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ABSTRACT

We review guided-mode resonant photonic lattices by addressing their functionalities and potential device applications.
The 1D canonical model is rich in properties and conceptually transparent, with all the main conclusions being applicable
to 2D metasurfaces and periodic photonic slabs. We explain the operative physical mechanisms grounded in lateral leaky
Bloch modes. We summarize the band dynamics of the leaky stopband. With several examples, we demonstrate that Mie
scattering is not causative in resonant reflection. Illustrated applications include a wideband reflector at infrared bands as
well as resonant reflectors with triangular profiles. We quantify the improved efficiency of a silicon reflector operating in
the visible region relative to loss reduction as realizable with sample hydrogenation. A resonant polarizer with record
performance is presented.

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

1. INTRODUCTION

Optical or photonic lattices comprise a periodic assembly of arbitrarily shaped particles. These particles can be made of
metals, dielectrics, and semiconductors or their hybrid compositions. The lattice is, in general, three-dimensional (3D)
with important variants in the form of 2D or 1D patterned films. Thus, on account of the wide variety of material
compositions and lattice architectures, the design space is vast. The utility of optical lattices is grounded in their ability to
operate effectively on incident light to control and manipulate all key properties of the electromagnetic waves in play.
This includes amplitude, phase, spectral distribution, polarization state, and local mode structure for light in the various
available spectral regions. Due to ease of fabrication and spectral characterization, 1D and 2D films are intensely studied;
these spatially modulated films are often called photonic crystal slabs, metasurfaces, or metastructures. Such surfaces may
support lateral modes and localized field signatures with propagative and evanescent diffraction channels influencing the
spectral response. As do all dielectric structures with nonzero refractive-index contrast at boundaries, the building-block
particles can exhibit local Fabry-Perot and Mie mode signatures; however, upon resonance, lateral leaky Bloch modes
sustained on the periodic particle assembly generate the functional response. A subwavelength restriction on the periodicity
is usually maintained for efficient devices; however, it is also possible to generate interesting spectral behavior when this
is not satisfied. The dominant second (leaky) stopband exhibits many remarkable physical properties including band-edge
transitions and bound states in the continuum. The Fourier harmonic content of the spatial modulation is key to
understanding the band dynamics of these lattices. Multi-resonance effects are observed when Bloch eigenmodes are
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excited with more than one evanescent diffraction channel. In this paper, we address the physical basis behind the
fundamental resonance effects inherent in the lattice, discuss the observed behavior in connection with the lattice band
structure, and show some example applications.

2. RESONANCE PHYSICS OF THE LEAKY-MODE LATTICE

Spatially patterned surfaces and films with subwavelength periodicity sustain dramatic resonance effects as input light
couples to leaky Bloch-type waveguide modes [1-30]. Some 30 years ago, we coined the term “guided-mode resonance
(GMR)” in an attempt to clearly communicate the fundamental physics governing these phenomena [30]. In earlier
literature on the subject, authors often referred to these effects as being “anomalous,” thereby implying that the phenomena
were not well understood. In more recent literature, traditional periodic structures including GMR resonance devices in
film format are frequently called photonic crystals, metasurfaces, or metamaterials [31-33]. It is very clear that GMR
devices can have 1D or 2D lateral spatial modulation, or periodicity, as the resonance physics is not dependent on the type
of periodicity in any fundamental way. The resonance effects of main interest here are observed in a slab, or film, geometry
as the structure must be capable of supporting quasi-guided modes propagating laterally in the periodic lattice and hence
being Bloch modes in common terminology. In the past, in the community of diffractive optics that preceded the
metamaterials generation, such elements were sometimes called “waveguide gratings,” a clear and physically-expressive
descriptor. It has been well-known for a long time, on account of inherent design flexibility, that a plethora of differing
spectral expressions is available with this device class, thus providing a facile applications platform. Indeed, wide
parametric design spaces allow control of light amplitude, phase, polarization, near-field intensity, light distribution, etc.,
on surfaces and within device volumes. 3D variants of this device class are possible in which waveguide gratings are
interspersed with homogeneous films forming an operational stack. There is presently much interest in subwavelength
lattices and their applications [34-38].

2.1 Resonant spectral expressions: Mie scattering is not contributory
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Figure 1. TM-polarized resonant reflector based on a 1D Si grating. The grating excites resonant leaky modes
providing wide reflection bands. (a) The reflector designed with traditional grating parameters. (b) Calculated zero-
order reflectance Ro map as a function of the sublayer thickness. Cross-sectional views of the magnetic-field
amplitude distribution appear in (c) for the grating with discrete ridges (Dn=0 nm) at A= 1.62 um and in (d) for the
grating imbued with a sublayer Dhv=267 nm at A= 1.55 pm. After ref. 29.

