intrinsic excitation of carriers can be achieved by injecting
dense electron−hole plasma via the optical resonances of the Si
nanoparticle (Note 1, Supporting Information).
Basically, the quantum efficiency of the luminescence can be

expressed as follows:

1
1 r

nr

η =
+ τ

τ (1)

where τr and τnr denote the radiative and nonradiative
recombination lifetimes of carriers. So far, much effort has
been devoted to the reduction of τr and less attention has been
paid to the increase of τnr. Our previous work demonstrates
that the quantum efficiency of the interband transition in Si
nanoparticles can also be significantly enhanced by increasing
τnr through the Auger effect.23 We also indicated that carrier
dynamics could be modified dramatically by injecting dense
electron−hole plasma.24

Physically, τr is no longer a constant in the case of high
injection, and it becomes inversely proportional to the injected
carrier density Δn,31 i.e.,

B n
1

rh
r

τ =
Δ (2)

Here, τrh is the radiative recombination lifetime at high
injection and Br is the rate of radiative capture probability. On
the other hand, τnr can be prolonged by exploiting the Auger
process whose lifetime (τAu) is inversely proportional to the
square of Δn,31 i.e.,

n( )Auh
Au

2τ
τ

∝
Δ (3)

Based on the above equations, it is found that the quantum
efficiency can be enhanced by orders of magnitude through
injecting high-density carriers (Figure S1, Supporting In-
formation).
Now we compare the carrier densities generated in three

types of spherical Si particles with diameters (d) that differ by
one order of magnitude, including a quantum dot with d ∼ 18
nm, a nanoparticle with d ∼ 180 nm, and a microparticle with
d ∼ 1.8 μm. It is found that the largest carrier density is
achieved in the Si nanoparticle which possesses Mie
resonances with line widths comparable to that of the
femtosecond laser pulses. If the carrier generation is dominated
by 2PA, then the carrier density generated in the Si
nanoparticle is four orders of magnitude larger than that in
the Si quantum dot and about 50 times larger than that in the
Si microparticle (Figure S2, Supporting Information). Based
on our previous studies, the nonlinear optical responses of Si
nanoparticles smaller than 100 nm are quite weak owing to the
lack of optical resonances in the visible-to-near-infrared
spectral range.

Figure 1. Quantum efficiency enhanced by resonantly exciting the optical resonances of various structures composed of Si nanoparticles. (a)
Energy band diagram of Si in which the optical processes and carrier dynamics responsible for the generation and recombination of hot electrons
are illustrated. Δ is the minimum of the conduction band. (b) Dependence of intrinsic carrier density on temperature calculated for Si. (c) MD
resonance excited in a Si nanoparticle (dashed curve) suspended in air and the enhanced 2PA and 3PA at the resonance (solid curves). (d) Mirror-
image-induced MD resonance excited in a Si nanoparticle located on a thin Ag film (dashed curve) and the enhanced 2PA and 3PA at the
resonance (solid curves). (e) Surface lattice resonance excited in a regular array of Si nanopillars (dashed curve) and the enhanced 2PA and 3PA at
the resonance (solid curves). In each case of (c), (d), and (e), the structure used to generate the optical resonance is shown in the inset.
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In Figure 1c−e, we show schematically various optical
resonances which can be utilized to enhance the 2PA and 3PA
of Si nanoparticles. Apart from the Mie resonances supported
by a Si nanoparticle on a silica (SiO2) substrate (Figure 1c),
the mirror-image-induced MD resonance formed in a Si
nanoparticle placed on a metal film (Figure 1d) and the surface
lattice resonance (SLR) formed in a regular array of Si
nanopillars (Figure 1e) can also be exploited to enhance the
nonlinear optical responses of Si nanoparticles.
From Figure 1a, it is noticed that the lift of electrons from

