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Loss Control with Annealing and Lattice Kerker Effect in
Silicon Metasurfaces

Libei Liu, Feifei Zhang, Shunsuke Murai,* and Katsuhisa Tanaka

1. Introduction

The manipulation of light field at nanoscale has been widely
resorted to the metallic nanoparticles (NPs) in the past two dec-
ades.[1] The wide appeal of metallic NPs depends on its collective
oscillation of free electrons or surface plasmons, which results in
a strongly localized electromagnetic field in the vicinity of metal-
lic NPs. However, the major hurdle that hinders the applications
of metallic NPs is the intrinsic loss of metal and plasmonic reso-
nance (the energy transfer from light fields to the kinetic energy

of free electrons always brings some
losses).[2] Therefore, recent advances in
nanophotonics have witnessed the emer-
gence of dielectric NPs of high refractive
indices with a low loss.[3–5] Contrary to
the metallic NPs, both electric and mag-
netic modes exist in the dielectric
resonators, showing a novel optical phe-
nomenon and unique functionalities by
tuning the electric dipole (ED) and mag-
netic dipole (MD) resonances (known as
Mie resonances[6]), through tailoring the
geometry and the spatial distributions of
the individual resonators. The spectral
overlap of ED and MD with equal intensi-
ties generates a scattering directionality,
the so-called Kerker effect.[7] Precisely,
the first Kerker condition brings zero-
backward scattering, while the second con-
dition results in zero-forward scattering.[8,9]

When such NPs are placed into a periodic
array, the periodicity of the lattice gives
extra freedom in designing the transmit-
tance/reflectance/absorptance. The radia-
tive coupling of the dipoles in periodic

arrays is mediated by in-plane diffraction, leading to collective
Mie scattering resonances or Mie surface lattice resonances
(SLRs).[10] Further, the interference between ED and MD
via SLR results in the lattice Kerker effect with
zero transmittance/reflectance and perfect absorptance. Such
optically functional metasurfaces are referred as Huygens’
metasurfaces.[11]

Silicon is a representative dielectric material used for the
ingredient of metasurfaces because of its high refractive index
and established nanofabrication techniques that have been devel-
oped in the fields of electronics and semiconductor devices.
There are several standard techniques to grow Si films for meta-
surface, and the final optical performance of the metasurfaces
critically depends on the film quality. The most sophisticated
technique is chemical vapor depositions (CVDs), which are based
on thermal or plasma decomposition of SiH4 gas. Crystalline (c-)
Si and amorphous (a-) Si can be prepared with this process and
applied to (opto)electric devices such as solar cells. The Si film
can also be prepared from bulk Si targets using sputtering and
electron beam deposition techniques. It is a very easy route
compared with CVD involving toxic SiH4 gas, but the film quality
is generally low, that is, the film is amorphous and contains
many defects. The film is highly absorptive, which smears out
the resonance when used for the source of metasurfaces.
Consequently, the optical performance of metasurfaces made
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The resonant phenomena of metasurfaces highly depend on the scattering
strength of each component and their interferences. The losses modify the phase
and reduce the amplitude of all multipoles; thus, the loss control is vital for
obtaining the designed properties. Amorphous (a-)Si has a higher absorption
coefficient than that of the crystalline form, which limits its optical application. A
simple rapid thermal annealing (RTA) path to refine the a-Si metasurfaces is
found. It is applied to the sputtering-made a-Si metasurface comprising square
array of nanodisks. While the large loss smears out the resonances for the as-
made metasurface, the sharp and near-zero reflectance with near-perfect
absorptance is achieved after RTA, satisfying the lattice Kerker condition via the
interference of magnetic and electric dipoles. At the lattice Kerker condition, the
forward-enhanced and backward-reduced directional photoluminescence is
observed from the emitter layer deposited on the metasurface. The numerical
results are all found to be in good agreement with the experimental results, and
the multipole expansion analysis for the single nanodisk gives the physical
background of this observation. This refinement of a-Si metasurfaces by RTA
treatment paves the simple and robust way for realizing thrilling optical and
optoelectrical applications, such as detectors and filters.
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from sputtered/electron beam-deposited Si is not high in most
cases.

