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Silicon (Si) based light emitters compatible with standard CMOS fabrication are critical for integrated photonics,
yet conventional Si nanoparticles suffer from severe dissipation losses under high-density carrier injection that
limit directional hot electron luminescence when they act as light sources. Resolving this limitation, we developed
optimized Si bullseye resonators on a silica/gold heterostructure substrate that enable broadband directional
luminescence through the resonant mechanism of the Bragg gratings. First, the central Si nanopillar is designed
for sustaining strong magnetic dipole and mirror-image-induced magnetic dipole resonances, enhancing two-
photon absorption photoluminescence (PL) under the excitation of femtosecond laser pulses. Second, laterally
propagating surface plasmon polaritons induced by the central nanopillar light source undergo efficient out-
coupling via Bragg gratings, generating distinct emitted spectral peaks. Comparative collection efficiency
measurements reveal that more than 60% of emitted energy across 470–600 nm is captured within a 29°
half-aperture angle using a 0.7 NA oil-immersion objective. Notably, a dominant emission peak covering the
570–590 nm wavelength band concentrates 85% of energy within this angular range. The bullseye resonator
concurrently amplifies Si PL at both excitation and emission stages while delivering pronounced mode selectivity
and broadband collimation. This work establishes a practical pathway toward CMOS-compatible compact Si
light sources. © 2026 Chinese Laser Press

https://doi.org/10.1364/PRJ.577859

1. INTRODUCTION

Silicon (Si) based light emitters compatible with the current
fabrication technology of Si chips are highly desirable in inte-
grated optical circuits [1,2]. Recently, Si nanoparticles with
diameters in the range from 150 to 250 nm have attracted great
interest because they support Mie resonances in the visible to
the near-infrared spectral range, which can be employed to gen-
erate strong subwavelength-scale light enhancement and boost
their nonlinear optical responses [3,4]. It has been demon-
strated that the quantum efficiency of such a Si nanoparticle
can be significantly enhanced by several orders of magnitude
through injecting high-density carriers into the Si nanoparticle
[5]. The carrier dynamics can be dramatically modified by

exploiting the Auger recombination process and the intrinsic
excitation of carriers induced by the high temperature, leading
to highly efficient white light emission from the Si nanoparticle
[6]. Specifically, under resonant excitation conditions, the hot
electron luminescence intensity per unit of excitation energy is
significantly enhanced in Si nanoparticles, laying the founda-
tion for advanced Si-based light sources.

In previous studies, the focus was on constructing optical
resonances at excitation wavelengths to generate high-density
carriers in Si through enhanced two-photon or three-photon
absorption (2PA or 3PA). Such optical resonances include con-
ventional Mie resonances supported by a Si nanoparticle [7–9],
supercavity modes [6,10], and quasi-bound states in the
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continuum supported by a silicon/gold (Si/Au) hybrid metasur-
face [11–14]. The strong optical field confinement enabled by
high-quality-factor (high-Q) resonances significantly lowers the
excitation threshold needed for luminescence burst and greatly
amplifies the emission intensity. However, after injecting high-
density carriers, the dissipation loss in the Si nanoparticles will
increase sharply [15], making it difficult to form a strong Purcell
effect for radiation enhancement and emission direction manipu-
lation. Consequently, the hot electron luminescence from a Si
nanoparticle generally appears as white light. To achieve lumi-
nescence enhancement, in addition to adopting a Si nanoparticle
as the optically active material, a resonant cavity that is not
affected by carrier injection needs to be configured for it.

Currently, surface-emitting light sources based on resonant
structures have attracted widespread attention, including verti-
cal cavity surface emitters [16], photonic crystal surface emitters
[17], and bullseye resonators [18]. Compared to in-plane emit-
ters, surface-emitting devices offer the advantage of enabling
high-density two-dimensional arrays and three-dimensional in-
tegration [19]. Among these structures, the bullseye resonator,
characterized by its high Q∕V eff (where V eff is the modal vol-
ume), stands as a strong candidate for realizing low-threshold
light sources. For example, through coupling surface plasmon
polaritons (SPPs) with the Bragg gratings, one can achieve
unidirectional bright spontaneous emission [20] and radially
polarized single photon generation [21]. In addition, waveguide
modes in a high-index GaN thin film can interact with Bragg
gratings fabricated via partial trench etching on the film surface,
achieving high-efficiency broadband conversion to out-of-plane
radiation modes [22]. Such a nonlocal coupling mechanism
exhibits high sensitivity to grating periodicity while remaining
robust against variations in the central active material, making
it a well-suited architecture for enhancing fluorescence emis-
sion from Si nanoparticles. Moreover, under the Bragg reso-
nance conditions, periodic ridge reflections boost the optical
field intensity at the core region of a bullseye, generating pro-
nounced enhancements in nonlinear optical phenomena
[23,24]. However, existing approaches have been limited to
enhancing only one stage, either excitation or emission, within
a single device. The concurrent enhancement of both processes
using one bullseye structure has not yet been demonstrated.
It is therefore necessary to explore the enhancement effect of
dual-band resonance based on a bullseye structure on photo-
luminescence in silicon.