the valence band to the conduction band of Si can be realized
through a 2PA or 3PA process. For laser wavelengths smaller
than 720 nm, the carrier generation would be dominated by a
2PA process, which is more efficient. Here, we chose a Si
nanoparticle on the SiO2 substrate and excited its MD
resonance at ∼720 nm. The luminescence spectrum in the
short-wavelength side was measured as a function of the pulse
energy, as shown in Figure 2a. For pulse energies lower than
8.5 pJ, the luminescence intensity increases gradually with
increasing pulse energy. However, a dramatic increase in the
luminescence intensity by one order of magnitude was
observed when the pulse energy was raised to 8.5 pJ. A
further increase of the pulse energy to 12.5 pJ did not lead to

an obvious increase of the luminescence intensity (see Video
S1). This behavior is clearly revealed in the dependence of the
luminescence intensity on the pulse energy shown in Figure
2b. The rapid increase of the luminescence intensity above a
threshold is quite similar to that observed in amplified
spontaneous emission.32 Unfortunately, a line width narrowing
is not observed in this case. Since the dramatic increase of the
luminescence intensity agrees well with the exponential
increase of carrier density at high temperatures, we think
that the high temperature in the Si nanoparticle may trigger the
intrinsic excitation which enhances the quantum efficiency (see
Figure 1a,b). In Figure 2c, we compared the luminescence
spectrum of the Si nanoparticle above the threshold with its
scattering spectrum. It was found that the luminescence peak
appears exactly at the MQ resonance. Based on the previous
study on the modification of Mie resonances by injected
carriers, the temperature of the Si nanoparticle was estimated
to be ∼1520 K (Figure S3, Supporting Information). We also
examined the luminescence decays of the Si nanoparticle below
and above the threshold, as shown Figure 2d. The lifetime
above the threshold was found to be ∼19 ps, which is shorter
than that observed below the threshold (∼50 ps). Although a
decrease of τr is anticipated at high carrier densities, it is still

Figure 2. Luminescence burst observed for Si nanoparticles on a SiO2 substrate. (a) Evolution of the luminescence spectrum of a Si nanoparticle
(on a SiO2 substrate) with increasing excitation pulse energy observed by resonantly exciting the MD resonance of the Si nanoparticle. The
diameter of the Si nanoparticle is d ∼ 180 nm. The image of the luminescent Si nanoparticle above the threshold recorded by using a charge
coupled device is shown in the inset. The length of the scale bar is 10 μm. (b) Dependence of the luminescence intensity on the excitation pulse
energy observed at three different wavelengths marked by colored arrows in (a). (c) Comparison of the luminescence spectrum of the Si
nanoparticle above the threshold with its scattering spectrum. The dotted line indicates the cutoff wavelength of the short-pass filter used in the
measurements. (d) Luminescence decays measured for the Si nanoparticle at excitation pulse energies below and above the threshold (for the burst
of the luminescence). Also shown is the instrument response function (IRF) which gives the time resolution of the luminescence lifetime. The
excitation wavelength was chosen to be λex= 720 nm.
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much larger (about one order of magnitude) than τnr and the
luminescence decay is still dominated by τnr. The reduction of
τnr from 50 to 19 ps is caused mainly by the increase in the
number of optical phonons at high temperatures.31 We
examined a few Si nanoparticles with their MD resonances at
∼720 nm and observed similar behaviors. The thresholds for
the luminescence burst ranged from 8.5 to 12.5 pJ. Above the
threshold, the emission of Si nanoparticles became unstable
and the damage of Si nanoparticles occurred easily due to
overheating (Figure S4, Supporting Information).
In order to lower the threshold, we replaced the SiO2

substrate with a SnO2/Ag/SiO2 substrate, as sketched in the
inset of Figure 3a. Previously, a mode volume as small as ∼ λ2/
400 was achieved by placing a CdSe nanowire on a MgF2/Ag/
SiO2 substrate, which was exploited to realize the lasing of the
CdSe nanowire.33 In our case, the combination of a Si
nanoparticle and a metal film is employed to create a tightly
confined optical mode with a larger quality factor and a smaller
mode volume,34 leading to an enhancement in the Purcell
factor (Figure S5, Supporting Information).