Here we demonstrate a robust way of improving the optical
performance of sputter-originated Si metasurfaces by postheat-
ing using the rapid thermal annealing (RTA) technique.
Extrinsic optical losses in nanophotonics come frommicroscopic
disorders of crystal structures, that is, defects[12–16] and macro-
scopic surface roughness of the nanostructures.[17–19] One way
of reducing the losses of metasurfaces is to start from high-
quality thin films[20] for fabrication. However, the microscopic
defects and/or macroscopic surface roughness can be introduced
during the nanofabrication process. It is noted that RTA is appli-
cable to the metasurfaces fabricated from thin films of any qual-
ity. RTA has been reported to be an effective way to improve the
optical performance of nanostructures through the reduction of
the number of defects.[21,22] For metallic NPs, the blueshifted
plasmon frequency and reduced damping factor in the
Drude�Lorentz-type dielectric function lead to the blueshifted
and narrowed plasmonic resonances after RTA.[12,14,16] For Si,
RTA is known to be effective for crystallization of amorphous
films,[23] but the application to metasurfaces is very limited.[15]

In this report, we experimentally show that the RTA can refine
the sputter-made a-Si so as to retain the optical constants close to
c-Si. With the capability of optical constant refinement by RTA,
we design and experimentally demonstrate that the sputter-orig-
inated Si metasurface shows the lattice Kerker effect. The Si

nanodisk array after RTA sustains sharp SLRs with ED and
MD, which cross at a specific angle defined by lattice periodicity.
At the crossing condition, the near-zero reflectance and near-
perfect absorptance due to lattice Kerker effect appear. We fur-
ther demonstrate a highly directional photoluminescence (PL)
from the thin emitter layer deposited on the metasurface by mak-
ing use of the reciprocal process of near-zero reflectance: The PL
shows a distinct peak in the forward direction, while it is reduced
in the backward direction at the lattice Kerker condition. The
finite-difference time domain (FDTD) method and the multipole
expansion are used to give the physical interpretation.

2. Results and Discussion

2.1. Optical Dispersion Before and After RTA

The designed metasurface comprises the a-Si nanodisks with a
diameter of 270 nm and a height of 90 nm, arranged in a square
lattice with a period of 340 nm (see Section 1, Supporting
Information, for the fabrication details). The periodic arrange-
ment induces SLRs coupling the local Mie resonances, both
ED and MD, through diffraction orders. Polarized illumination
enables selective excitation of ED-/MD-coupled SLRs, and disper-
sive nature of the SLRs enables the fine tuning of the spectral
overlap between them.[15] The fabricated Si nanodisk array,
shown in Figure 1a, confirms the as-designed array geometries,

Figure 1. Top-View SEM images of Si nanodisk array a) before and e) after RTA. Experimental b,f ) transmittance (T ), c,g) reflectance (R), and
d,h) absorptance (A) spectrum of the Si nanodisk arrays before/after the RTA for TM-polarized light, that is, the electric field oscillating along the
x-direction, as a function of θin defined in the z� x plane. The plot ranges of R and A are limited to θin ≥ 10� due to the working range of the rotation
stage. The white dashed lines denote the diffraction orders.
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but the nanodisks possess rough sidewalls and some pimples on
the surface.

We measured the zeroth-order transmission by a collimated
and polarized beam, where the nanodisk arrays were immersed
in index-matching oil (n¼ 1.46) to provide an optically homoge-
neous environment. The measurement was conducted using a
home-built rotation stage setup (see the sketch in Figure S1a,
Supporting Information). The transmission spectra of the as-
made a-Si metasurface for TM-polarized light, where the electric
field is polarized along the x-axis (see the inset of SEM images in
Figure 1 for the coordinate), are shown in Figure 1b as a function
of the angle of incidence (θin). Three dips appear at λ¼ 500, 688,
and 765 nm at θin ¼ 0�. Also plotted as the white dashed lines are
the Rayleigh anomalies, satisfying

k0 ¼ kxðθinÞ �Gðm1,m2Þ (1)

