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Abstract: Fundamental effects in nanophotonic resonance

systems focused on singular states and their properties

are presented. Strongly related to lattice geometry and

material composition, there appear resonant bright chan-

nels and non-resonant dark channels in the spectra. The

bright state corresponds to high reflectivity guided-mode

resonance (GMR) whereas the dark channel represents a

bound state in the continuum (BIC). Even in simple systems,

singular states with tunable bandwidth appear as isolated

spectral lines that are widely separated from other reso-

nance features. Under moderate lattice modulation, there

ensues leaky-band metamorphosis, merging modal bands

and resulting in offset dark states and reflective BICs along

with transmissive BICs within a high-reflectance wideband.

Rytov-type effective medium theory (EMT) is shown to be

a powerful means to describe, formulate, and understand

the collective GMR/BIC fundamentals in resonant photonic

systems. Particularly, the discarded Rytov analytical solu-

tion for asymmetric fields is shown here to predict the

dark BIC states essentially exactly for considerable mod-

ulation levels. The propagation constant of an equivalent

EMT homogeneous film provides a quantitative evalua-

tion of the eminent, oft-cited embedded BIC eigenvalue.

The work concludes with experimental verification of key

effects.

Keywords: bound states in the continuum; effective

medium theory; guided-mode resonance; nanophotonics.

1 Introduction

Understanding of wave propagation in periodic systems is

foundational for their utility in science and engineering.
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Thus, the properties of solid-state materials are explained

with band theory modeling propagation of electron waves

in periodic crystal lattices. Elementary Bragg diffraction

reveals energy bands and band gaps and classification of

materials as insulators and conductors [1]. Similar bands

appear in three-dimensional (3D) dielectric lattices called

photonic crystals [2]. The band structure determines how

photon propagation is affected by frequency, polarization,

and direction. It may be represented in the first Brillouin

zone with the first and higher band gaps corresponding to

Bragg reflections at increasing frequency [3]. Whereas 3D

dielectric periodicity is challenging in experimental realiza-

tion, there is much current interest in practical film-based

1D and 2D optical lattices with straightforward fabrication.

Key physical properties of these elements are explained

in terms of the structure of the second (leaky) photonic

stopband and its relation to the symmetry of the periodic

profile.

When the lattice is confined to a layer thereby form-

ing a periodic waveguide, an incident optical wave may

undergo a guided-mode resonance (GMR) on coupling to

a leaky eigen-mode of the layer system [4–7]. Figure 1(a)

models the simplest resonance system possible, namely a

subwavelength 1D periodic lattice or grating. Under normal

incidence, counter-propagating leaky modes form a stand-

ing wave in the lattice. As the modes interact with the lat-

tice, they reradiate [8]. A schematic dispersion diagram is

shown in Figure 1(b). The device works in the second stop

band corresponding to the second-order lattice [9]. A given

evanescent diffraction order can excite not just one but

several leaky modes. To emphasize this point, in Figure 1(b)

we show the stop bands for the first two TE modes. At

each stop band, a resonance is generated as denoted in

Figure 1(b). The fields radiated by these leaky modes in a

lattice with a symmetric profile can be in phase or out of

phase at the edges of the band [10]. At one edge, there is a

zero-phase difference, and hence the radiation is enhanced

(GMR) while at the other edge, there is a 𝜋 phase difference

inhibiting the radiation. In this case, if 𝛽 = 𝛽R + i𝛽 I is the

complex propagation constant of the leaky mode, 𝛽 I = 0

at one edge, which implies that no leakage is possible at

that edge marking the condition as a bound state in the

continuum (BIC). For asymmetric lattice profiles, guided-

mode resonance prevails at each band edge. Fundamentally,
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Figure 1: Lattice resonances in symmetric and asymmetric optical systems. (a) A schematic view of the simplest subwavelength resonance system. The

model lattice has thickness (H), fill factor (F), period (Λ), and refractive indices of background and lattice material (nb, n). When phase matching occurs
between evanescent diffraction orders and a waveguide mode, a guided-mode resonance occurs. I, R, and T denote the incident wave with wavelength,

reflectance, and transmittance, respectively. (b) A schematic dispersion diagram of a resonant lattice at the second stop band. For a symmetric lattice,

the leaky edge supports guided-mode resonant radiation while the non-leaky edge hosts a non-radiant bound state. This picture applies to both TE

