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ABSTRACT

Periodic arrays of resonant dielectric nano- or microstructures provide perfect reflection across spectral bands whose extent
is controllable by design. At resonance, the array yields this result even in a single subwavelength layer fashioned as a
membrane or residing on a substrate. The resonance effect, known as guided-mode resonance, is basic to modulated films
that are periodic in one dimension (1D) or in two dimensions (2D). It has been known for 40 years that these remarkable
effects arise as incident light couples to leaky Bloch-type waveguide modes that propagate laterally while radiating energy.
Perfect reflection by periodic lattices derives from the particle assembly and not from constituent particle resonance. We
show that perfect reflection is independent of lattice particle shape in the sense that it arises for all particle shapes. The
resonance wavelength of the Bloch-mode-mediated zero-order reflectance is primarily controlled by the period for a given
lattice. This is because the period has direct, dominant impact on the homogenized effective-medium refractive index of
the lattice that controls the effective mode index experienced by the mode generating the resonance. In recent years, the
field of metamaterials has blossomed with a flood of attendant publications. A significant fraction of this output is focused
on reflectors with claims that local Fabry-Perot or Mie resonance causes perfect reflection with the leaky Bloch-mode
viewpoint ignored. In this paper, we advance key points showing the essentiality of lateral leaky Bloch modes while laying
bare the shortcomings of the local mode explanations. The state of attendant technology with related applications is
summarized. The take-home message is that it is the assembly of particles that delivers all the important effects including
perfect reflection.

Keywords: guided-mode resonance effect, leaky-mode resonance, resonant waveguide gratings, metamaterials, Bloch
modes, wave propagation in periodic media, leaky-band dynamics, state of technology, metasurfaces

1. INTRODUCTION

The resonant optical lattices of interest in this study are made with periodic assemblies of arbitrarily shaped particles.
These particles being pillars, blocks, or rods can be made of metals, dielectrics, and semiconductors. Whereas optical
lattices are, in general, three-dimensional (3D), there are important variants in the form of 2D or 1D patterned films as
treated here. Although the fundamental periodic element, namely the diffraction grating, has been around for more than
100 years, new solutions and applications based on spatially periodic modulations continue to appear. Related devices are
often called metamaterials or metasurfaces and the like. Current lithographic technology enables fabrication of spatial
modulations on subwavelength scales in one, two, or three dimensions. The resulting diffractive optical elements (DOE)
or metasurfaces support waveguide modes if the refractive indices of the element are correctly chosen; these devices are
often termed waveguide gratings in past literature. Waveguide modes that are guided or quasi-guided in waveguide
gratings experience stopbands and passbands as the light frequency is varied. Nano- and microstructured lattices with
subwavelength periodicity support guided-mode resonance effects and therefore represent fundamental building blocks
for a host of device concepts. For many real-world applications, 1D and 2D photonic lattices exhibit attractive features
such as compactness, minimal interface count, high efficiency, and potential monolithic fabrication with attendant
robustness under harsh conditions. The fundamental resonance effects are available across the spectrum, from visible
wavelengths to the microwave domain, by simple scaling of wavelength to period and proper materials selection.
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There are two main types of 1D and 2D photonic lattices in the class of metamaterials. The first type is built with isolated
particles residing in a host medium that is often air. The second type consists of particles that rest on a layer that is made
with the same material. Both types can support resonant quasi-guided modes that are induced by an external broadside
incident electromagnetic wave [1-28]. Local Fabry-Perot and Mie mode signatures may be observable via computations
within the structural particle geometry. Nevertheless, it has been shown that such local modes do not cause the high
reflection observed computationally and experimentally in resonant photonic lattices with lateral Bloch modes providing
the main properties [29]. Guided-mode resonance occurs at or near the second, or leaky, stop band. This band exhibits
many remarkable physical properties including band transitions and bound states in the continuum [30]. Device concepts
with experimental prototypes verifying theoretical predictions include wideband reflectors [25], nonfocusing spatial filters
[26], ultra-sparse reflectors and polarizers [24], single-layer bandpass filters [27], multiparametric resonant sensors [28],
and long-wave infrared resonant elements [31-33].