where k0 is the wavevector of the in-plane diffracted orders, kx is
the in-plane component of the incident wavevector, which
depends on the incident angle θin, and Gðm1,m2Þ ¼
ð2π=aÞðm1~x þm2~yÞ is the reciprocal lattice vector with m1 and
m2 defining the diffraction orders in the x- and y-directions,
respectively. As θin deviates from 0�, the dip at λ¼ 688 nm splits
and follows the dispersions of (m1,m2)¼ (�1, 0) and (0, �1) dif-
fraction orders. Under TM illumination, the EDs along the x-axis
(EDx) are excited in each disk, which preferentially couple to
(0, �1) orders.[10] Meanwhile the MDs along the y-axis (MDy)
couple to (�1, 0) orders. The split of the mode at λ¼ 688 nm
following (�1, 0) and (0, �1) means that it consists of both
EDx and MDy components. Meanwhile, the dip at λ¼ 765 nm
and θin ¼ 0� is almost dispersionless, indicating this mode con-
sists of EDx. Interestingly, this EDx mode at λ¼ 765 nm crosses
the dispersive MDy mode at around θin ¼ 20�, as shown in
Figure 1. We revisit the origin of the mode later using the multi-
pole expansion analysis.

We further examine the optical properties by measuring
reflectance (R) and absorptance (A ¼ 1� T � R) around the
crossing region (Figure 1c,d). A reflectance/absorptance feature
appears along the SLRs. Nevertheless, the resonances are so
broad that the Kerker effect is not obvious, which is due to
the large loss of the a-Si nanodisks. The metasurface also shows
a broad and featureless resonance below λ¼ 600 nm, which is
affected by ED and higher-order modes, and we will not focus
on them in this work.

After the RTA treatment (at 1000 �C for 20min in H2 (3 vol%)
/Ar), the sidewalls of the nanodisks are slightly smoothed (see
scanning electron microscope (SEM) image in Figure 1e), which
could reduce the radiation loss.[19] A zoom-up image on the sin-
gle nanodisk in the inset indicates that the diameter of nanodisk
is slightly increased, which will be investigated in the following
subsection. The RTA brings a drastic change in optical transmis-
sion, as shown in Figure 1f. The resonances are entirely
blueshifted with the increase in background transmission.
Both the MD- and ED-SLRs are more distinct and appear as nar-
row resonant peaks at normal incidence at λ¼ 600 and 666 nm
with the minimum transmittance of 13% and 18%,
respectively. In the reflectance spectra (Figure 1g), ED-SLR
shows high reflectance, while MD-SLR is less reflective, and
the crossing region appears as a line with low reflectance.

In the absorptance map (Figure 1h), the MD-SLR and the disper-
sionless EDx cross at λ ¼ 666 nm and θin¼ 20∘, where the
absorptance hits the maximum around 0.77 while the reflectance
is minimal. This indicates that the constructive interference of
the two mode increases the absorptance and suppresses the
reflectance.

As for TE polarization, the results are summarized in
Figure S1, Supporting Information. The radiation of the scat-
tered field of EDy is maximum in the x-direction, coupling
preferentially to the (�1, 0) diffraction orders as the incident
angle is changed in the z� x plane. After the RTA, the dispersive
feature of ED-SLRs due to this coupling is observed in
Figure S1e, Supporting Information, while MDx couples to
the (0, �1) diffraction orders and shows nondispersive MD-
SLRs at λ � 600 nm. At an oblique incidence, the symmetry-
protected bound state in the continuum (BIC) mode emerging
from MDz becomes leaky mode and appears at λ � 760 nm.[15]

2.2. RTA-Induced Crystallization

The crystallization of a-Si is obvious from the cross-sectional
transmission electron microscope (TEM) analysis (Figure 2a,c).
The emergence of the polycrystalline phase is evidenced by
the fast Fourier transfer analysis on the TEM images, as shown
in Figure 2b,d. The surface roughness is also examined by atomic
force microscope, showing that the surface is slightly smoothed
after RTA (see Figure S2, Supporting Information). The nano-
disk was identified as polycrystalline Si and covered by a uniform
oxide layer. We confirm that the surface is indeed oxidized by
removing the surface oxide layer by immersing it in an aqueous
hydrofluoric (HF) acid solution. The transmittance in an immer-
sion oil (n ¼ 1.46) is nearly unchanged after the HF treatment,
even though the SEM image clearly shows the shrinkage of the
diameter (see Figure S3c,d, Supporting Information). The crys-
tallization of a-Si after RTA is detected by X-ray diffraction (XRD)
and Raman spectroscopy for the thin film (see Figure S4,
Supporting Information), which confirms the internal structural
changes brought up by RTA. After RTA, the sharp XRD peaks
appear on the single broad halo pattern from the glass substrate,
and the clearly narrowed Raman peak around 520 cm�1 proves
the improved crystallinity of Si.