(electric field vector normal to the plane of incidence and pointing along the grating grooves) and TM (magnetic field vector normal to the plane of

incidence) polarization states. Here, the grating vector has magnitude K = 2π/Λ, ki = 2π/λ, and 𝛽 denotes a propagation constant of a leaky mode.

one-dimensional (1D) and 2D resonant lattices operate

similarly and thus the description in Figure 1 applies

generally.

Within the domain of nanophotonics, especially relat-

ing to new developments in metamaterials and metasur-

faces, the resonance phenomena explained with Figure 1

are of major interest. The leaky (GMR) edge and the non-

leaky (BIC) edge are inherent in resonance systems in this

class. Historically, BICswere proposed in hypothetical quan-

tum systems by von Neumann and Wigner [11]. In such

systems, a completely bound state exists at an energy level

above the lowest continuum level. Whereas the term BIC

appeared in photonics in 2008 [12], the underlying concept

was apparently first reported by Kazarinov et al. in 1976

[13]. These researchers derived a formula for the quality

factor of a corrugated waveguide and reported zero radi-

ation loss at the upper band edge when the second-order

Bragg condition was satisfied. In a later paper, these effects

were elaborated with improved clarity [10]. Analyzing the

second-order stop bands, Vincent and Neviere numerically

demonstrated the existence of a non-leaky edge pertinent

to symmetric gratings whereas asymmetric grating pro-

files yielded leaky radiant modes at both band edges [4].

Ding and Magnusson manipulated the separation of the

non-degenerate leaky resonances associatedwith asymmet-

ric profiles to engineer the resonant spectral response of

periodic films [14]. Experimentally, the non-leaky edge was

brought into view in 1998 by imposing asymmetry on an

otherwise symmetric 1D periodic structure by variation of

the incidence angle [15]; at the time the BIC terminologywas

not in use.

Reviewing briefly recent works, Marinica et al. pro-

posed a symmetric double-grating structure to support

embedded photonic bound states by coupling between two

identical resonant grating layers [12]. Hsu et al. exper-

imentally showed a diverging radiation Q factor as a
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signature of embeddedbound states in a 2Dmodulated layer

of silicon nitride [16]. By tuning the structural symmetry

or coupling strength between different resonance chan-

nels, quasi-BICs can be generated possessing ultranarrow

linewidths [17–19]. Such high-Q resonances neighbouring

BIC points enable ultra-sharp transmission and reflection

spectra, yielding giant near-field enhancement and vari-

ous promising applications including BIC-based chirality

[20–22], lasing [23–25], nonlinearity [26–29], modulation

[30] and sensing in various spectral regions [31]. In addition

to the symmetry protected BICs in the Brillouin zone center

at a Γ point, there exist off-Γ BIC states under non-normal

incidence, sometimes called accidental BICs or quasi-BICs

[32–40]; such BIC states provide additional degrees of free-

dom and application possibilities [41, 42].

In this paper, we treat leaky band metamorphosis

where evolution of the leaky band structure with lattice

modulation strength is evaluated. The resulting singular

state is then shown to emerge as an isolated resonance

feature brought to perfect narrowband reflection under

broken symmetry. Effective-medium theory (EMT) based on

the Rytov symmetric and asymmetric formalisms is shown

to model the resonant and BIC states with high precision.

The veracity of the Rytov EMT in delivering homogeneous

waveguide slabs that contain the GMR/BIC resonance spec-

tral properties is shown for practical modulation levels

up to 3. Experimental results support the main theoretical

conclusions.