In this paper, we discuss the physical principles of resonant leaky-mode lattices. We review elementary facts related to
diffractive optical elements and diffraction gratings as these constitute the original basis for metamaterials. We show that
perfect reflection is obtainable in 1D and 2D lattices and that its occurrence is immune to particle shape. We review the
leaky-mode band structure briefly and emphasize that its origin lies in the periodic assembly as opposed to particle
resonance. The state of related technology is briefly summarized.

2. DIFFRACTIVE OPTICAL ELEMENTS: BASIS FOR METAMATERIALS

Classic diffractive optical elements (DOE) consist of regular spatial patterns arranged to control propagation of light.
Lithographic patterning of dielectric surfaces, layers, or volume regions yields low-loss structures that affect the spatial
distribution, spectral content, energy content, polarization state, and propagation direction of an optical wave. Common
applications include spectral filters, diffractive lenses, antireflection surfaces, beam splitters, beam steering elements, laser
mirrors, polarization devices, beam-shaping elements, couplers, and switches. These components are widely used in lasers,
fiber-optic communication systems, spectroscopy, medical technology, integrated optics, imaging, and other optical
systems.
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Figure 1. Geometry of diffraction by a canonical 1D rectangular grating with reflectance R and transmittance T.

The diffraction grating is the fundamental building block of diffractive optical elements. These may be planar or surface-
relief gratings made of dielectrics or metals. Figure 1 illustrates a single-layer diffraction grating and key descriptive
parameters including the grating period, A, the grating fill factor, F, the grating refractive indices (ny, nv), thickness, d,
and refractive indices of the cover and substrate media (nc, ns). The grating shown has a rectangular profile, if F=0.5 the
profile is said to be square. An incident plane wave at angle 0;, is dispersed into several diffracted waves (diffraction orders
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labeled by the integer q as shown) propagating both forwards and backwards. The propagation angle of each diffracted
wave may be obtained from the grating equation given by
np sin Op g=nc sin Oin - QA (1)

where A is the free-space wavelength, q is an integer, and P is either C or S depending on the region under consideration.
The grating equation is a universal equation that applies to all periodic DOEs no matter what the grating shape is. It is only
the diffraction efficiency DE, representing the relative fractions of power carried by the various diffraction orders q, that
is affected by the grating or particle shape. In the subwavelength regime, all higher diffraction orders are evanescent with
only the q=0 orders propagating in the external regions. The grating equation is immune to particle shape in any diffraction
regime such that the propagation directions of the output waves >0 depend only on a single structural parameter namely
the period A. The grating equation pertains to the assembly of particles.

Perfect reflection is another property of periodic lattices that derives from the particle assembly rather than from the
constituent particles. Perfect reflection Ro=1 is independent of lattice particle shape in the sense that it arises for all particle
shapes. The resonance wavelength of the Bloch-mode-mediated zero-order reflectance at which R¢=1 is primarily
controlled by the period for a given lattice. This is because the period has direct, dominant effect on the homogenized
effective-medium refractive index of the lattice. The effective index of a rectangular lattice such as that in Fig. 1 is provided
by the Rytov formulation [34, 35]. For TE polarization, for example, the effective-medium index nte®™T is found by

i (I l]E"‘EA/IT)2 tan /1 (1 1 )\/l |i - (rl]E—vMET 2 = _\/nzn - (nfMET)Z tan _/1 1 nz,, nfMET)Z

The explicit and primary dependence on the period is clear in Eq. 2 with the grating shape contributing via F. From this
effective-medium theory (EMT) homogenized index, the final effective modal index seen by the lateral Bloch mode Nt
can then be found. If the period is fixed, variations in the resonance location are due to particle shape as it defines particle
embodiment and contribution to the index. In the subwavelength diffraction regime, perfect reflection is immune to the
grating shape since, in lossless periodic arrays at resonance, 100% reflection is possible no matter what the shape of the
grating ridge. This discussion generalizes completely to 2D periodic lattices and gratings.

D =200 nm 1D lattice D =300 nm 2D lattice
=1pum A=1pm
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Figure 2. Illustration of achievement of perfect reflection Ro=1 independent of lattice particle shape. (a) 1D lattice
with grating ridge shape shown. (b) 2D lattice with particle shape noted. The lattices are made of silicon with air as
host medium. For the case of fixed period in this example, the lateral Bloch modes propagating along these lattices
see an effective mode refractive index Nefrthat depends on the particle shape. Thus, the particle shape affects the
resonance wavelength but not the condition Ro=1 as seen in the figure.