In this article, we designed and optimized Si bullseye
resonators on a silica/gold (SiO2∕Au) heterostructure substrate
capable of broadband directional enhanced hot electron lumi-
nescence, fabricated using established Si chip fabrication proc-
esses. The central Si nanopillar in a bullseye resonator sustains
strong magnetic dipole (MD) [25] and mirror-induced mag-
netic dipole (MMD) [26,27] resonances. This optical field con-
centration can be further boosted by enhanced backscattering
from the circular Bragg grating. Simulations and experiments
confirmed that the resonator significantly enhances excitation
efficiency for 2PA photoluminescence (PL) in the Si nanopillar
under 726 nm femtosecond laser excitation. In the meantime,
the laterally propagating SPP modes induced by the central
nanopillar light source can be efficiently coupled out by the

Bragg gratings based on the second-order Bragg condition,
manifesting as several peaks in the radiation spectrum. A com-
parative measurement of collection efficiencies between 1.3 NA
and 0.7 NA oil-immersion objectives revealed that the 0.7 NA
one can capture more than 60% of the emitted energy across
the 470–600 nm spectral band. Moreover, a distinct emission
peak was observed covering the 570–590 nm wavelength band,
with 85% of the energy concentrated within a half-aperture
angle of 29°. The findings established the bullseye architecture
as a powerful platform that concurrently amplifies Si PL effi-
ciencies at both excitation and emission stages, while exhibiting
pronounced mode selectivity and enabling broadband emission
collimation. This design provides a critical pathway to practical
Si-integrated light-emitting systems.

2. RESULTS AND DISCUSSION

In our previous work, the radiation properties of a Si nanopillar
placed on a SiO2∕Au heterostructure were investigated exper-
imentally [12]. As schematically shown in Fig. 1(a), the hot
electron luminescence from an isolated Si nanopillar on the
heterostructure lacks good radiation directivity. Figure 1(b)
shows the scanning electron microscopy (SEM) image of a sin-
gle Si nanopillar. Under the resonant excitation of femtosecond
laser pulses, the Si nanopillar emitted bright broadband PL,
which was captured by a charge-coupled device (CCD) as dis-
played by the inset in Fig. 1(b). The starburst-shaped intensity
profile implies substantial angular spreading in the light
emissions.

To regulate the light emission direction, we position the
Si nanopillar at the center of a circular Bragg grating that
is composed of concentric Si rings, as illustrated in Fig. 1(c).

Si
SiO2

Au

(a) (b)

xy
z

xy
z

x

z

x

z
100 nm

(c) (d)

D TΛ

100 nm 1 μm

Fig. 1. (a) Schematic showing the structures and the radiative prop-
erties of a single Si nanopillar placed on a SiO2∕Au heterostructure.
(b) Top-view SEM image of a single Si nanopillar. Its PL image cap-
tured by a CCD is shown in the inset. (c) Schematic showing the struc-
tures and the radiative properties of a bullseye resonator. (d) Top-view
SEM image of a bullseye resonator.
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The Au layer, with a thickness of approximately 100 nm, is
employed to eliminate optical transmission while supporting
SPP modes. A 15-nm-thick SiO2 spacer layer is introduced
to separate the Si bullseye resonator and the Au film, which
is used to avoid the quenching of emission. The 220-nm-thick
bullseye structure is patterned on the top layer through etching
of a monocrystalline Si film. The central nanopillar acts as the
light source, and the surrounding concentric rings serve as a
resonant cavity. To allow sufficient tolerance for adjusting the
central nanopillar’s diameter, we set the inner diameter of the
first concentric ring to 400 nm. The other key geometrical
parameters are denoted as Λ (grating pitch), D (center nano-
pillar diameter), and T (ridge width). Figure 1(d) presents an
SEM image of a fabricated bullseye resonator, demonstrating
well-defined structural features. Detailed fabrication proce-
dures are provided in Appendix A.