For optical characterization, we examined a Si nanoparticle
with a diameter of d ∼ 200 nm placed on a SnO2/Ag/SiO2

substrate. In Figure 3b, we show the backward scattering
spectrum calculated for the Si nanoparticle. Owing to the
existence of the Ag film, the total scattering is determined by
the coherent interaction of ED/MD with their mirror
images.34−36 While the narrow scattering peak at ∼670 nm
with a quality factor of ∼20 originates from the interference of
the ED (px) and its mirror image (pxm),

37 the broad one at
∼800 nm arises from the MD (my) and its mirror image
(mym).

36

To examine the efficiencies of 2PA and 3PA,38,39 we
calculated the spectra of I2 = [∫ |E(λ)|4 dV]/V and I3 = [∫ |
E(λ)|6 dV]/V for the Si nanoparticle, as shown in Figure 3b. It
can be seen that the largest 2PA and 3PA are obtained at the
mirror-image-induced MD with enhancement factors of ∼190
and ∼22000. As compared with the Si nanoparticle on the
SiO2 substrate (Figure S6, Supporting Information), the 2PA
and 3PA have been enhanced by factors of ∼4 and ∼40,
respectively. The enhanced electric field achieved at the

Figure 3. Luminescence burst observed for Si nanoparticles on a SnO2/Ag/SiO2 substrate. (a) Schematic showing the excitation of a Si
nanoparticle placed on a SnO2/Ag/SiO2 substrate. The SEM image of a typical Si nanoparticle is shown in the inset. The length of the scale bar is
200 nm. The diameter of the Si nanoparticle is d ∼ 200 nm. The thicknesses of the SnO2 and Ag films are ∼5.0 and ∼50 nm, respectively. (b)
Backward scattering spectrum calculated for a Si nanoparticle with d = 200 nm placed on a SnO2/Ag/SiO2 substrate. The spectra of I

2 = [∫ |E(λ)|4
dV]/V and I3 = [∫ |E(λ)|6 dV]/V are presented to show the enhanced 2PA and 3PA. (c) Backward scattering spectra of a Si nanoparticle excited by
using p- and s-polarized white light and filtered by using p- and s-polarized analyzers. (d) Evolution of the luminescence spectrum with increasing
excitation pulse energy for the Si nanoparticle. The emissions of the Si nanoparticle recorded by using a charge coupled device below and above the
threshold are shown in the insets. The length of the scale bar is 10 μm. The excitation wavelength was chosen to be λex = 650 nm. (e) Dependence
of the luminescence intensity on the excitation pulse energy measured for the Si nanoparticle at different wavelengths. (f) Evolution of the
luminescence spectrum of a Si nanoparticle with d ∼ 200 nm on the SnO2/Ag/SiO2 substrate, which was excited by femtosecond laser pulses at λex
= 720 nm, with increasing irradiation time.
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mirror-image-induced MD (∼670 nm) is directly reflected in
the electric field distribution shown in the inset of Figure 3b.
We measured the backward scattering spectra of a Si

nanoparticle excited by p- and s- polarized white light and
filtered by a p- or s-polarized analyzer, as shown in Figure 3c.
The modified px mode (the mirror-image-induced MD) was
revealed at ∼670 nm in the scattering spectrum obtained by
using the combination of the s-polarized white light and s-
polarized analyzer. Similarly, the modified mz mode was
identified at ∼720 nm by using the s-polarized white light and
p-polarized analyzer. These observations agree well with those
reported previously36 (Figure S7, Supporting Information).
In our experiment, we chose to excite the mirror-image-

induced MD by using an optical parametric oscillator and
observed the luminescence burst, as shown in Figure 3d and e.
It is remarkable that the threshold was dramatically reduced to
be less than 2.0 pJ. Moreover, the stable emission above the
threshold was realized, as shown in Figure 3f (see also Videos
S2 and S3), due to the significantly reduced threshold and the
good thermal conductivity of the Ag film. No rapid oxidation
of the Si nanoparticle was observed because it was protected by
the thin SiO2 layer on the surface. The luminescence burst was
reproducible for Si nanoparticles on the Ag film (Figure S8,
Supporting Information). A small blue shift as well as a slight
broadening was observed for the mirror-image-induced MD
after the luminescence burst, in agreement with the small
change in the morphology (Figure S9, Supporting Informa-

tion). Owing to the large reflectivity of the Ag film, the
collection efficiency of the luminescence is enhanced to ∼52%
(Figure S10, Supporting Information). We also measured the
excitation spectra for the modified px and mz modes and found
a lower excitation efficiency for the latter one (Figure S11,
Supporting Information).
In the previous study, the quantum efficiency for the

luminescence of Si nanoparticles below the threshold was
estimated to be ∼1.00% if the 3PA was taken into account.23

