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ABSTRACT: Silicon (Si)-based light emitters compatible with
the current fabrication technology of Si chips are crucial for
realizing all-optical computation. Here, we propose a Si/Au hybrid
nanostructure composed of a regular array of Si nanopillars and a
thin gold (Au) film. An accidental bound state in the continuum
(BIC) originating from the interference of the mirror-image-
induced magnetic dipole and the surface plasmon polariton can be
achieved in the nanostructure by deliberately designing the
structure parameters. Efficient nonlinear optical emission is
observed when the nanostructure is excited by using femtosecond
laser pulses. The lowest threshold for the burst of luminescence
from the Si nanoparticle is observed at the BIC, where the
nonlinear optical absorption is greatly enhanced. It is found that the excitation of the surface plasmon polariton is crucial for taking
the advantage of the BIC, which is manifested in the low threshold and special radiation pattern. Our findings open new horizons for
manipulating light-matter interaction by exploiting the BICs created in dielectric-metal hybrid nanostructures.
KEYWORDS: Si/Au hybrid nanostructure, bound state in the continuum, surface plasmon polariton, nonlinear optical absorption,
hot electron luminescence

■ INTRODUCTION
Semiconductors are generally classified into two types with
direct and indirect bandgap structures, which are clearly
distinct in the absorption and emission of photons. As a
semiconductor with indirect bandgap, silicon (Si) in the bulk
form exhibits a quantum efficiency as low as ∼10−7 and is
considered as a poor photon emitter.1 How to improve the
quantum efficiency of Si has been a long-standing challenge
faced by scientists. So far, the strategies for enhancing the
quantum efficiency of Si focus mainly on the engineering of its
band structure, such as making porous Si,2,3 Si quantum
dots,4−7 and Si/Ge alloy.8,9 Although this idea has been
demonstrated to be successful, the light sources based on
porous Si or Si quantum dots10,11 are incompatible with the
current fabrication technology of Si chips, which severely
hinders their application in integrated optical circuits.
Apart from band structure engineering, an alternative for

improving the quantum efficiency of Si, which has long been
overlooked, relies on the enhancement of light-matter
interaction.12 In principle, optical cavities with high quality
factors and small mode volumes are highly desirable for
enhancing light-matter interaction.13−15 From the viewpoint of
practical applications, however, spectrum16 and mode17

matching between the excitation light and the optical cavity
are more important for achieving this goal when ultrashort

pulse or structured light is employed as the excitation source.
In recent years, much effort has been devoted to dielectric
nanoparticles18 with large refractive indices because they are
considered as the building blocks for metamaterials operating
at optical frequencies.19−21 A typical example is Si nano-
particles with diameters of 150−250 nm, which support
electric dipole (ED)22 and magnetic dipole (MD)23

resonances in the visible and near-infrared spectral
range.24−27 Although the quality factors of these resonances
are not large, it has been demonstrated that Si nanoparticles
can be lighten up by resonantly exciting their ED/MD
resonances, leading to a quantum efficiency of ∼1.0%.28 In
this case, the enhancement in the quantum efficiency by nearly
5 orders of magnitude is achieved by modifying the carrier
dynamics in Si nanoparticles through injecting dense electron−
hole plasma.29 The Auger effect, which is proportional to the
cubic of the carrier density, plays a crucial role in this
scenario.30 By placing Si nanoparticles on a thin metal film, it
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was demonstrated very recently that the quantum efficiency
can be further improved to ∼6.0−8.0%31 by exploiting the
strongly localized electric field and dramatically reduced
linewidth provided by the so-called mirror-image-induced
magnetic dipole (MMD) resonance.32,33 In addition, the good
thermal conductivity of the metal film enables the stable
emission of white light for a long time. It was shown that
surface lattice resonances with quality factors larger than those
of the MMD resonance can be achieved in a regular array of Si
nanopillars, which offers a larger nonlinear optical absorp-
tion.31 However, the quality factors of surface lattice
resonances are still too small to match the linewidth of the

femtosecond laser pulses, implying the existence of more space
for boosting light-matter interaction via creating optical
resonances with larger quality factors.
In recent years, bound states in the continuum (BICs)34−36

have attracted great interest owing to the infinitely large quality
factors theoretically predicted for these optical resonances.37