First, we performed finite-difference time-domain (FDTD)
simulations by using a commercial software, Lumerical, to
compare optical field enhancement under tight-focusing exci-
tation conditions in both standalone Si nanopillars and bullseye
resonators. As illustrated in Fig. 2(a), an x-polarized beam is
focused through a 1.3 NA oil-immersion objective onto the
central Si nanopillar. The field enhancement factor inside
the Si nanopillar is defined as

R
SijE j2dV ∕�I 0V 0�, where V 0

is the volume of the nanopillar and I0 represents the average
light intensity over a 200-nm-diameter circular region centered
on the incidence focal spot. In simulation, Λ and T were set
as 190 and 140 nm, respectively. The calculated field en-
hancement spectra for different nanopillar diameters (D) are
illustrated in Fig. 2(b). For a single nanopillar, the resonant
wavelength red-shifts as its diameter increases; however, the op-
tical field enhancement factor remains around 10. This indi-
cates that increasing the diameter of a single nanopillar does
not effectively enhance the localized field intensity within it.

When we analyze a bullseye resonator, the field enhance-
ment factor in the central nanopillar is modulated by the
surrounding circular Bragg grating. Since a portion of the
excitation energy propagates outward via SPP modes, the en-
hanced backscattering of SPPs at specific wavelengths by
the Bragg grating effectively suppresses lateral radiation from
the bullseye center. This significantly improves the concentra-
tion of excitation energy at the central nanopillar. Conversely,
when the target wavelength detunes from this condition, field
enhancement becomes significantly suppressed. As shown in
the lower panel of Fig. 2(b), for bullseye resonators with
D � 160, 170, and 180 nm, the maximum field enhancement
factors reach 16.2, 18.6, and 18.4, respectively. Since interband
transitions in Si excited by photons in the wavelength range
from 700 to 800 nm are dominated by 2PA and 3PA, the cor-
responding field enhancement of jE j4 and jE j6 provided by the
bullseye structure must be considered. Taking the case of
D � 170 nm as an example, the jE j4 and jE j6 enhancement
factors reach 346 and 6436, respectively. These values are ap-
proximately 2.4 times and 3.7 times greater than those achieved
with a single Si nanopillar, clearly demonstrating the important
role of the bullseye structure in enhancing photoluminescence
excitation efficiency in Si. These values represent significant im-
provements over those of the single Si nanopillar cases.
Backscattering spectra calculations of the one-dimensional
Bragg grating interacting with SPP modes reveal a broad back-
scattering peak near 746 nm (see Fig. 7 in Appendix B), which
enhances the field confinement capability of the bullseye
resonators within this spectral band. In addition, when the
wavelength decreases below 700 nm, the grating-induced back-
scattering is significantly weakened. At the same time, the high-
index rings enhance the waveguide effect in the SiO2 spacer
layer above the gold film, causing a portion of the resonant
energy to be coupled into the waveguide modes of the SiO2
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Fig. 2. Simulated optical response under focused linearly polarized excitation. (a) Schematic of focused illumination via a 1.3 NA oil-immersion
objective on the bullseye resonator. (b) Calculated intensity (jE j2) enhancement spectra in the single Si nanopillars (upper panel) and the central Si
nanopillar of the bullseye resonators with different D (lower panel). (c) Electric field distribution and (d) magnetic field distribution of the central Si
nanopillar (D � 160 nm) in the x−z plane at the wavelength of λ � 728 nm. The Si nanopillar is marked by white dashed lines.
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spacer. As a result, the optical field in the central Si nano-
pillar is dramatically weakened. Figures 2(c) and 2(d) show
the electric and magnetic field distributions, respectively, in
the central region of a bullseye resonator with D � 160 nm
at the resonant wavelength of 728 nm. It is shown that the
resonance is hybridized from an MD localized in the upper
segment of the nanopillar and an MMD confined to the nano-
pillar base.