2 Leaky-band metamorphosis

As in Figure 1(b) pertaining to a symmetric lattice, each

resonant mode has a clear GMR leaky edge and a corre-

sponding BIC nonleaky edge. This always holds for “weakly”

modulated lattices. On increase of modulation, the band

deviates and the GMR-BIC pairing is obscured. Key aspects

of the band transformation can be brought out via the sim-

ple model in Figure 2(a). We compute incidence-angle (𝜃)

dependent zero-order reflectance (R0) in TE polarization.

Figure 2(b) displays the R0(𝜃, 𝜆) map for n = 1.4 where the

Rayleigh lines (𝜆R =Λ± sin𝜃) are marked by white dashed

lines. At normal incidence, a single R0 peak appears at

the upper band edge generated by symmetry-allowed GMR

marked as s-GMR with the attendant leaky mode having

a TE0 mode shape. Meanwhile, at the opposite band edge,

radiation is prohibited with a “dark state” appearing due

to the symmetry-protected BIC (i.e., dark BIC). At nonnor-

mal incidence under asymmetry, new R0 peak branches

form in the lower band denoted a-GMR also having a TE0
mode character consistent with Figure 1(b) in low modula-

tion. On approaching normal incidence and symmetry, the

a-GMR vanishes becoming a BIC. Upon increasing n to

1.7, in Figure 2(c), the bandwidth of the high R0 peak

expands due to the strengthened dielectric modulation

(Δ𝜀 = n2 − n2
a
). Particularly, in the upper band, the high R0

region is enlarged around the s-GMR within the 𝜆R lines

achieving wideband reflection. The leaky modes forming

Figure 2: Leaky-band metamorphosis. (a) Modeling a simple subwavelength photonic lattice in air (na = 1). Parameters are period (Λ= 1 μm), grating
width (W =ΛF = 0.5 μm) and height (H = 0.5 μm) under TE-polarized plane-wave incidence. Angular zeroth-order reflectance R0(𝜃, 𝜆) properties are
analyzed with rigorous coupled wave analysis (RCWA) for lattice refractive indices (b) n= 1.4, (c) n= 1.7 and (d) n= 2. Note that, we use an inverted

wavelength scale for consistency with proper band terminology where the upper band refers to high frequency. The Rayleigh wavelength (𝜆R) is

denoted by white dashed lines.
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the contiguous high-reflection region at the upper bandnow

havemixed TE0 andTE1 shapeswhile the lower band retains

its TE0 mode character. Beyond the 𝜆R lines, R0 rapidly

decreases because of leakage to higher-order reflection and

transmission. Concomitantly, the band gap between the s-

GMR and BIC states increases. In a prior study [43], we

explain how the increase of Δ𝜀 opens the band gap after

band closure affected by the first and second Fourier har-

monics of the dielectric function in the small-modulation

limit. In the current example, the band gap closes near

n = 1.1. On setting n = 2, in Figure 2(d), the reflectance

bandwidth broadens further, and the band gap increases.

Remarkably, the BIC state separates widely from other

prominent resonance features and resides in an extensive,

low-reflectance region. At𝜃= 0◦, the fundamental TE0 mode

is missing. Setting the angle to a small value brings out a

sharp reflective resonance with R0 = 1 mediated by the

fundamental, now leaky, mode. The narrow-line resonance

emerging from a dark background appears as a singular

state in the spectrum. As an aside, in the upper band of

Figure 2(d), a small incident angle induces a sharp resonant

dip in the background of high reflection. Recently, such

zero-order transmittance (T0) spectra have been connected

to electromagnetically induced transparency (EIT) as being

EIT-like or EIT-analogous.

3 The singular state and its

eigenvalue

We now analyze the singular state in detail. We show that it

is possible to establish a homogeneous equivalent waveg-

uide representing the resonant lattice nearly exactly. The

propagation constant 𝛽 of the leaky mode is then known

and represents the embedded eigenvalue belonging to the

unexcited bound state.