In this case, τnr was found to be ∼50 ps and τr was deduced to
be ∼5.0 ns. It is expected that τr becomes inversely
proportional to Δn when it exceeds 1020 cm−3 (see eq 2).
For Si nanoparticles on a SiO2 substrate, the luminescence
burst was observed by increasing the carrier density to Δn ∼
1.0 × 1021 cm−3. In this case, a reduction of τr from ∼5.0 ns to
∼500 ps is anticipated based on eq 2. Meanwhile, τnr is slightly
reduced from ∼50 ps to ∼20 ps because of the high
temperature (see Figure 2c). Consequently, the quantum
efficiency above the threshold is estimated to be ∼4.0%. By
using the method proposed previously, we also estimated the
quantum efficiencies for several Si nanoparticles placed on the
Ag film (Figures S12−S15, Supporting Information) and found
values ranging from 2.8% to 8.6% above the threshold, in good
agreement with the above prediction based on the
luminescence lifetime. Although a large increase in the
quantum efficiency is not observed by placing Si nanoparticles
on the Ag film, the improvement in the injection efficiency of

Figure 4. On chip Si-based white light source. (a) Transmission spectrum calculated for the rectangle lattice of Si nanopillars with ly = 400 nm and
lx = 290 nm. The spectra of I2 = [∫ |E(λ)|4 dV]/V and I3 = [∫ |E(λ)|6 dV]/V are presented to show the enhanced 2PA and 3PA. (b) Transmission
spectra measured for three rectangle lattices of Si nanopillars with ly = 400, 410, and 420 nm and lx = 290 nm. (c) Spectra of I2 = [∫ |E(λ)|4 dV]/V
calculated for square lattices of Si nanopillars with different periods. The spectrum calculated for a single Si nanopillar is also provided. The
spectrum for the infinitely large lattice (marked as ‘infinite’) was obtained by using a periodic boundary condition. (d) SEM image of the rectangle
lattice of Si nanopillars with a diameter of ∼250 nm (with 50 nm-thick SiO2) and a height of ∼220 nm. The AFM image after depositing the SiNOx
layer is shown in the inset. The lengths of the scale bars are 1.0 and 6.0 μm in the SEM and AFM images, respectively. (e) Laser scanning confocal
microscope images obtained by scanning the rectangle lattice of Si nanopillars with femtosecond laser pulses of different pulse energies and
detecting the emitted hot electron luminescence. The length of the scale bar is 6.0 μm.
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carriers leads to a dramatic reduction of the threshold, enabling
the stable white light emission above the threshold. We
calculated the blackbody radiation spectrum of a Si nano-
particle with d = 200 nm and estimated the thermal energy
radiated from the Si nanoparticle in the wavelength range of
300−900 nm (Figure S16, Supporting Information). It was
found that the thermal radiation from the Si nanoparticle is
two orders of magnitude smaller than the optical radiation
from a Si nanoparticle with the similar size. Moreover, it was
found that the slope extracted from the dependence of the
luminescence intensity of a Si nanoparticle on the pulse energy
is nearly a constant (Figure S17, Supporting Information),
which is distinct from that of a blackbody. Finally, the
luminescence lifetime measured in the long-wavelength side
was also as short as ∼20 ps (Figure S18, Supporting
Information). All these behaviors indicate clearly that the
emission from Si nanoparticles comes mainly from hot electron
luminescence and that the thermal radiation is negligible.
As discussed above, the lifetime extracted from the