We determine the refractive index n and extinction coefficient
k of a-Si before and after RTA by spectroscopic ellipsometry of
the thin film. As presented in Figure S5, Supporting
Information, the data are compared with the representative refer-
ences of c-Si,[24] a-Si,[25] and a-Si:H.[26] The dielectric function
changes drastically by the RTA treatment: n of a-Si approaches
that of c-Si because of crystallization. Before RTA, a-Si has a pro-
nounced k due to the disorder-induced broadening of its
bands[27] and greatly reduced k is observed for the RTA-treated
a-Si, which indicates the decreased number of defects and
appearance of the crystalline phase in a-Si. It is noted that the
n and k of the sputter-made thin film after RTA are comparable
with those of the polycrystalline Si deposited by CVD. The RTA
allows to obtain high-quality Si films while avoiding the use of
toxic SiH4 gas. We also examined the effects of the temperature
and time of RTA, as summarized in Figure S6, Supporting
Information.
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The ellipsometry measurement also clarifies that the film
becomes thinner after treatment, which indicates the increase
in the density of the film. The sputter-made film is amorphous
and the Si atoms are packed less densely than the crystalline Si,
and heat treatment densifies the packing by removing the possi-
ble inside voids. It is also confirmed that the film is coated with a
thin (�10 nm) layer of silicon oxide, as often observed especially
after high-temperature treatment.[28–30]

2.3. Numerical Simulations

The experimental features, including the emergence of the lattice
Kerker effect after RTA, can be well reproduced by the FDTD
simulation. We extract the geometry of the nanodisk from the
TEM images. In the simulations, the Si core of the nanodisk after
(before) RTA was defined as upper diameter¼ 282 (280) nm, bot-
tom diameter¼ 244 (248) nm, and height¼ 85 (90) nm. Note
that the surface oxide layer (around 10 nm) has a similar refrac-
tive index with the homogeneous background of n¼ 1.46; thus,
we ignore its effect in the simulation. The dispersive values of
n and k of Si before and after RTA are adopted by our experimen-
tal results (Figure S5, Supporting Information). We also ignore
the surface roughness of the nanodisks.

The corresponding simulated results for TM polarization dis-
played in Figure 3 are in excellent agreement with the experi-
mental results in Figure 1. For the as-made a-Si metasurface
(Figure 3a–c), the broad features appear in transmittance/
reflectance/absorptance maps. Their drastic changes by RTA
are clearly reproduced. This indicates that the change of optical
constants accompanying the crystallization is the main reason for

the drastic change in optical response. At θin¼ 22∘, where the
MD- and ED-SLRs overlap, near-zero reflectance, or near-zero
backscattering, is observed, because the first Kerker condition
is satisfied. However, the refined a-Si arrays still shows a small
but finite loss at this wavelength, leading to the near-perfect
absorptance of 90% at θin¼ 22∘ (see Figure 3f ) in simulation
and 77% in experiment. We note that the imperfect fabrication
of the nanostructures (see Figure 1a,e) causes additional scatter-
ing losses, which are indeed responsible for the discrepancy
between experiment and simulation, including the slight
mismatch in the angle of near-zero reflectance/near-perfect
absorptance, that is, θin¼ 20∘ and 22� for the experiment and
simulation, respectively.[19]

For the sake of completeness, we also perform the simulation
for TE polarization, both before and after the RTA. The results,
summarized in Figure S7, Supporting Information, show that
the agreement between the simulation and the experiments is
also excellent.