Figure 3(a) shows mode loci for the slab waveguide

modes supported in the equivalent 1D lattice with refrac-

tive index n = 2, as displayed in Figure 2(a). To define the

equivalent slab, the periodic layer is homogenized by effec-

tive medium theory (EMT) with the Rytov formalism in TE

polarization [44, 45] expressed as

Figure 3: Analysis of phase matching to resonant states in symmetric and asymmetric optical lattices with n= 2. (a) Mode loci in the equivalent lattice

homogenized by the Rytov EMT and thus becoming a slab waveguide. At points of ① and ②, withΛ= 1 μm, transverse profile of |E| is calculated
showing (b) TE0 and (c) TE1 mode shapes. The R0(𝜆,Λ) maps for (d) 𝜃 = 0◦, (e) 𝜃 = 2◦ and (f) asymmetric geometry at 𝜃 = 0◦ exhibit s-GMR and a-GMR

features. In (f), the square rod is sliced by an air gap (g= 0.05 μm) where the distance between centers of rod and air gap is d = 0.05 μm.
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1
(𝜆,Λ) as an effective

refractive index found by solving Eq. (1) corresponding to

excitation by first-order diffracted waves. In his original

1956 paper, Rytov provided two solutions where one cor-

responded to complete symmetry represented by Eq. (1) of

the local fields and the other to asymmetric fields [44]. He

discarded the asymmetric solution as being unphysical and

of no interest. But most importantly, the asymmetric local

fields actually correspond to BIC states with the Rytov solu-

tion describing them with high precision as we now show.

The discarded solution is [44].
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FromEq. (2),wefind vTE
1
(𝜆,Λ) corresponding to the effective

index in the asymmetric case under leaky-mode excitation

by the first evanescent diffraction order and use it to estab-

lish the equivalent homogeneous film. Then, we solve the

classic slab waveguide eigenvalue problem for the qth TE

mode using nTE
1
and vTE

1
[46].
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Here, in the slab, the propagation constant (𝛽) equals

the grating vector (K = 2𝜋∕Λ) under input wavevector

(ki = 2𝜋∕𝜆) on phase-matching to the first evanescent

diffraction order.

In Figure 3(a), the solid lines show the mode loci for

the symmetric situation found by Eqs. (1) and (3). In the

plot, there are two TE modes under or near the Rayleigh

Λ = 𝜆R line where TE0 and TE1 denote the fundamental

(q = 0) and first-order (q = 1) waveguide modes. For each

mode, as shown in illustrative insets, the local field intensity

is confined in a single (at film center) and double peak

(near film edges) as typical in symmetric slab waveguides.

The asymmetric GMR modes similarly identified by solv-

ing Eqs. (2) and (4) in the slab waveguide are displayed by

dashed lines in Figure 3(a). As explained in detail in [45] for

guided-mode resonant lattices, operating with first-order

diffraction (m = 1), the lattice is homogenized by vertical

indices nTE
1
and vTE

1
with correspondingwave numbers kin

TE
1

and kiv
TE
1
whereas lateral modes see 𝛽 = K.

Figure 3(b) and (c) shows simulated magnitude distri-

bution of the electric field (|E|) of TE0 and TE1 modes at

Λ = 1 μm where the corresponding 𝜆 locates at ① 1.531 μm
and ② 1.153 μm. Figure 3(d) shows the R0(𝜆,Λ) map at nor-
mal incidence as computed exactly with rigorous coupled-

wave analysis (RCWA) [47, 48] with 21 harmonics retained.

Bounded by the𝜆R line, a highR0 band forms around the TE1
and TE0 mode lines in Figure 3(a). Thus, the characteristics

and mode support picture of the EMT slab guide agree well

with the rigorous numerical results. Figure 3(e) shows the

R0(𝜆,Λ) map for the asymmetric case with 𝜃 = 2◦. The

singular state locus is seen as a narrow high-reflection band

offset from the other resonance features by l ∼200 nm. It
is predicted by the EMT model nearly exactly as seen by

comparing with the aTE0 locus in Figure 3(a). Similarly, the

resonance line marked aTE1 agrees well with the numerical

map.