Then, we discuss the PL intensity generated by a bullseye
resonator with a central nanopillar of approximately 160 nm
diameter under femtosecond laser excitation at different wave-
lengths. The actual structural parameters of the bullseye reso-
nator we used agree with the designed values (see Fig. 6 in
Appendix A). In the experiment, we tuned the center wave-
length of the femtosecond laser from 710 to 740 nm in 2 nm
steps while maintaining a laser power of 1 mW. The excitation
light was focused onto the sample center through a 1.3 NA oil-
immersion objective, with PL signals collected by a spectrom-
eter (see detailed setup in Appendix C). The total PL intensity
from the bullseye resonator was obtained by integrating the
intensity throughout the spectrum from 400 to 613 nm. As
indicated by the blue squares in Fig. 3(a), the measured peak
value occurs at 726 nm. For comparison, the calculated electric
field enhancement factor is also plotted in Fig. 3(a). It is dem-
onstrated that the field enhancement peak aligns well with the
measured highest PL intensity. Since the direct bandgap of Si is
about 3.4 eV, 2PA dominates interband electron transition
when the wavelength is smaller than 730 nm (1.7 eV); other-
wise, only the 3PA process is allowed. Note that when the
excitation wavelength shifts to shorter wavelengths away from
the resonant peak, the PL intensity exhibits a sharp decline fol-
lowed by a gradual increase. This occurs because the increased
photon energy enhances the probability of stimulated electron
transitions under nonresonant excitation.

In Fig. 3(b), we show the power-dependent PL of bullseye
resonators with different diameters of the center nanopillar.
The excitation wavelength was chosen at 726 nm, which is
optimized for the sample with D � 160 nm. Consequently, a
significant increase in PL intensity occurs when the excitation
power exceeds 1 mW. However, for samples with D � 140
and 180 nm, off-resonant excitation requires threshold powers
of 3 and 2.5 mW, respectively, to induce substantial PL emis-
sion. For theD � 120 and 200 nm samples, where the resonant
wavelength lies farther from the excitation wavelength, signifi-
cant PL enhancement remains difficult to achieve even at
5.5 mW excitation power. Therefore, the results reveal the im-
portance of resonant enhancement at the excitation stage.

Next, we examine the emission characteristics of bullseye
resonators. Figure 4(a) displays the emission spectra under dif-
ferent excitation powers, alongside the corresponding CCD-
captured PL images. A broad emission peak around 580 nm
was observed, resulting in the yellow–green emission spot
shown in the insets. Spectra acquired at 1 and 5 mW excitation
powers are presented at the bottom and top of Fig. 4(a), respec-
tively. The strongest emission peak appears at the wavelength of
∼577 nm, as indicated by the white dashed line. Gaussian fit-
ting reveals that the spectrum consists of six emission peaks
with intensity ratios minimally sensitive to excitation power.

Then, we need to elucidate the formation mechanism of the
emission spectra. In general, the photon-generated hot electron
distribution is consistent with the electric field distribution
after the excitation of femtosecond laser pulses [28,29].
Thus, the emission from the bullseye is equivalent to the over-
lapped radiation of an MD and an MMD [see Fig. 2(d)] at the
center of the circular Bragg grating. The setting of the simu-
lation model is shown schematically in the inset of Fig. 4(b),
in which the two MD light sources were placed above the SiO2

spacer surface with height positions of 130 and 10 nm, respec-
tively. The calculated emission peaks indicated by a black curve
agree with the measured result (under 2 mW excitation) shown
by a blue curve. The only difference is that the experimentally
emitted energy concentrates at dual peaks of 577 and 589 nm.
This phenomenon primarily stems from mode competition,
meaning that under a fixed total emission energy, enhanced
emission in certain wavelength bands to attenuation in others.
The simulation results indicate that the emission efficiency is
higher in the 550–600 nm range. Therefore, the majority of the

Fig. 3. (a) For a bullseye resonator with D � 160 nm, the depend-
ence of the integrated PL intensity on the excitation wavelength is in-
dicated by blue squares; the black curve shows the calculated optical
field enhancement factor for comparison. (b) Power-dependent PL in-
tensity under the excitation of a 726-nm femtosecond laser for bullseye
resonators with different center nanopillar diameters.
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energy is emitted within this band in experiments. However,
the emission spectrum obtained from simulation is normalized
based on the source power spectrum (on the order of
10−15 W), thereby eliminating the influence of variations
in source power with wavelength. The shaded region
(613–650 nm) in the figure corresponds to the transmission
band edge of the dichroic mirror, which contains signal spikes
originating from dramatic changes in interference behavior [30]
and should be discarded as invalid data.