2.4. Lattice Kerker Condition

In periodic lattices, we can control ED- and MD-SLRs indepen-
dently and bring them into overlap by tuning the array dimen-
sions[11] and/or the angle of incidence.[31,32] In the present work,
oblique incidence of TM polarization changes the spectral
position of MD-SLR; thus, the MD-SLR and ED-SLR interfere
at θin¼ 20∘ at λ¼ 666 nm, where the lattice Kerker effect is
achieved after RTA. The lattice Kerker effect appears as the sharp
dip in transmittance (Figure 4a) and reflectance (Figure 4b) and
the peak in absorptance (Figure 4c). Precisely speaking, the

50 nmx

z

50 nm

(a) (b)

(c) (d)

Figure 2. Cross-sectional TEM images of the sample a) before and c) after RTA. The corresponding FFT diffraction patterns b) before and d) after RTA
from the red dotted boxes in (a) and (c).
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absorptance is not unity and reflectance slightly remains. This is
due to the unequal magnitudes of MD and ED, as will be exam-
ined for the single nanodisk analysis. The electric field distribu-
tions at λ¼ 666 nm in the z� x and y � z planes shown in
Figure 4d further confirm that light energy is highly confined
around and inside the Si nanodisk. The magnetic field is highly
confined inside the nanodisk, leading to the near-perfect
absorptance at this condition.[33]

Perfect absorbers have gained great attention in recent years,
because of their potential applications in optoelectronics such
as sensors, thermal emitters, solar cells, and thermo�
photovoltaics.[33–36] Most widely studied perfect absorbers com-
prise multiple-layer structures, including dielectric/metallic res-
onators on back reflectors,[37,38] metal�insulator�metal,[39–44]

and multilayer Fabry�Perot cavity structures.[45] Alternatively,
single-layer dielectric periodic arrays can achieve perfect absorp-
tion with much simpler geometries, utilizing the Kerker effect
with finite absorption by each nanodisk. The relevant researches
have been emphasized in GHz,[46] THz,[47–50] and infrared,[51]

while single-layer dielectric perfect absorbers in the visible region
is limited. Moreover, many of the preceding works in the near-
infrared and visible regions employ a-Si[33] and a-Ge[51] to absorb
light, wherein the photocarrier generation is less effective com-
pared with the crystalline counterparts. Our metasurface,

comprising c-Si after RTA, shows the narrow near-perfect
absorptance in the visible region (at λ¼ 666 nm with full width
at half maximum¼ 10.9 nm), manifesting the comparable
characters to the preceding absorbers. This feature is useful
for filters and/or detectors that cut and/or pick up signals coming
from the specific angle.

2.5. Directional Emission Associated with the Lattice Kerker
Effect

The coupling of PL with Kerker effect and related bound states in
the continuum (BIC) can bring about an anisotropic emission
that breaks out-of-plane symmetry.[52–58] We elucidate the
metasurface-induced modulation of PL by depositing a thin
light-emitting layer on top of the metasurface (see Section 1,
Supporting Information, for the deposition process and the layer
composition). The sample was excited by a blue laser
(λ¼ 440.6 nm) and the emission was collected by a detector rotat-
ing around the sample so as to measure the spectra as a function
of emission angle (θem) defined in the z� x plane (see the sketch
in the inset of Figure 5a for the experimental configuration). The
enhancement is defined as the emission intensity divided by that
from the emitter layer on an unstructured silica glass substrate,
which is the reference. The PL enhancement for the as-made a-Si

Figure 3. Calculated a,d) transmittance (T-Cal), b,e) reflectance (R-Cal), and c,f ) absorptance (A-Cal) spectrum of the Si nanodisk arrays before/after the
RTA for TM-polarized light as a function of θin. The white dashed lines denote the diffraction orders.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 3, 2100235 2100235 (5 of 9) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202100235 by C

ochrane Japan, W
iley O

nline L
ibrary on [12/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.advancedsciencenews.com
http://www.adpr-journal.com


metasurface is very low in the entire range of θem, as described in
Figure S8, Supporting Information, together with the absorption
and PL spectra of the reference.