An alternate approach is to break the symmetry geo-

metrically while maintaining normal incidence as noted

in Figure 3(f) where similar spectra appear. To implement

the asymmetric geometry, each rod is asymmetrically sliced

by an air gap (g = 0.05 μm) where the cutting position

(d = 0.05 μm) is decided by the distance between the center
of the ridge and the air gap. In the R0(𝜆,Λ) maps, sharp
resonances appear near themodal curves of Figure 3(a) and

generally exhibit a Fano line shape. As the a-GMR is induced

in broken symmetry under phase-matching, there open

radiation channels with pathways in both transmission and

reflection. The channel at the aTE0 mode location produces

a narrow-band perfect reflection R0 = 1 whereas the one

at aTE1 appears in the wide-reflectance band and produces

a sharp transmission T0 = 1 peak or “BIC-EIT.” Comparing

Figure 3(a) to Figure 3(e) and (f) shows, quite surprisingly,

that the discarded Rytov solution in Eq. (2) predicts the

BIC state essentially exactly. The embedded eigenvalue of

the aTE0 mode corresponding to the reflective BIC state is

𝛽(𝜆) = K = 2𝜋∕Λ and is thus given numerically in

Figure 3(a).

Figure 4 verifies the a-GMR spectral identity. In

Figure 4(a), two R0 spectra are given by horizontal crosscuts

of Figure 3(d) and (e) at Λ = 1 μm. In the plot, at 𝜃 = 2◦,

two sharp peaks locate at ① 𝜆 = 1.441 μm and ② 1.084 μm
in the broken symmetry. For each position, corresponding
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Figure 4: Resonance spectra and leaky-mode profiles under a-GMR. (a) R0 spectra at 𝜃 = 0◦ and 𝜃 = 2◦of the model 1D optical lattice {Λ= 1 μm,
F = 0.5, H = 0.5 μm, n= 2} at a crosscut of Figure 4(d) and (e) atΛ= 1 μm. For a-GMR reflectance peak and null at① and ②, the corresponding

leaky-mode and electric-field profiles are presented in (b) and (c).

leaky-mode field profiles are characterized by RCWA in

Figure 4(b) and (c) where S±m denote amplitudes of the

coupled ±mth diffraction orders. Comparing to Figure 3(b)
and (c), we see that the modes driven by S±1 and S±2 match

the reference TE0 and TE1 mode profiles, proving that

the diffraction orders are coupled to the leaky waveguide

modes in broken symmetry. Furthermore, these modes

generate the attendant radiation channels. As seen in

Figure 4(b), the S0 is reflected along the +Z direction (i.e.,

R0) by the resonant interaction of the incident light with

the TE0 mode of the S±1 and S±2. On the other hand, in

Figure 4(c), the S0 passes through the lattice (i.e., T0) after

interfering with the TE1 mode. As seen in the transverse

electric field (Ey) maps in Figure 4(b) and (c), the standing

wave patterns are asymmetric relative to the lattice.

4 Veracity of Rytov’s solutions

relative to lattice modulation

Figure 5 shows the band progression versus the refractive

index modulation strengthΔ𝜀 = n2
H
− n2

L
where the nH and

nL are high and low refractive indices of the lattice. In

Figure 5(a), the numerical R0 loci at 𝜃 = 0◦ appear as s-GMR

bandswith TE0 andTE1 being the radiative leakymodes. The

dark states canbe trackedby slightly breaking the symmetry

as shown in Figure 5(b). At 𝜃 = 0.1◦, two dark states are seen

to gradually move to lower energy whenΔ𝜀 increases. One
dark state remains in a bound state at longer wavelengths

while the other locates in the high reflection band of the

s-GMR TE0 and TE1 modes. Upon breaking the symmetry,

in relatively strong modulation, each dark state is trans-

ferred to a narrow reflective GMR and EIT-GMR, respec-

tively. Figure 5(c) confirms the veracity of the formulation of

s- and a-GMRs with symmetric and asymmetric Rytov-type

EMT. Each modal line in Figure 5(c) matches the numerical

resonant leaky bands nearly perfectly.