Proc. of SPIE Vol. 11689 1168912-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 08 Jun 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The attainment of perfect reflection Ro=1 is illustrated in Fig. 2 that shows zero-order reflectance Ry spectra for some
example particle shapes. Thus, immediately, based on these straightforward arguments, one would not expect local
resonance effects, that depend strongly on the lattice constituent particle shape and refractive index, to be particularly
significant in determining fundamental properties and functionality. Hence, one concludes that local Fabry-Perot (FP) or
Mie resonances will not be governing the properties of periodic resonant metamaterials for either 1D or 2D modulation.
In summary, it is the periodic system of particles that dominates the response providing all important effects and properties.

3. LEAKY-MODE LATTICE BAND STRUCTURE

Periodic assemblies of atoms and thin films exhibit diffraction and Bragg reflection. Associated stop bands and band gaps
are well known. Kittel explains the band structure of atomic systems [36] while Yariv and Yeh treat the case of Bragg
stacks [37]. Analogously, photonic lattices confined to layers as emphasized here, exhibit a band structure. This is because
the lateral Bloch modes induced on resonance see a periodic structure as they propagate in the lattice. The leaky stop band
plays crucial roles in operation of such lattices or metamaterials; hence we summarize key points of the band structure
here. Clearly, the bands are associated with the assembly of particles and, again, local resonances do not play significant
roles.

In direct connection with the discussion above, the reflector in Fig. 3(a) works under guided-mode resonance (GMR),
which arises when the incident wave couples to a leaky Bloch waveguide mode by phase matching with the second-order
grating [6,7,10,11]. For normal plane-wave incidence 6i,=0, counter-propagating leaky modes form a standing wave in the
grating as indicated in Fig. 3(a). These waveguide modes interact with the grating and reradiate reflectively [11]. We show
a schematic dispersion diagram in Fig. 3(b). The device works in the second (leaky) stop band corresponding to the second-
order grating [13]. A given evanescent diffraction order can excite not just one but several leaky modes. Thus, in Fig. 3(b),
we show the stop bands for the first two TE modes to emphasize this point. At each stop band, a resonance is generated as
denoted in Fig. 3(b) also. The fields radiated by these leaky modes in a grating with a symmetric profile can be in phase
or out of phase at the edges of the band [1,10]. At one edge, the phase difference is zero and hence the radiation is enhanced
while at the other edge, there is a m phase difference inhibiting the radiation. If we let B = Pr + if1 be the complex
propagation constant of the leaky mode, f; = 0 at an edge signifies that no leakage is possible at that edge. One of the most
common variety of resonance elements with rectangular profile and two-part period can only have symmetric profiles.
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Figure 3. (a) A schematic view of a subwavelength guided-mode resonant lattice under normal incidence. A single
silicon layer with thickness d, fill factor F, and a two-part period A is treated. When phase matching occurs between
an evanescent diffraction order and a waveguide mode, a reflection resonance takes place. I, R, and T denote the
incident wave, reflectance, and transmittance, respectively. (b) Schematic dispersion diagram of a GMR device at
the leaky stop band. For a symmetric grating profile, a resonance appears at one edge. This picture applies to both
TE (electric field vector normal to the plane of incidence) and TM (magnetic field vector normal to the plane of
incidence) polarization states. K = 27/A, ko = 2@/, and f is the propagation constant of a leaky mode.
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The bands in Fig. 3(b) exhibit numerous interesting properties. The band structure admits a leaky edge and a non-leaky
edge for each supported resonant Bloch mode if the lattice is symmetric. Depending on the device design, the leaky band
edge can be placed under or above the band gap. The non-leaky edge is associated with what is now called a bound state
in the continuum (BIC), or embedded eigenvalue, currently of considerable scientific interest [38-41]. It is possible to
control the width of the leaky band gap by lattice design. In particular, as a modal band closes, there results a quasi-
degenerate state—this state is remarkable as it is possible to transit to it by parametric and material choice. The transition
to, and across, this point executes a band flip. The physical mechanisms inducing the band closure and the band flip are of
fundamental interest. It can be shown that the frequency location of the leaky-mode resonance band edge, or the BIC edge,
is determined by superposition of Bragg processes denoted by BRo,m where Q indicates the Bragg order and m denotes the
Fourier harmonic of the dielectric constant modulation [30].