In contrast, the notable features appear in the after-RTA sam-
ple (Figure 5a). For this measurement, we used the metasurface
with a slightly smaller disk diameter than examined in the pre-
vious sections, so that the lattice Kerker condition blueshifted to
λ¼ 650 nm at θin ¼ 25� and showed a better overlap with the PL
spectrum of the emitter layer. In the colormap in Figure 5a where
the PL enhancement is plotted in a range of �10∘ ≤ θem ≤ 190∘,
the broad and dispersionless line appears along the ED-SLR
(λ �650 nm), while the sharp and dispersive lines of PL enhance-
ment emerge along the MD-SLRs. These enhancements come
from the outcoupling effect,[59] where the PL from the emitter
layer is scattered out via coupling with MD- and ED-SLRs.
The dispersion relations of the ED- and MD-SLR are the same
at both sides of the sample, and thus the PL enhancement is sym-
metric with respect to the data at θin ¼ 90�. However, a difference
is found at the lattice Kerker condition where the ED and MD
cross: the PL is relatively weakened at the lattice Kerker condition
at θem¼ 25∘, while it is enhanced at 155�. The polar plot in the
inset showing the PL enhancement at λ¼ 653 nm further visual-
izes this anisotropic emission. Given the experimental geometry
as depicted in the inset, the PL coupled to the backward scatter-
ing by the metasurface is detected at θem ≤ 90∘, while that
coupled to the forward scattering θem ≥ 90∘. The decrease and
increase in PL intensity at θin ¼ 25� and 155� are the consequen-
ces of the lattice Kerker effect. These modulations of the PL are

better compared by the cuts at the lattice Kerker condition in
Figure 5c. In the backward direction, the destructive interference
of the MD and ED cancels PL emission at λ �650 nm, while the
constructive interference in the forward direction leads to the PL
enhancement at this wavelength.

For the TE component (Figure S9, Supporting Information),
the PL enhancement is larger after RTA, as is the case for TM
component. The enhancement is up to 6 times though, because
of the absence of lattice Kerker effect for TE component.

The PL decay can also characterize this refinement. The
change in the PL decay could come from the change in radiative
and/or nonradiative decay rates illustrated by the Purcell
effect.[60] The PL decay curves of the emitter layer on a-Si nano-
disk arrays before and after RTA treatment (see Figure S10,
Supporting Information) show that the influence of RTA on
the decay rate is small. Compared with the PL lifetime of the
emitter layer on an unstructured glass (τ¼ 5. 54 ns), the drop
in lifetime for the layer on the metasurface before (τ¼ 4.
77 ns) and after (τ¼ 4. 89 ns) RTA is less than 15%. This indi-
cates that the Purcell effect is still small in the present
metasurfaces.

2.6. Optical Response of the Individual Nanodisk

2.6.1. Optical Cross Sections

We can take a glance at the optical response of the whole arrays
by investigating the scattering behaviors of an individual

Figure 4. Optical response at the lattice Kerker condition for the Si nanodisk array after RTA. Experimental and calculated data at θin ¼ 20� and 22� are
plotted as solid and dotted lines respectively for a) transmittance, b) reflectance, and c) absorptance. d) Calculated spatial distributions of the electric and
magnetic fields upon illumination at λ¼ 666 nm with θin ¼ 22�.
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nanodisk. The total scattering and absorption cross sections of a
single Si nanodisk, both before and after RTA, are depicted in
Figure 6a. The total scattering cross section (solid curves) varies
significantly, where the main dip at λ¼ 752 nm (black) for the as-
made disk blueshifts to 640 nm (red) after the RTA treatment.
Absorption cross section, represented as the dashed curves,
decreases after RTA in the entire range of calculation. The
decrease is remarkable especially at longer wavelengths, where
SLRs appear in the array. This explains the appearance of sharp
and distinct features after RTA. The radiation patterns at the
main peaks and dips are plotted in Figure 6b: The lightwaves
with respective wavelengths are incident on the top side at
θin ¼ 0 �, and the scattering profile is presented as a 3D polar plot.
Note that the scattering field at λ¼ 640 nm, the dip of scattering
cross section after RTA, presents the smallest and the forward
scattering dominates (Figure 6b).

2.6.2. Exact Multipole Expansion

To better understand the scattering performances of an individ-
ual Si nanodisk, we calculate the scattering cross section as sum-
mations of the electromagnetic multipoles contributions, based
on the work of Alaee et al.,[61–63] The inducedmultipole moments

are computed using the equations expressed by the induced
electric current density.