luminescence decay is still governed by τnr. Although τr is
expected to decrease at high carrier densities, it is still much
longer than τnr. In addition, the luminescence lifetime above
the threshold is close to the time resolution of the system. For
these reasons, the emission intensities below and above the
threshold do not match with the corresponding lifetimes. If we
compared the quantum efficiencies below and above the
threshold, we found that the increase in quantum efficiency
agrees well with the enhancement in the emission intensity.
From the viewpoint of practical applications, it is necessary

to fabricate all-Si-based light emitters on Si chips. Here, we
show that the surface lattice resonance (SLR) originating from
the periodic arrangement of Si nanoparticles can be employed
to reduce the threshold and to sustain stable emission above
the threshold. Basically, the constructive interference of the
scattering light from regularly arranged scatters leads to the
formation of SLRs in the reflection or transmission
spectrum.40−42 Here, we fabricated regularly arranged Si
nanopillars on a Si-on-sapphire wafer by using the combination
of electron beam lithography and plasma etching (see Methods
for the details).
In our sample, the diameter and height of the Si nanopillars

were designed to be 250 and 220 nm, respectively. The
transmission spectrum calculated for a rectangle lattice of Si
nanopillars with lattice constants of ly = 400 nm and lx = 290
nm is presented in Figure 4a (see Figure S19, Supporting
Information). Apparently, a SLR appears at ∼720 nm where a
significant enhancement of electric field is achieved, as
manifested in the spectra of I2 = [∫ |E(λ)|4 dV]/V and I3 =
[∫ |E(λ)|6 dV]/V. It is remarkable that the enhancement factor
of I3 achieved at the SLR is increased by two orders of
magnitude as compared with that obtained at the MD
resonance of the Si nanopillar, implying a much higher
efficiency for 3PA process.
In Figure 4b, we show the transmission spectra measured for

three rectangle lattices of Si nanopillars with different lattice
constants in the y direction ly = 400, 410, and 420 nm (lx = 290
nm). In all cases, one can find a transmission dip at ∼720 nm,
corresponding to the SLR of the rectangle lattice. In Figure 4c,
we show the evolution of the 2PA with increasing number of
the period for the regular lattice with ly = 410 nm and lx = 290
nm. For the 50 × 50 rectangle lattice used in our experiment,
the enhancement in the 2PA approaches the value for the
infinitely large lattice. In Figure 4d, we present the scanning

electron microscope (SEM) image for the rectangle array of Si
nanopillars, which were capped by a SiNOx layer with a
refractive index close to that of the sapphire substrate (Figure
S20, Supporting Information). The atomic force microscope
(AFM) image of the sample after capping the SiNOx layer is
presented in the inset of Figure 4d. We employed a two-
photon laser scanning confocal microscope to examine the
luminescence of the Si nanopillars in the wavelength range of
550−650 nm. The images obtained by scanning the sample
with different pulse energies are shown in Figure 4e where the
burst phenomenon is also clearly identified. At low pulse
energies, the burst phenomenon was observed only for Si
nanopillars with lower thresholds. It spreads for nearly all the
Si nanopillars at high pulse energies.

■ CONCLUDING REMARKS

In summary, we have proposed a new strategy for enhancing
the quantum efficiency of hot electron luminescence of Si
nanoparticles by exploiting the enhanced 2PA/3PA at various
optical resonances. The strong dependences of the radiative
and nonradiative recombination lifetimes on carrier density
were exploited to modify the carrier dynamics and to improve
the quantum efficiency. The new findings and insights of this
work include (1) the observation of hot electron luminescence
burst in Si nanoparticles on a SiO2 substrate by resonantly
exciting their MD resonances at ∼720 nm; (2) the reduction of
the threshold for luminescence burst and the realizing of stable
white light emission by resonantly exciting the mirror-image-
induced MDs of Si nanoparticles placed on a thin Ag film; (3)
the observation of luminescence burst and the realizing of
efficient white light emission by exploiting the surface lattice
resonance of a regular array of Si nanopillars fabricated by
using the current fabrication technology of Si chips; (4) the
observation that the emission from Si nanoparticles at high
temperatures is still dominated by hot electron luminescence
rather than thermal radiation; and (5) the observation that the
quantum efficiency is further enhanced by a factor of ∼5.0
above the threshold for the luminescence burst. Our findings
are helpful for understanding the carrier dynamics at extremely
high carrier densities and are useful for designing highly
efficient Si-based nanoscale light sources for integrated optical
circuits.

