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Fig. 1. Schematic diagram (a) and reflection spectrum (b) of the all-dielectric metamaterial reflector, and two physical mechanisms
are described: guided mode resonance (c)—(e) and quasi-normal mode (f)—(h). (a) The schematic diagram of the metamaterial re-
flector with grating structure; (b) the reflection spectrum at normal incidence; (c¢) the schematic diagram of the leaky mode,
propagating along the z-axis and simultaneously leaking to the upper and lower sides of the grating; (d) the leaky mode decays ex-
ponentially with the propagation distance; (e) the dispersion relation of the leaky mode, where GMR1 and GMR2 correspond to the
resonances of the two reflection dips in Figure (b), respectively; (f) the schematic diagram of the quasi-normal mode, the diverge of
the mode with increasing |z| represents the leakage of energy; (g) the quasi-normal mode decays exponentially with time; (h) the ei-

genfrequencies of the quasi-normal modes and the reflection spectra formed by them alone will eventually form the reflection spec-

tra shown in Fig. (b) due to the coupling between the modes.
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Fig. 2. (a) Schematic of the metamaterial reflector composed of discrete silicon (Si) cylinders with the lattice constant A = 0.65 um ;

(b) simulated reflection spectrum as a function of the cylinder height H when the cylinder diameter is fixed as D = 0.48 um, a

widest near-perfect reflection band is observed when H = 0.41 pm; (c) simulated reflection spectrum as a function of the cylinder

diameter D when the cylinder height is fixed as H = 0.41 pm, it can be seen that the near-perfect reflection band reaches a maxi-

mum bandwidth when D = 0.48 pm; (d) the reflection spectrum of the optimized structure with H = 0.41 pm and D = 0.48 pm,

corresponding to the white dashed lines in Figs. (b), (c¢), and the shadow region corresponds to the near-perfect reflection band

where R > 0.95.
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Fig. 3. (a) Dispersion relationship of the metamaterial re-
flector with optimized structural parameters, where k is the
wave vector component along z direction, ko = w/c, G =
2n/A ; (b) the reflection spectrum obtained by FDTD simu-
lation, the fitting spectrum when the zero-frequency QNM
is ignored, and the fitting spectrum when the zero-fre-
quency QNM is obtained by dispersion relation analysis

method and average refractive index method, respectively.
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Fig. 4. (a) Complex frequencies of the QNMs for the meta-
material reflector composed of Si cylinder array; (b) the
background reflection spectra and resonance reflection spec-
tra fitted by low-@Q and high- @ QNMs, respectively, and the
reflection spectrum obtained by FDTD simulation.
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Fig. 5. (a) The reflection spectra formed by individual low-
Q QNM. The red, green, and blue solid lines represent the
fitted spectra obtained by substituting QNMs with n = 0,
n =1, and n = 3 into SMT, respectively; (b) the process of
multiple low-@ QNMs forming the background reflection.
The green, blue, and purple solid lines represent the fitted
reflection spectra obtained by substituting QNMs with n =
0,1;n=0,1,3;and n =1, 3, 5 into SMT, respectively. As
the increase of the QNMs involved in the fitting process,
the fitted reflection spectrum approaches the background
reflection spectrum (black solid line).
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Fig. 6. (a) Schematic of the Si-cylinders-based metamaterial reflector with a Si sublayer; (b) simulated reflection spectrum as a
function of the thickness of the Si sublayer dg when fixing H = 0.41 um and D = 0.48 pm. When dg = 0.24 um, the bandwidth of
the near-perfect reflection band (R > 0.95) reaches a maximum; (c) the simulated reflection spectrum of the metamaterial reflector

without Si sublayer (blue solid line), the simulated reflection spectrum of the metamaterial reflector with a 0.24 pum-thick Si sublay-

er (black solid line, corresponding to the white dashed line in figure (b)) and its fitting result (green dashed line).
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Fig. 7. (a) Complex frequencies of QNMs for the metama-
terial with a Si sublayer; (b) the background reflection spec-
tra (green dashed line) and resonance reflection spectra (red
dashed line) fitted by low-@ and high-Q QNMSs, respec-
tively, and the reflection spectrum obtained by FDTD simu-
lation (black solid line).
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# Al

wy AT Q, FIEZEIRIEIL o,

Table Al.