5 Experimental results

The singular state is demonstrated by a silicon (Si) 1D lattice

structure as shown in Figure 6(a). For facile device fabri-

cation, avoiding the membranes in air presented in the

theory sections above, we use crystalline Si (c-Si, nSi = 3.48)

on a quartz (nQz = 1.45) substrate and index matching oil

(noil = 1.45) to reach vertical symmetry. After cleaning the

SOQ wafer with a 620 nm-thick c-Si layer (Shin-Etsu Chem-

ical, Co., Ltd.), we adjust the thickness of the c-Si layer by

dry etching. Then, 1D c-Si grating patterns are prepared by

UV laser interference lithography and a dry etching pro-

cess [49]. Illuminating a coherent beam (𝜆 = 266 nm) on a

classic Lloyd’s mirror, a spin-coated photoresist (PR, Ship-

ley 1813) layer is inscribed with 1D patterns. With proper

exposure time, the PR is patterned with desired fill fac-

tor. Then, the c-Si layer is etched in a reactive-ion etcher

with CHF3 + SF6 gas mixture. After residual PR removal, a

Si 1D grating on quartz substrate is prepared as depicted

in the second step of Figure 6(a). To realize membrane-

like structure, refractive index-matching oil (Cargille Lab.

Series A) is placed on the Si grating. Thereafter, as seen

in the fourth step, it is encapsulated with a bare quartz

substrate. As seen in the photographic image, several 5 mm

by 5 mm c-Si membrane cells are embedded in double

quartz substrates. With the given largemodulation strength

(Δ𝜀 = 3.482 − 1.452 = 10), we designed these 1D membrane

structures to exhibit new singular states. The fabricated

c-Si membrane is characterized by an atomic force micro-

scope (AFM) image and attendant profile. Figure 6(b) shows

the T0 spectra of a designed c-Si lattice for input angles

𝜃 = 0◦ and 2◦ where the grating parameter set (Λ =
0.835 μm, F = 0.522 and H = 0.329 μm) is optimized by

performing particle swarm optimization (PSO) algorithm

with RCWA [50]. As illustrated in the inset, we consider

the refraction angle of incident light between air (na = 1)

and quartz (nQz = 1.45). At off-normal incidence 𝜃 = 2◦
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Figure 5: Band progression relative to index modulation strengthΔ𝜀 = n2
H
− n2

L
. The lattice has parameters (Λ= 1 μm, F = 0.5 and H= 0.5 μm) while

keeping a fixed average refractive index (navg =
√
Fn2

H
+ (1− F)n2

L
). Reflectance R0(Δ𝜀, 𝜆) is found by RCWA at (a) normal incidence 𝜃 = 0◦ and (b)

off-normal incidence 𝜃 = 0.1◦. In the symmetric system of (a), two (upper) modal bands appear. In (b), at slightly broken symmetry, two hidden dark

states appear as lower bands. (c) Mode loci of the equivalent TE slab applying the symmetric and asymmetric Rytov EMT where the 𝜆R indicates the

Rayleigh wavelength. AsΔ𝜀 increases, the pair of bands split in symmetric and asymmetric GMRs, with an excellent match to (b). Interestingly, the
lower band of the aTE0 mode is highly separated from the upper band of the TE0 mode, which leads to the isolated singular states of central

importance.

Figure 6: Experimental verification of the existence of singular states in simple resonant lattices. (a) Fabrication procedure of a Si membrane that

includes four steps: preparing an SOQ wafer (crystalline Si on quartz), nanopatterning, refractive-index matching, and encapsulating. A photographic

image shows the membrane cells embedded in two quartz substrates. The microscopic image and grating profiles are characterized with AFM

measurements. (b) Design of c-Si (nSi = 3.48) membrane in quartz (nQz = 1.45) to expose a singular state where the grating parameter set (Λ= 0.835

μm, F = 0.522 and H= 0.329 μm) is optimized by our PSO algorithm. In the T0 spectra, the singular state and EIT-like resonance locate at λ = 1.991 and

1.373 μm under oblique incidence (𝜃 = 2◦) in TE polarization. (c) Measured T ′
0
spectra (solid lines) for different incidence angles of 𝜃 = 0◦, 5◦ and 10◦

where the parameter set of the fabricated device is (Λ= 0.835 μm, F = 0.396 and H = 0.33 μm). For comparison, the simulated external T ′
0
spectra