In Fig. 4(c), we calculated the orders of the Bragg condition,
expressed as 2Λneff∕λ, for three distinct SPP modes over the
whole emission wavelength band. Here neff is the model effec-
tive index for SPP modes, and λ is the free-space wavelength.
The parameter neff was computed using a weighted average of
the effective refractive indices governing SPP propagation
through air gaps and Si grating regions [31]. The emergence
of higher-order modes within the Si gratings necessitates solv-
ing for three distinct SPP effective indices (see Fig. 8 in
Appendix B), which are noted as SPP1–3 in Fig. 4(c). It is found
that emission peaks align with the second-order Bragg condi-
tion of the three SPP modes around wavelengths of 584, 535,
and 480 nm. According to the momentum matching relation at
the second-order Bragg condition, the efficient out-coupling
direction is expected to be perpendicular to the plane of the
grating [32–35]. It indicates that most of the radiative power
from the bullseye resonator could be collected by a small-NA
objective.

In the following, we measured the PL spectra of the bullseye
resonator (D � 160 nm) by using an NA-variable oil-
immersion objective (NA = 0.7–1.3); the results are shown in
Fig. 5(a). The PL intensity spectra collected using 1.3 NA and

0.7 NA objectives are represented by the red and blue
lines, respectively. Data in the shaded region of the graph
are disregarded. It can be observed that varying the collection
half-aperture angle has little effect on either the spectral profile
or intensity of the emission. To corroborate the experimental
measurements, we computed the emission spectra of the
bullseye resonator by integrating over the far field within differ-
ent half-aperture angles (α varies from 10° to 64°) as shown in
Fig. 5(b). According to the relationship NA � noil · sin α,
where noil � 1.45, an NA of 0.7 corresponds to a half-
aperture angle of 29°, while an NA of 1.3 corresponds to
64°. As shown in Fig. 5(b), when the far-field half-aperture an-
gle increases from 10° to 29°, the received emission intensity
grows significantly with the angle. However, as the half-aper-
ture angle exceeds 29°, the growth in emission intensity with
respect to the receiving angle slows noticeably, approaching sat-
uration at 50°. Therefore, in theory, all the emitted energy can
be collected within a half-aperture angle of 64°.

To further demonstrate the contribution of the bullseye
structure to emission directivity, the upper panel of Fig. 5(c)
compares the proportion of total emitted energy collected
within different aperture angles for the two magnetic dipole
sources, with and without the bullseye structure. It can be ob-
served that the bullseye structure yields a much higher propor-
tion of received energy at half-aperture angles ≤40° compared
to the case without it. Specifically, the bullseye structure con-
centrates nearly 80% of the emitted energy within a 30° half-
aperture angle, a value 2.6 times higher than the case without
the structure. This highlights the role of the bullseye in
directing the hot electron luminescence from the central Si
nanopillar. The lower panel of Fig. 5(c) shows the PL collection
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Fig. 4. (a) Measured PL spectra of the bullseye resonator (D � 160 nm) with increasing laser power. The spectra of P � 1 and 5 mW are shown
as insets. The black curves represent the Gaussian multipeak fitting of the spectra. Also shown are the corresponding emission images captured by a
CCD. (b) Comparison of the calculated emission spectrum (black curve) with the measured PL spectrum under 2 mW excitation (blue curve). The
gray shade marks the cutting region of the dichroic mirror. The simulation model is shown as an inset, where the central Si nanopillar is replaced by
two magnetic dipole sources oriented along the y axis. (c) Calculated Bragg condition of the SPP modes as a function of wavelength.
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ratio, obtained by dividing the 0.7 NA spectrum by the 1.3 NA
spectrum. Across the emission range of 470–600 nm, the
collection ratio remains above 60%. Notably, within the
570–590 nm spectral region covering the main emission peak,
the ratio remains at approximately 85%. This demonstrates
that the designed bullseye resonator exhibits good vertical emis-
sion characteristics.