Basically, BICs can be classified into symmetry-protected BICs
and accidental (Friedrich−Wintgen or FW) BICs.38,39 While
the former originates from the mismatch in symmetry between
the optical mode and the incident wave, the latter arises from
the interference of two optical modes.40 So far, both BICs have
been exploited to enhance light-matter interaction, such as the

Figure 1. Configurations of Si/Au hybrid nanostructures supporting MMD and BIC. Schematic showing the configurations for the regular arrays of
(a) isolated and (b) coupled Si nanopillars fabricated on Au/SiO2 substrates and the hot electron luminescence emitted from Si nanopillars under
the excitation of femtosecond laser pulses. The detailed sample structures (including geometrical parameters) and the SEM images of the fabricated
Si nanopillars are shown in the insets. Here, we use d, h, and p to represent the diameter and height of Si nanopillars and the period of the square
lattice of Si nanopillars, respectively.

Figure 2. Nonlinear optical emission from Si nanopillars mediated by MMD. (a) Backward scattering spectra calculated (dashed curve) and
measured (solid curve) for an isolated Si nanopillar (h = 220 nm, d = 260 nm) on a Au/SiO2 substrate. (b) 2PA spectrum (or I2 spectrum)
calculated for a Si nanopillar (h = 220 nm, d = 260 nm) on a Au/SiO2 substrate. The electric field distribution in the X-Z plane is shown in the
inset. (c) CCD images of the hot electron luminescence from the Si nanopillar recorded at different excitation irradiances. (d) Evolution of the
luminescence spectrum of the Si nanopillar with increasing excitation irradiance. The excitation wavelength was chosen to be λex = 760 nm.
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realization of lasers41,42 and achievement of highly efficient
harmonic generation.43,44 In most cases, all-dielectric nano-
structures with extremely low optical losses are employed
because the high quality factors of BICs are generally
pursued.45−47 In comparison, less attention has been paid to
dielectric-metal hybrid nanostructures owing to the Ohmic loss
of metals, which may influence the quality factors of BICs.33,48

Recent studies reveal that two types of BICs with quality
factors as large as ∼800 can also be realized in dielectric-metal
hybrid nanostructures by exploiting the surface plasmon
polaritons (SPPs) generated on the surfaces of metal films.49

Considering the spectrum match between the optical mode
and the excitation light (e.g., femtosecond laser pulses), BICs
with quality factors of ∼100 are sufficient to dramatically
enhance the nonlinear optical absorption of Si nanoparticles.50

In this article, we proposed a dielectric-metal hybrid
nanostructure, which is composed of a regular array of Si
nanopillars and a thin gold (Au) film, to create an accidental
BIC with a moderate quality factor. We revealed that the BIC
originates from the interference between the MMD and SPP
modes. We found that the electric field at the BIC is strongly
localized in Si nanoparticles, leading to a dramatic increase in
the nonlinear optical absorption of Si nanoparticles. We
demonstrated that the minimum threshold for the lumines-
cence burst is obtained at the BIC, which is about 1 order of
magnitude smaller than that observed at the MMD of single Si
nanoparticles. We showed that the efficient excitation of the
SPPs is crucial for fully exploiting the enhanced nonlinear
optical absorption at the BIC.

■ RESULTS AND DISCUSSION
In Figure 1, we show schematically regular arrays of isolated
and coupled Si nanopillars with a diameter of d and a height of
h, which correspond to Si nanopillars without and with
interaction, fabricated on SiO2/Au/Si substrates. The pitches
(p) for the regular arrays of isolated and coupled Si nanopillars
were designed to be p = 5.0 μm and p = 320 nm, respectively.
The detailed configurations of such dielectric−metal hybrid
nanostructures are depicted in the insets. Si nanopillars were
separated from the Au film by using a 10 nm-thick SiO2 layer.
In addition, they were covered with a 5 nm-thick Al2O3 layer,
which was used to eliminate the nonradiative recombination
centers induced in the fabrication process (see the Methods
section for the details). The scanning electron microscopy
(SEM) images of the isolated and coupled Si nanopillars are
also provided as insets (see the Supporting Information, Figure
S1).
In Figure 2a, we present the backward scattering spectrum