Il 2(a) FTR &5 H) QNMs iy & A AES 5

The complex eigen-frequencies w,,, quali-

ty factor @, and ratio of far-field complex amp-
litude o, of QNMs.

o AN BEAT  Ebi
n w,/Hz Q. FRhitlo,
0 0 — 6.91x10' 1} 1
1 1.07x10% — 1.51x10™i 3.53 -1
2 1.45%10% — 3.17x10%1 22.8 1
3 1.55x 10— 5.98x 10" 12.9 1
4 1.74x10% — 2.66x10%1 32.8 —1
5 1.81x 10— 2.67x 10" 3.38 -1
6 1.92x10% — 2.13x10'" 4510.0 —1
7 2.17x10Y — 1.88x 10" 5.75 -1
8 2.17x10%— 3.39x 10" 32.1 —1
9 2.18%x10% — 4.21x10'1 2580.0 1
10 2.19x10% — 1.17x 10" 932.0 1
11 2.3x10% — 4.11x10%1 28.0 1
% Bl 6 6(a) FERLHIRY QNMs 5 AGEHIH

wy M T Q, L IRIG I o,

Table B1.

The complex eigen-frequencies w,,, qual-

ity factor @,, and ratio of far-field complex amp-
litude o, of QNMs.

BB AR SR whi
n /M HFQ,  iMilto,
0 0—1.68x10"i 0 0.857
1 6.46x10" —2.14x10"  1.51 —0.38+0.0356i
2 1.03x101%—1.2x10%i 42.9 0.754+0.3771
3 1.09x10% —8.53x10%  6.36 0.601—0.108i
4 1.13x10" —4.84x10%1  11.7 0.12—0.421i
5 1.35x10% —2.52x10%  26.8 3.79—30.3i
6 1.36x10—1.03x 10" 65.6 —11.8—26.7i
7 1.44x10%—5.23x 10" 13.8 0.128—0.072i
8 1.49x10%—4.83x10%  155.0  —0.96—0.188i
9 1.55%10%—3.72x 10" 20.9 0.1334-0.0279i
10 1.62x10%—3.9x10"  207.0 0.963+1.04i
11 1.79x10%—7.3x 10" 123.0 0.0814+-0.18i
12 1.82x101%—2.02x 1013 45.2 0.909+-0.429i
13 1.85x10%—3.78x10%  245.0 0.91140.7251
14 1.87x10%—3.9x10"%  239.0  —0.536+1.57i
15 1.92x10%—4.41x10"  2180.0 —0.425—0.198i
16 1.97x10%—6.83x10™  144.0  —0.182—0.306i
17 2.02x10%—4.37x10"M  2310.0 —0.494—0.302i
18 2.03x10%—5.79x10"  1750.0 —0.617—0.1951
19 2.04x10%-8.33x10'"M  1220.0  —0.38—0.415i
20 2.07x10%—2.8x10" 36.9 —0.634—0.121i
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Abstract

All-dielectric metamaterial broadband reflectors have the advantages of low loss, high reflection efficiency,
and compact structure. An in-depth understanding of the formation mechanism of their reflection bands is of
great significance in optimizing metamaterial structure and performance, and in further designing novel
photonic devices as well. In this work, two all-dielectric metamaterial broadband reflectors are constructed by
using discrete silicon nanopillar array and silicon nanopillar array connected with a silicon sublayer. The quasi-
normal modes of the metamaterial reflectors are solved. Combining the quasi-normal modes with the scattering
matrix theory, we obtain the fitted reflection spectra of the metamaterial, and then reveal that the zero-
frequency quasi-normal mode has a substantial influence on the accuracy of the fitting results. A dispersion
relation analysis method is proposed to accurately solve the zero-frequency quasi-normal mode. Furthermore,
the fitted resonance reflection spectrum and background reflection spectrum are obtained by using high- Q-value
quasi-normal mode and low-(@-value quasi-normal mode, respectively. Our results show that the broadband
reflection of the considered metamaterial reflectors should be attributed to the background reflection induced by
the low-@Q quasi-normal modes. The research method proposed in this paper can also be used for discussing
quasi bound states in the continuum, Mie resonances, and other resonance phenomena, which provides a new

way for interpreting the spectral characteristics of metamaterials.
Keywords: all-dielectric metamaterials, wide-band reflection, quasi-normal mode, scattering matrix
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