■ METHODS

Fabrication of Si Nanoparticles and Regular Arrays of
Si Nanopillars. In experiments, an 800 nm femtosecond laser
light delivered by a femtosecond amplifier (Legend Elite,
Coherent) with a pulse duration of 90 fs and a repetition rate
of 1 kHz was focused on the surface of a crystalline-Si wafer,
which was immersed in deionized water, by using a lens with a
focal length of 150 mm. Then, the aqueous solution containing
Si nanoparticles was centrifuged with a speed of 12000 rpm to
separate Si nanoparticles with diameters of 150−250 nm from
small Si nanoparticles. Finally, Si nanoparticles with appro-
priate diameters were dispersed on a SiO2 substrate or a SnO2/
Ag/SiO2 substrate for optical characterization.
We fabricated regularly arranged Si nanopillars on a Si-on-

sapphire wafer composed of a 220 nm thick c-Si and a 500 μm
thick sapphire by using the combination of electron beam
lithography and plasma etching. The nanopillar array was first
defined in high-resolution negative resist (hydrogen silses-
quioxane) by using electron beam lithography (Vistec EBPG-
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5000plusES, Raith) at 100 keV. The spin speed and baking
condition of HSQ were 4000 rpm and 90° for 4 min,
respectively. Then, the pattern was developed in a solution of
tetramethylammonium hydroxide and dry etched by using
inductively coupled plasma etching (Oxford Instruments). The
method for fabricating Si nanopillars was the same as those
described in previous works.23,43 After the remaining resist was
removed by hydrofluoric acid, dry thermal oxidation was
employed to form a thin SiO2 layer (∼50 nm) in order to
remove the surface defects induced in plasma etching. Dry
thermal oxidation was carried out in a tube furnace at 1000 °C
with an oxygen flow of 0.90 slm (standard liters per minute)
for 100 min. Argon (1.0 slm) was used to protect the samples
from oxidation during the heating and cooling of the tube
furnace. Finally, a SiNOx layer with the same refractive index of
the sapphire substrate was capped on the Si nanopillars.
Optical Characterization of Si Nanoparticles. The

backward scattering spectra of Si nanoparticles were measured
by using a dark-field microscope (Observer A1, Zeiss) with an
external white light source for illumination. The incident light
can be either s- or p-polarized by using a polarizer. The
femtosecond laser light was introduced into an inverted
microscope (Observer A1, Zeiss) and focused on Si nano-
particles by using a 100× objective. The hot electron
luminescence emitted by Si nanoparticles was collected by
using the same objective and directed to a spectrometer
(SR500, Andor) for analysis. We used a two-photon laser
scanning confocal microscope (A1MP, Nikon) to excite and
detect the hot electron luminescence emitted from the regular
arrays of Si nanopillars.
Measurement of the Luminescence Lifetime. We

measured the luminescence decay time of Si nanoparticles by
using a fluorescence lifetime spectrometer (LifeSpec-1400,
Edinburgh Instruments) equipped with a microchannel plate
photomultiplier (Hamamatsu). The luminescence decays were
analyzed by using the F900 software package (ver. 7.1.3), and
the decay times were extracted based on a deconvolution
fitting analysis in which the instrumental response function was
taken into account.
Numerical Modeling. The scattering spectra of Si

nanoparticles and the transmission spectra of the regular
arrays of Si nanopillars were numerically simulated by using
the finite-difference time-domain (FDTD) technique based on
the complex refractive indices of crystalline silicon and silver.44

For the scattering spectra, we employed a total-field/scattered-
field source to evaluate the scattering efficiency of Si
nanoparticles. A uniform mesh size with the smallest one of
1 nm was used to obtain converged simulation results, and a
perfectly matched layer boundary condition was employed to
terminate the finite simulation region. For the transmission
spectra, a plane wave was used to excite the regular arrays of Si
nanopillars, and a periodic boundary condition was employed
in the numerical simulations.
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