simulated for an isolated Si nanopillar (d = 260 nm, h = 220
nm) located on a SiO2/Au/Si substrate. The thin SiO2 spacer
layer (tSiO2 = 10 nm) and the thin Al2O3 passivation layer
(tAl2O3 = 5 nm) were taken into account. In the scattering
spectrum, one can identify several optical resonances in the
visible to infrared spectral range, as marked by color arrows.
Here, we focus mainly on the optical resonance at λ ∼760 nm,
which can be easily accessed by using conventional femto-
second laser light. Based on previous studies, this optical
resonance is attributed to the MMD originating from the
interference between the ED excited in the Si nanopillar and its
mirror image induced by the Au film.32,49 We also performed a
multipolar expansion analysis for the backward scattering
spectrum of the Si nanopillar and identified the physical origins
for the optical resonances appearing in the scattering spectrum

(see the Supporting Information, Figure S2). In Figure 2a, we
also provide the backward scattering spectrum measured for a
Si nanopillar with d = 260 nm. Except the relative intensities
among the optical resonances, the experimental observation is
in good agreement with the simulation result. The discrepancy
between the simulated and measured scattering spectra may be
caused by the incident angle of the illumination light. As
demonstrated before, the optical resonances supported by a Si
nanoparticle can be employed to enhance the nonlinear optical
absorption of the Si nanoparticle, which can be evaluated by
using the integration of |E|4 over the volume of the Si
nanopillar,28,31 as shown in Figure 2b. Specifically, the electric
field distribution in the X-Z plane calculated at the MMD (λ =
760 nm) is shown in the inset. It is noticed that the electric
field is strongly localized in the SiO2 spacer layer between the
Si nanopillar and the Au film. As a result, the electric field
inside the Si nanopillar is also enhanced to some extent,
leading to the enhancement in the nonlinear optical
absorption.
In experiments, we excited isolated Si nanopillars by using

femtosecond laser pulses in the wavelength range of 720−800
nm. The femtosecond laser light was focused on Si nanopillars
by using a 60× objective with NA = 0.85. The diameter of the
laser spot was estimated to be ϕ ∼1.36 μm. In all cases, we
observed the burst of the hot electron luminescence from Si
nanoparticles when the laser fluence (or excitation irradiance)
exceeds a threshold. The images of the emitted luminescence
recorded by using a charge coupled device (CCD) at different
excitation irradiances are shown in Figure 2c. In Figure 2d, we
show the evolution of the luminescence spectrum with
increasing excitation irradiance for the laser wavelength of λex
= 760 nm. To the best of our knowledge, this is the first
demonstration of the luminescence burst from a single Si
nanopillar fabricated by using the current fabrication
technology of Si chips. In Figure 2b, we summarize the
thresholds for the luminescence burst observed at different
excitation wavelengths. It is remarkable that the lowest
threshold is achieved at λex = 760 nm, where the largest
nonlinear optical absorption is expected.
For an isolated Si nanopillar, the quality factor of the MMD

is only ∼10 (see Figure 2a) and the electric field is mainly
localized in the gap region between the Si nanopillar and the
Au film (see the inset of Figure 2b). These two features
strongly limit the nonlinear optical absorption of the Si
nanopillar. If we compare the linewidth of the nonlinear optical
absorption with that of the femtosecond laser pulses (see
Figure 2b), the latter is much narrower than the former. It
implies that the nonlinear optical absorption of Si nanopillars
can be further improved by designing optical resonances with
higher quality factors. Fortunately, the recent studies indicate
that BICs or quasi-BICs are promising candidates for achieving
this goal.
By reducing the pitch of the regular array to p = 320 nm, the