4. STATE OF TECHNOLOGY

The resonant optical lattices in play here are of interest for a host of possible applications. Numerous reports have appeared
treating perfect reflection, often with good experimental results but with physical reasons claimed as FP or Mie resonance
[42-47]. Our team has reported a wide array of resonant devices with diverse attributes over the decades. Figure 4(a)
depicts a fabricated high-efficiency broadband reflector working under normal-incidence TM-polarized light. The
measured reflectance spectrum exhibits ~490 nm bandwidth in the near-IR range with R¢>0.97 in the Si-on-Quartz
materials system [48]. In 2019, as shown in Fig. 4(b), we reported a new class of metamaterial polarizers that are extremely
compact and exhibit a record extinction ratio (ER) of 100,000 in the telecommunication spectral region [49]. These
compact high efficiency polarizers can with additional R&D potentially serve as an alternative for conventional bulk
polarizers that are in use presently in commercial products. We showed that in a dual-module resonant polarizer, the
transmission of TE-polarized light is suppressed to values less than 10 (relative to input) while the TM transmission
remains high due to the lossless, sparse nature of the polarizer. Figure 4(c) shows a fabricated wideband reflector
comprising a Ge grating on a ZnS substrate and operating in the long-wave infrared (LWIR) spectral range [50]. The
corresponding spectral response shows a resonant reflection band with R¢>90% spanning approximately 8.2-10.6 pm.
Figure 4(d) outlines a recent journal paper [51] where we successfully report a high-quality resonant notch filter using a
Ge grating on a ZnSe substrate for the 8-12 pum spectral range. Fourier-transform infrared spectrometry (FTIR)
measurements of transmission show TE- and TM-polarized resonance notches at which To~0. These notches are located
at 9.6 um and 8.64 pm, respectively, and agree well with the theoretical spectra; at these resonance locations zero-order
reflectance Ro~1 [51]. In Fig. 4(e), we theoretically demonstrate highly tunable LWIR filters that operate in a wide spectral
range 5-14 um with concurrently tuned central wavelengths and sidebands [52]. By optimizing an aperiodic zero-contrast
grating (ZCG) grating on a wedged waveguide structure, the sidebands are simultaneously tuned along with the operational
wavelength retaining constant spectral performance. Figure 4(f) depicts a commercial resonant grating biosensor reader
along with microwell plates useful in many practical applications [53]. As a new approach to enhance Si Raman generation,
we optimize GMR structures to operate two high-Q resonances matched to the nominal Raman shift of silicon that is
15.606 THz as depicted in Fig. 4(g).

5. CONCLUSIONS

In conclusion, we focus here on perfect reflection by resonant photonic lattices. Summarizing the classic diffractive optics
view, we recall that the propagation directions external to periodic lattices are set by the period independent of grating
profile. Analogously, the spectral map of perfect reflection is strongly influenced by the period. Classic diffractive effects
lie at the heart of these devices and it is the assembly of particles, as opposed to the individual particle resonance, that
yields all main properties. The lattices under study here are periodic and possess waveguide properties such that quasi-
guided modes with finite lifetimes are sustained. We show that perfect reflection is independent of lattice particle shape
in the sense that it arises for all particle shapes. The resonance wavelength of the Bloch-mode-mediated zero-order
reflectance is primarily controlled by the period for a given lattice. This is because the period has direct, dominant effect
on the homogenized effective-medium refractive index of the lattice that controls the effective mode index experienced
by the lateral mode generating the resonance. Moreover, resonant photonic lattices exhibit a band structure. This is because
the lateral Bloch modes induced on resonance see a periodic structure as they propagate in the lattice. The leaky stop band
plays crucial roles in operation of such lattices or metamaterials. Clearly, the bands are associated with the assembly of
particles and local resonances do not play significant roles. Finally, a snapshot of the state of relevant technology is
furnished with some selected applications revealed.
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Figure 4. A snapshot of the state of the technology illustrating a collection of representative resonant devices and
their spectral expressions and embodiments. (a) Near-IR wideband reflector, (b) near-IR high ER polarizer, (c)
LWIR wideband reflector, (d) LWIR notch filter, (¢) LWIR tunable filter, (f) GMR biosensor reader and plates, (g)

Raman amplifier.
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