JωðrÞ ¼ iωϵ0ðϵr � ϵdÞEωðrÞ (2)

where Eωðr) is the local electric field distribution, ϵ0 is the per-
mittivity of free space, and ϵr is the relative permittivity of the Si
obtained by the experimental measurement(see Figure S5c,d,
Supporting Information). We assume ϵd¼ 1.462 as the homoge-
neous surrounding medium. For high-refractive-index materials,
higher-order modes have negligible contribution to the scatter-
ing, and hence, in this work, only ED, MD, electric-, and mag-
netic-quadrupole (EQ andMQ) have been considered for the sake
of simplicity. Figure 6c,d shows the multipole contributions to
the total scattering cross section of individual Si nanodisk.
While the total scattering cross sections in Figure 6a are calcu-
lated by integrating the energy flux around the Si nanodisk, they
agree well with the results from mode decomposition in
Figure 6d, suggesting a very decent approximation as the contri-
butions from higher-order modes are negligible.

Three peaks appear in the total scattering spectrum after RTA
in Figure 6d, with the first weaker peak at λ¼ 448 nm and the
second peak at 575 nm, as a combined contribution from ED,

Figure 5. a) PL enhancement spectrum for TM-polarized light as a function of θemð�10∘ � 190∘ ) for the Si nanodisk arrays after the RTA treatment. As an
emitter to couple with the metasurface, a polymethyl metacrylate (PMMA) layer containing 9 wt% lumogen F red 305 (thickness:�80 nm) was deposited
on the Si nanodisk array. The sample was excited by a blue laser at a fixed incident angle θin¼ 60∘ at the substrate side. The PL enhancement is defined as
the emission intensity divided by that from the emitter layer on an unstructured silica glass substrate, which is the reference. The top inset shows the
sketch of the experimental geometry. The bottom inset picks up the PL enhancement at λ¼ 653 nm as a function of θem. b) The details for PL enhance-
ment spectrum around the lattice Kerker conditions between 14∘ � 36∘ and 144∘ � 166∘ with a step of θem¼ 0.3∘. c) The comparison of PL spectra
between backward and forward emission extracted at the θem of 25� and 155�, respectively. PL spectra of the reference are also shown.
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MD, EQ, and MQ, while the other peak at 750 nm is from ED.
Note this ED term includes a common ED and the higher-order
responses, a toroidal dipole (TD).[63,64] The scattering dip at
around 640 nm can be ascribed to the partial destructive interfer-
ence between the ED and TD, which suppresses the total ED
(EDþ TD) contribution in the scattering cross section, that is,
close to the anapole excitation condition.[65] Furthermore, the
magnitude of MD nearly matches with ED at λ¼ 640 nm, offer-
ing the possibility to suppress the backward scattering through
their interference when they overlap, as illustrated in Figure 6b.
Indeed, the fine tuning of the spectral positions of ED and MD
via SLR brings the lattice Kerker condition as observed in the
array.

3. Conclusion

We verify the drastic improvement of optical performance of
sputter-made Si metasurfaces by a simple heat treatment. The
dielectric function of a-Si approaches that of poly-Si after
RTA, accompanying the crystallization. Consequently, a narrow-
band near-zero reflectance and near-perfect absorptance (with a
Q-factor �60) due to the lattice Kerker effect, which is hidden in
the as-made a-Si metasurface, emerges after RTA. Multipole
analysis for the single-Si nanodisk confirms that the magnitude
of ED is decreased by the interaction with TD to be similar to that
of MD around the Kerker condition. Further, we achieve aniso-
tropic radiation of PL into the forward direction at the lattice
Kerker condition. The set of sputter-made a-Si metasurfaces
and the conversion into c-Si via postannealing is a robust and

powerful way of preparing high-optical-performance Si-based
metasurfaces and have significant potential applications in thin
and efficient optical components including filters, detectors, and
reflectors.
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Figure 6. a) Total scattering (Sca.) and absorption (Abs.) cross sections and b) radiation patterns of the single nanodisk calculated for before RTA (black
box) and after RTA (red box). The plane divides the radiation space into forward and backward direction, and the incident wavevector k is indicated on the
right. Multipole modes of expansion of the total scattering spectra of an individual Si nanodisk c) before RTA (black box) and d) after RTA (red box): ED

(blue circles), Cp
sca; MD (yellow circles), Cm

sca; electric quadrupole (green circles), CQe

sca; magnetic quadrupole (purple circles), CQm

sca ; and total scattering
spectrum, Ctotal

sca (dark dot line).
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