momentum conservation conditions necessary for exciting the
SPP on the surface of the Au film can be fulfilled. In this case,
the regular array of Si nanopillars acts as a nanograting, which
couples the incident wave into the SPP propagating on the
surface of the Au film. By properly designing the geometrical
parameters (see the Supporting Information, Figure S3), the
interference between the MMD and SPP modes may lead to
the formation of an accidental BIC. As a result, one can expect
a quality factor much larger than that of the MMD as well as an
electric field strongly localized in Si nanopillars. The
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combination of these two features leads to a significantly
enhanced nonlinear optical absorption for Si nanopillars.
In Figure 3a, we present the angle-resolved reflection spectra

calculated for a regular array of Si nanopillars with p = 320 nm.
For normally incident light (θ = 0°), two reflection dips, which
correspond to the SPP and MMD modes, are observed at
∼660 and ∼740 nm. With increasing incident angle, a redshift
of the SPP is observed. In comparison, the MMD remains
nearly unchanged. As a result, the SPP will intersect with the
MMD at an incident angle of θ ∼22°, leading to an anti-
crossing region in which the accidental BIC is created. In this
case, the BIC is expected to appear at ∼740 nm.
Basically, the BIC formed by the interaction between the

SPP and the MMD belongs to FW-BIC, which can be analyzed
by using the temporal coupled-mode theory.51,52 Assuming
that the two modes are coupled through the same radiation
channel, the Hamiltonian describing the interaction between
them can be written as follows:
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Here, ωSPP and ωMMD represent the resonant frequencies of
the SPP and MMD modes, respectively, γSPP and γMMD denote
the corresponding decay rates, κ and ±iexp( )SPP MMD
characterize the near-field and radiation coupling, respectively,
and Ψ is the phase shift of radiation interference between the
two modes, which can be made to be 0 or π through parameter

tuning or forced by symmetry. In this way, the resonant
frequencies of the two hybrid states are expressed as follows:
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Considering a specific condition (i.e., the BIC condition)
given in the following:
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When such a condition is fulfilled, the resonant frequencies
of the two hybrid states can be simplified as
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Near the anti-crossing point, it is noticed that one hybrid
state (ω+) becomes more lossy (with an imaginary part of γSPP
+ γMMD) while the other (ω−) becomes lossless (without an
imaginary part or with an infinite Q factor). In this case, the
FW-BIC appears in the lower hybrid state.
We fitted the angle-resolved reflection spectrum shown in

Figure 3a with the theoretical mode based on the temporal

Figure 3. Linear and nonlinear optical properties of the Si/Au hybrid nanostructure supporting BIC. Two-dimensional reflection spectra calculated
(a) and measured (b) for the regular array of Si nanopillars (h = 220 nm, d = 190 nm, p = 320 nm) at different incident angles. (c) Two-
dimensional 2PA spectra (or I2 spectra) calculated for the regular array of Si nanopillars at different incident angles. (d) 2PA and 3PA spectra (or I2
and I3 spectra) calculated for a Si nanopillar in the regular array of at an incident angle of θ = 21°. The reflection spectrum obtained at the same
incident angle is also provided for reference. The electric field distribution in the X-Z plane is shown in the inset.
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coupled-mode theory described above. The parameters used in
the fitting are κ = 0.012 meV, γSPP = 0.068 meV, and γMMD =
0.032 meV (see the Supporting Information, Figure S4).
In Figure 3b, we show the angle-resolved reflection spectra

measured for a regular array of Si nanopillars with d = 190 nm
and p = 320 nm. It is found that the measured reflection
spectra are in excellent agreement with the simulated ones (see
Figures S5 and S6). To gain a deep insight into the
enhancement of the nonlinear optical absorption at the BIC,
we calculated the angle-resolved nonlinear optical absorption
spectra, which are characterized by I2 = (∫ |E|4dV)/V for two-
photon-induced absorption (2PA), for a Si nanopillar in the
array, as shown in Figure 3c. It is remarkable that the largest
2PA is indeed achieved around the BIC, which appears at λ
∼740 nm and θ ∼22°. The reduction of the 2PA at the BIC is
caused mainly by the difficulty in coupling the incident plane
wave into the BIC. In Figure 3d, we show the 2PA spectrum
calculated at θ = 21°, which is close to the BIC. The
corresponding reflection spectrum is also provided for
reference. In this case, the quality factor of the optical mode
in the reflection spectrum is estimated to be ∼150, which is
much larger than that observed at the MMD (see Figure 2b).
Accordingly, the nonlinear optical absorptions originating from
2PA and three-photon-induced absorption (3PA) are dramat-
ically enhanced by factors of ∼700 and ∼60,000, respectively.
More importantly, it is found that the electric field is mainly
localized inside the Si nanopillar (see the inset of Figure 3d).
This unique feature is responsible for the significant enhance-
ment in the nonlinear optical absorption of the Si nanopillar.
To confirm the above prediction, we excited a regular array