Figure 5(d) presents the far-field patterns of emission peaks at
wavelengths of 588 nm (upper panel) and 574 nm (lower panel).
It can be seen that all radiation is collected by the 1.3 NA (64°)
objective, with the primary emission concentrated within a 29°
(0.7 NA) half-aperture angle. For the 588 nm emission mode,
energy is primarily emitted perpendicular to the bullseye resona-
tor (in the 0° direction), demonstrating excellent directional
characteristics. In addition, the 574 nm emission mode exhibits
a doughnut-shaped far-field radiation pattern, with a peak

emission half-angle of 10°. These simulation results further
confirm that the designed bullseye resonator exhibits good direc-
tional emission characteristics within a 29° half-aperture angle.

3. CONCLUSION

In summary, we have designed and fabricated Si bullseye
resonators on a SiO2∕Au substrate, which is compatible with
standard nano-fabrication techniques, demonstrating their
capability for broadband directional enhanced hot electron
luminescence. The central Si nanopillar enhances excitation
efficiency via MD and MMD modes under the femtosecond-
laser-driven 2PA. In the meantime, based on the second-order
Bragg condition, the gratings efficiently out-couple propagating
SPP modes into distinct spectral peaks, generating enhanced
emission. Experimental validation confirms that a 0.7 NA
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Fig. 5. (a) PL spectra collected by objectives with 1.3 NA (red) and 0.7 NA (blue). A gray shade marks the cutting region of the dichroic mirror.
(b) Emission spectra calculated within different far-field collection angles (normalized to the total emission spectrum over the upper hemisphere),
where the 29° and 64° half-aperture angles correspond to the conditions of using a 0.7 NA and a 1.3 NA oil-immersion objective, respectively.
(c) The upper panel is the calculated power of the whole emission spectra (from 420 to 650 nm) within different aperture angles with bullseye
resonator (blue) and without bullseye resonator (red); the values are normalized to the total power emitted into the upper hemisphere. The lower
panel is the PL collection ratio obtained by dividing the measured 0.7 NA spectrum by the 1.3 NA spectrum. (d) Far-field radiative patterns of the
typical emission peaks at the wavelengths of 588 (upper panel) and 574 nm (lower panel). The solid line shows the emission intensity along various
polar angle directions in the x−z plane, while the contour map represents the intensity distribution on the upper radiating hemisphere.
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objective collects more than 60% of emitted energy across
the 470–600 nm wavelength band. Importantly, within the
570–590 nm spectral region covering the main emission peak,
the collection efficiency remains at approximately 85%. This ar-
chitecture uniquely provides concurrent enhancement of Si pho-
toluminescence at both excitation (resonance-driven) and
emission (grating-collimated) stages, offering a practical pathway
toward realizing efficient, directive, mode-selective light sources
for silicon-integrated photonics.

APPENDIX A: SAMPLE FABRICATION

In this work, we transferred the thin monocrystalline 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 Fig. 6(a)]. First, a 100-nm-thick Au film and a
15-nm-thick SiO2 film were deposited sequentially on an SOI
wafer comprising a 220-nm-thick Si film on a 2-μm-thick SiO2

substrate. Then, an ultraviolet (UV) 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 UV light to cross-link the adhesive for 4 h.
In order to achieve optimum adhesion, the sample was baked
beforehand at 50°C for 1 day. The Si substrate was then
removed by chemical polishing and dry etching. Finally, the
c-Si on quartz substrate was obtained by removing the SiO2

substrate of the SOI wafer with hydrofluoric (HF) acid.
Patterning of bullseye resonators was realized by using

the combination of electron-beam exposure of positive resist
and dry etching. The sample was first spin-coated with a
400-nm-thick resist for 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
(Plasmalab System 100 ICP 180, Oxford Instruments).
Lastly, to eliminate the nonradiative recombination centers in-
duced in the fabrication process, the fabricated bullseye reso-
nators were covered with a 5-nm-thick Al2O3 layer by using an
atomic layer deposition system (SUNALE R-150, Picosun).
The morphologies of bullseye resonators were characterized
by using scanning electron microscopy (Ultra 55, Zeiss), as
shown in Figs. 6(b) and 6(c).