(dashed lines) are depicted for the same grating parameters.
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under TE polarization, two a-GMRs appear as a singular

state at 𝜆= 1.991 μmand EIT-like resonance at 𝜆= 1.373 μm.
The resonant signatures of the singular state and EIT-like

state are observed in the fabricated device as presented

in Figure 6(c). The grating parameter set of the fabricated

c-Si membrane structure is (Λ = 0.835 μm, F = 0.396 and

H = 0.33 μm) with the greatest deviation from the design

parameters being in the fill Factor F. In the measured grat-

ing profile in the AFM image, in Figure 6(a), the surface

roughness is approximately 5 nm. Sampling the device sur-

face with AFM, the fill factor variation (F′) is estimated

as F ± 1.5%. To measure the spectral response, we use

a near-IR spectrum analyzer (Yokogawa AQ6375) and a

supercontinuum light source (SuperK COMPACT, NKT Pho-

tonics). Herein, the measured transmittance spectra (T′
0
)

are affected by substrate reflection, which is estimated

by an analytical formula as explained in the Supplemen-

tary Materials. As represented in solid lines, the measured

T′
0
spectra show the singular state clearly albeit with large

linewidths. The EIT-like a-GMR at shorter wavelengths

appears but somewhat weakly. Computing the spectra using

the experimental parameters (dashed lines) shows a reason-

ably goodmatch to the resonance positions of themeasured

T′
0
spectra. Due to the angular distribution in the input beam

and imperfect fabrication, the bandwidth is broader, and

efficiency is lower relative to theory. In more detail, the

supercontinuum source is fiber coupled having somewhat

spatially irregular output light distribution. An approxi-

mately collimated beamwith∼0.5 mm diameter is incident

on the device. However, the distribution is not exactly Gaus-

sian having angular components at angles >1◦. Moreover,

in the interference lithography system, there is a slight

UV-laser intensity nonuniformity leading to a slow spatial

variation in F. These effects are analyzed in some detail in

the Supplementary Materials. In summary, by robust design

and fabrication and by using well collimated Gaussian light

beams, in analogous resonant systems, experimental results

closely matching theoretical predictions can be achieved

[51].

6 Conclusions

In summary, we have analytically and experimentally dem-

onstrated singular states in simple optical lattices. These

states appear as isolated, high-efficiency spectral lines aris-

ing out of awideband low-reflectance floor andwidely sepa-

rated from other resonance features. In principle, these are

perfectly reflecting BIC states under structural or angular

asymmetric perturbation. Alternatively, they can be trans-

missive BICs within a high-reflectance wideband under

analogy with “electromagnetically induced transparency.”

In past research, we established the applicability of Rytov’s

full effective-medium theory (EMT) to the physical descrip-

tion and design of resonant optical lattices [45]. There, we

applied the symmetric formalism to reliably describe the

behavior of various optical devices such aswideband reflec-

tors, resonant bandpass filters, and guided-mode resonance

polarizers. Here, we additionally show the utility of Rytov’s

asymmetric solution that has hitherto not been known to

be useful. We find that this rejected Rytov analytical EMT

solution predicts the dark BIC states essentially exactly for

substantial lattice modulation levels. Thus, the established

equivalent BIC homogeneouswaveguide slabs possess prop-

agation constants that represent the embedded eigenvalues

foundational to the BIC state. The resonant lattices ana-

lyzed numerically represent membranes that approximate

silicon nitride hosted in air. The attendant fabrication is

challenging as large-area membranes in air with nanoscale

thickness tend to buckle and break due to local stresses.

Thus, we apply silicon-on-quartz wafers with refractive-

indexmatching oil to retain an approximately uniform host

medium. The fabricated devices demonstrate key effects

predicted here with reasonable agreement between experi-

mental data and numerical evaluation using the experimen-

tal final parameters. The work presented herein addresses

unexplored concepts in resonant nanosystems thereby

laying groundwork for new scientific discoveries and

applications.
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