of Si nanopillars by using femtosecond laser pulses with
different wavelengths ranging from 720 to 800 nm. Similarly,
the femtosecond laser light was focused on Si nanopillars by

using a 60× objective. Since 2PA and 3PA are expected to be
dependent on I2 and I3, it is estimated that only a few Si
nanopillars around the laser spot center are effectively excited.
In each case, we observed the luminescence burst above a
threshold, as evidenced in Figure 4a where the CCD images of
the hot electron luminescence from Si nanopillars are
presented. As an example, we show the evolution of the
luminescence spectrum with increasing laser fluence for λex =
740 nm (see Figure 4b). In Figure 4c−e, we present the three-
dimensional (3D) radiation pattern simulated for a 3 × 3
regular array of Si nanopillars at an emission wavelength of λem
= 555 nm. To mimic the excitation of the array by using a 60×
objective, we placed a dipole source oriented in the x direction
only in the central Si nanopillar. The other Si nanopillars act
only as scatters of the emitting light. One can find an elongated
radiation along the y direction (see Figure 4d). Assuming that
the dipole sources are randomly oriented, the top view of the
radiation pattern will appear as a small bright spot, as shown in
Figure 4e. We examined the luminescence burst behaviors at
different excitation wavelengths, as shown in Figure 4f. In each
case, the luminescence intensity increases exponentially with
increasing laser fluence above the threshold. As expected, the
lowest threshold was found at the BIC (λ ∼740 nm). It is
noticed, however, that the threshold for the regular array of Si
nanopillars was reduced only by a factor of ∼1.6 as compared
with isolated Si nanopillars, implying that the nonlinear optical
absorption is not greatly enhanced in the case. Owing to the
relatively large numerical aperture (NA) of the objective, the
number of Si nanopillars covered by the laser spot is quite
small and the SPP is not effectively excited. It is noticed that
the luminescence emitted from the regular array of the Si
nanopillar exhibits a color similar to that emitted from a single
nanopillar (see Figures 2a and 4c). In addition, it was found

Figure 4. Nonlinear optical emission from Si nanopillars excited by using an objective with a large NA. (a) CCD images of the hot electron
luminescence from the Si nanopillars recorded at different excitation irradiances (left panel). (b) Evolution of the luminescence spectrum of the
regular array of Si nanopillars (h = 220 nm, d = 190 nm, p = 320 nm) with increasing excitation irradiance. The femtosecond laser light was focused
on Si nanopillars by using a 60× objective. The excitation wavelength was chosen to be λex = 740 nm. (c−e) 3D radiation patterns calculated for the
regular array of Si nanopillars, which is excited by using a dipole source placed in the central Si nanopillar and oriented in the x direction. The top
view radiation pattern derived for randomly distributed dipole sources is also presented. (f) Dependences of the luminescence intensity on the
excitation irradiance obtained at different excitation wavelengths. In each case, the experimental data is fitted by an exponential rise function.
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that the luminescence emitted from the central Si nanopillar of
the array is scattered by the neighboring Si nanopillars (see
Figure 4a).
To verify this suspect, we replaced the 60× objective with a