APPENDIX B: NUMERICAL SIMULATION

The field enhancement and emission spectra were calculated by
using the FDTD method based on the commercial software
Lumerical. The entire simulation model contains 24 grating
periods. A perfectly matched boundary condition was em-
ployed to terminate the simulation region. The refractive indi-
ces of dielectric materials and Au were taken from Ref. [36] and
the CRC Handbook of Chemistry and Physics [37], respectively.
A monitor covering the entire sample area is positioned 460 nm
above the bullseye to record the emission spectrum. The emis-
sion source is equivalently simulated as two equal-intensity
y-oriented MD light sources located at the center of the circular
Bragg grating. Their heights above the SiO2 substrate are
130 and 10 nm, respectively. The far-field emission was calcu-
lated by using a near-to-far field transformation based on the
field distributions obtained by the monitor.

The simulations for SPP modes were conducted in
COMSOLMultiphysics employing the finite element method.
The bullseye resonator is simplified as a one-dimensional Bragg
grating with periodic modulation along the x axis. This model
allows us to investigate its backscattering effects on SPP modes
propagating laterally. The model incorporated a 20-unit-cell
Bragg grating structure with geometric parameters matching
the bullseye resonator’s concentric rings. Perfectly matched
layers bounded the computational domain to suppress boun-
dary reflections. Excitation was achieved via boundary mode
analysis, launching an SPP wave propagating rightward from
a port offset 200 nm from the edge of the first grating unit.
The backscattering ratio is defined as jR port�Ec −E spp ·E�

spp�dA∕R
port�E spp ·E�

spp�dAj2, where E spp is the input SPP field and Ec
is the computed electric field on the port consisting of the SPP
field and the backscattered field. Figure 7(a) shows the back-
scattering spectrum of the SPP produced by the Bragg grating.
Starting from 650 nm, the backscattering ratio increases with
wavelength, reaching its maximum at 746 nm. Subsequently, it
exhibits an oscillatory decline as the wavelength continues to
grow. This trend aligns with the variation of the maximum field
enhancement factor in the bullseye structure shown in Fig. 2(b)
of the main text. These results demonstrate that the back-
scattering enhancement induced by the Bragg grating can
strengthen the optical field localization capability at the center
of the bullseye resonator. Figures 7(b)–7(d) illustrate the elec-
tric field amplitude distributions at three characteristic wave-
lengths: 728, 746, and 770 nm, respectively. At 746 nm, the
electric field primarily exists as SPP modes, with significantly
weaker radiation in the obliquely upward direction compared
to those in the cases of 728 and 770 nm.

Fig. 6. (a) Procedure for fabricating bullseye resonators on a
SiO2∕Au substrate. (b) Top view of the whole bullseye resonator
(D � 160 nm). (c) Magnified view of the bullseye’s central area
(D � 160 nm).
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The effective refractive indices (neff ) of SPP modes were cal-
culated using the boundary mode analysis module in
COMSOL Multiphysics. Within the grating gap regions, only
one SPP eigenmode exists, with its out-of-plane electric field
component (Ez) distribution shown in Fig. 8(a). However,
three distinct SPP eigenmodes emerge inside the Si grating
ridges, ordered by descending neff values. Their corresponding
Ez distributions are presented in Figs. 8(b)–8(d). When inter-
acting with the grating structure, the average neff experienced
by SPPs is governed by the following expression [31]:

neff � n�0�eff

�
Λ − T
Λ

�
� n�i�eff

�
T
Λ

�
�i � 1,2,3�,

where n�0�eff represents the effective index of the SPP mode in the
air gap region, and n�i�eff represents the effective index of the SPP
modes in the Si grating ridges.

APPENDIX C: OPTICAL CHARACTERIZATION

The optical properties of the bullseye resonator were characterized
by using an inverted microscope (Observer A1, Zeiss) equipped
with white light and femtosecond laser light as excitation sources.
The system is shown schematically in Fig. 9. For the characteri-
zation of nonlinear optical responses, we used 726-nm femtosec-
ond laser pulses with a duration of 130 fs and a repetition rate
of 76 MHz (Mira HP, Coherent) to excite the Si bullseye. The
excitation light was focused on Si bullseye resonators by using a
100 × NA-variable oil-immersion objective (NA = 0.7–1.3) of
the microscope (refractive index of the oil noil � 1.45), and
the hot electron luminescence emitted from Si bullseye resonators
was collected by using the same objective and directed to a spec-
trometer (SR-500i-B1, Andor) for spectral analysis or to a charge-
coupled device (DU970N, Andor) for imaging.
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