40× objective (NA = 0.60), which possesses a larger laser spot
diameter of ϕ ∼1.88 μm. In this case, it was estimated that
more than 3 × 3 Si nanopillars will be effectively excited.
Similarly, we observed luminescence burst in all cases and
found the lowest threshold at the BIC (∼740 nm), as shown in
Figure 5a. It is remarkable that the radiation pattern of the
luminescence is much different from that observed in Figure
4a, where a 60× objective was employed. At low laser fluences,
the radiation pattern is composed of a central bright spot
surrounded by a bright ring. It becomes a bright spot with a
large diameter at high laser fluences. The evolution of the
luminescence spectrum with increasing laser fluence measured
at the BIC (λex = 740 nm) is presented in Figure 5b. In this
case, the SPPs propagating on the surface of the Au film will be
excited by the oblique incident excitation laser light (λex) with
the help of the nanograting composed of Si nanopillars, as
schematically shown in the inset. As a result, the number of Si
nanopillars being excited by the laser light is much larger than
that covered by the laser spot. In addition, the nonlinear
optical emission in the visible light spectrum will emit into free
space with the help of the same nanograting. The luminescence
with a certain wavelength (λem) will emit at a specified angle
(θem). Since the luminescence band is narrow at low laser
fluences, the emission pattern originating from the Si
nanopillars excited by the SPPs appears as a ring because of
the fixed emission angle (θem). At high laser fluences, the
luminescence band becomes very broad and the emission
pattern appears to be a spot with a diameter as large as ∼12
μm. We simulated the radiation pattern of a 3 × 3 array of Si

nanopillars by placing in-phase x-oriented dipoles in all Si
nanopillars. The simulation results for an emission wavelength
of λem = 555 nm are presented in Figure 5c−e. Similarly, the
radiation pattern in the X-Y plane resulting from randomly
oriented dipole sources in all Si nanopillars (see Figure 5e) was
obtained by rotating the radiation pattern of an x-oriented
dipole source (see Figure 5d). It is in good agreement with the
experimental observation (see Figure 5a), implying that the
luminescence obtained in this case originates from the
coherent radiation of many Si nanopillars. In Figure 5f, we
present the dependence of the luminescence intensity on the
laser fluence obtained at different excitation wavelengths.
Similarly, an exponential increase in the luminescence intensity
with increasing laser fluence is observed in each case above the
threshold. Surprisingly, it was found that the threshold at each
laser wavelength was smaller than that observed by using the
60× objective (see Figure 4f). Accordingly, the luminescence
intensity above the threshold was greatly enhanced based on
the CCD images. Therefore, it was confirmed that the
excitation of the SPP is crucial for the formation of the BIC
where the nonlinear optical absorption of Si nanopillars can be
significantly enhanced.

■ CONCLUSIONS
In summary, we have proposed a dielectric-metal hybrid
nanostructure composed of a regular array of Si nanopillars and
a thin Au film and demonstrated the formation of accident BIC
by appropriately designing the structural parameters. As
compared with the MMD created for isolated Si nanopillars
placed on the Au film, a significant enhancement in both the
quality factor and the nonlinear optical absorption is observed
at the BIC, leading to a dramatic reduction in the threshold for
the luminescence burst. It is revealed that the effective

Figure 5. Nonlinear optical emission from Si nanopillars excited by using an objective with a small NA. (a) CCD images of the hot electron
luminescence from the Si nanopillars recorded at different excitation irradiances. (b) Evolution of the luminescence spectrum of the regular array of
Si nanopillars (h = 220 nm, d = 190 nm, p = 320 nm) with increasing excitation irradiance. The femtosecond laser light was focused on Si
nanopillars by using a 40× objective. The excitation wavelength was chosen to be λex = 740 nm. (c−e) 3D radiation patterns calculated for the 3 ×
3 regular array of Si nanopillars, which are excited by using in-phase dipole sources oriented in the x direction, are also provided. The top view
radiation pattern derived for randomly distributed dipole sources is also presented. (f) Dependences of the luminescence intensity on the excitation
irradiance obtained at different excitation wavelengths. In each case, the experimental data is fitted by an exponential rise function.
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excitation of the SPP mode is crucial for fully exploiting the
BIC-enhanced nonlinear optical absorption, which can be
realized by using an objective with a small NA. Our findings
open new horizons for enhancing light-matter interaction by
exploiting the BICs formed in dielectric-metal hybrid
nanostructures and pave the way for realizing efficient light
sources based on crystalline Si nanoparticles fabricated by
using the current fabrication technology of Si chips.

■ METHODS
Sample Fabrication. In this work, we transferred the thin

crystalline-silicon (c-Si) film of a silicon-on-insulator (SOI)
wafer to a quartz substrate by using the combination of
adhesive wafer bonding and chemical polishing (see the
Supporting Information, Figure S7). First, a 100 nm-thick gold
(Au) film and a 10 nm-thick silica (SiO2) film were deposited
sequentially on a SOI wafer comprising a 220 nm-thick c-Si
film on a 2 μm-thick SiO2 substrate. Then, a ultraviolet light
curable adhesive (NOA61) was spin-coated on the sample
followed by bonding to the quartz substrate. After that, the
sample was illuminated by using 365 nm ultraviolet LED light
to cross-link the adhesive for 4 h. To achieve optimum
adhesion, the sample was beforehand baked at 50 °C for 1 day.
The Si substrate was then removed by chemical polishing and
dry etching. Finally, the c-Si on the quartz substrate was
obtained by removing the SiO2 substrate of the SOI wafer with
hydrofluoric (HF) acid.
Patterning of Si nanopillars was realized by using the

combination of electron-beam exposure of positive resist and
dry etching. The sample was first spin-coated with 400 nm-
thick resist for the electron beam (ARP6200.09). Then, the
pattern was exposed by using an electron-beam lithography
system (EBPG5000Plus, Raith) operated at 100 kV. After that,
the resist was developed with xylene and the pattern transfer
was realized by using an inductively coupled plasma tool
(Oxford Instruments). To eliminate the nonradiative recombi-
nation centers induced in the fabrication process, the
fabricated Si nanopillars were covered with a 5 nm-thick
Al2O3 layer by using an atomic layer deposition system
(SUNALE R-150, Picosun). The procedure for fabricating
regular arrays of Si nanopillars is described in detail in Note S5.
The morphology of Si nanopillars was characterized by using
scanning electron microscopy (Auriga, Zeiss), as shown in
Figures S1 and S8.

Optical Characterization. The linear and nonlinear
optical properties of Si/Au hybrid nanostructures were
characterized by using an inverted microscope (Observer A1,
Zeiss) equipped with white light and femtosecond laser light as
excitation sources (see the Supporting Information, Figure S9).
The scattering spectra of isolated Si nanopillars were

measured by using a dark-field microscope. In this case, the
illumination light was incident on Si nanopillars at an angle of
∼40° and the forward/backward scattering light was collected
by the objective of a dark-field microscope. The angled-
resolved reflection spectra of the regular arrays of Si nanopillars
were measured by using a commercially available optical
system (ARM, Ideaoptics).
For nonlinear optical responses, we used femtosecond laser

pulses with a duration of 130 fs and a repetition rate of 76
MHz (Mira 900S, Coherent) to excite Si nanopillars. The
excitation light was focused on Si nanopillars by using a 60× or
a 40× objective of the microscope, and the hot electron
luminescence emitted from Si nanopillars was collected by

using the same objective and directed to a spectrometer (SR-
500i-B1, Andor) for spectral analysis or to a charge-coupled
device (DU970N, Andor) for imaging.

Numerical Simulation. The reflection spectra of the Si/
Au hybrid nanostructures, including isolated and coupled Si
nanopillars sitting on a thin Au film, were calculated by using
the finite-difference time-domain (FDTD) technique. For
regular arrays of Si nanopillars with different periods, the
periodic boundary condition was applied in the lateral
directions (x and y directions). For isolated Si nanopillars, a
perfectly matched boundary condition was employed to
terminate the simulation region. The refractive indices of Si
and Au were taken from Aspnes and Studna53 and Johnson and
Christy.54

The three-dimensional far-field radiation patterns of the Si/
Au hybrid nanostructures were also simulated by using the
FDTD method. In this case, we first calculated the radiation
pattern induced by dipole sources oriented along the x
direction, which were placed at the center of Si nanopillars as
excitation sources. A detector was placed 2000 nm above the
Au film to detect the Poynting vector. Considering that the
orientations of the dipole sources are random and only the
radiations of the in-plane (X-Y plane) dipole sources are
detected, the actual radiation patterns of a Si/Au hybrid
nanostructure were obtained by the superposition of the
radiation patterns induced by all in-plane dipole sources.
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