Figure 1(a) depicts a silicon-based reflector under normal incidence in TM polarization with parameters defined as noted.
The reflector 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]. The 1D grating structure is identified by a
parameter set {A=660 nm, F=0.6, D;=430 nm, Dy} where the Dg and F are grating depth and fill factor. In the range 250
nm< Dy, <350 nm, as shown in Fig. 1(b), the high reflection band is much wider than the band for the reflector consisting
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of discrete parallel ridges (Dy=0 nm). The local field derives from interference between counterpropagating leaky modes,
resulting in a standing-wave configuration. In Fig. 1(c), the field is localized in the isolated rods, whereas in Fig. 1(d), the
guided lateral Bloch modes locate largely in the sublayer (Dy=267 nm). Fabry-Perot resonance and Mie scattering require
discrete boundaries to support reflections and local field interactions. Discrete particle boundaries exist only at Dy = 0.

As an additional example, we provide Fig. 2 showing quantitatively that there is no fundamental difference between the
resonance properties of 1D and 2D optical lattices. It illustrates a representative 2D GMR structure fashioned with high
index (ny) cylindrical grating film on a substrate (ns) in a cover medium (nc) where grating parameters include periods
(Ax, Ay), fill factors (Fx, Fy), grating depth (dg), and homogeneous layer thickness (dn). Here, the dj is critical to engineer
the spectral response because it strongly affects guided modes in the sublayer coupled via diffraction. Figure 2(b) clearly
shows that the reflectance properties depend on dy as in Fig. 1 for the analogous 1D device. With optimal dy, a wide
bandwidth is achievable for high reflection. For dy= 0 nm in Fig. 2(c), a wide flat-top band still appears since the grating
layer supports leaky waveguide Bloch modes by itself. However, the optimal sublayer (dy= 68.3, or 315 nm) achieves
broader bandwidth while supporting lateral Bloch modes. In Fig. 2(d), the magnetic fields in the 2D grating with d,= 315
nm illustrate local modes residing in the sublayer.
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Figure 2. Unpolarized resonant reflector based on a 2D Si grating. (a) Model 2D GMR structure with grating
parameters. (b) Color map of zero-order reflectance Ro versus sublayer thickness (di0. (¢) Compared Ro spectra for
different dn. (d) Magnetic field distribution of local modes in the 2D GMR device.

Fabry-Perot resonance and Mie scattering require discrete particle boundaries to support reflections and local field
interactions. In the reflectors in Figs. 1 and 2, discrete boundaries are only in play when the homogeneous sublayer is zero.
As the matched sublayer annihilates any localized resonances (Mie or Fabry-Perot) by destroying the resonance cavity, a
Mie-resonance-based reflector should cease to function under this modification. From another point of view, connecting
the individual particles with the sublayer should adversely alter the resonance dynamics. However, this is not the case, as
evidenced by these results. In Fig. 1(b) for a 1D array of rectangular cylinders and in Fig. 2(b) for 2D pillars, there is a
smooth change in the reflectance as the sublayer thickness rises, as evident in these figures. Indeed, these devices work
very well under conditions where most of the resonant fields reside nearly entirely in the unmodulated sublayer. These
conclusions are consistent with prior work showing that high-contrast interfaces and local Fabry-Perot resonances are not
the root cause of wideband reflection observed in high-contrast gratings [20].
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Media possessing high refractive indices may hold multiple leaky Bloch modes in a thin film that would be practical to
deposit via sputtering for operation in the visible and near-IR regions. Silicon is a good example of such a medium as
applied above. As the refractive index drops, attendant 1D or 2D grating contrast falls. GMR devices made with a low
index typically exhibit narrow-band resonances. Figure 3(a) provides an example spectrum for a resonant membrane in air
with a grating ridge refractive index of n,=2. A resonance reflection results, with Rg>0.99 at A.s=1157 nm. The reflector
has a parameter set {A=1000 nm, F=0.25, d,=250 nm; TE polarization}; a Rayleigh anomaly appears at 1000 nm. Thus,
an individual grating ridge is a rectangular rod with a cross section of 250 x 250 nm? and n=2. This combination will not
support a Mie resonance at, or even near, the GMR wavelength. This conclusion is clear from the computed scattering
cross section of an individual rod shown in Fig. 3(b). The Mie resonance is at ~700 nm or ~450 nm away from the GMR.
This example is another demonstration of the noncausality of Mie scattering in resonance reflection.
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Figure 3. Demonstration of noncausality of Mie scattering in resonant reflection. (a) Reflection and
transmission spectra for a low-index reflector membrane. (b) Scattering cross section for an elemental rod
constituent of the reflector in (a).
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Figure 4. Definition of a simple lattice and a rendition of the band dynamics. (a) Schematic of a 1D leaky-mode
photonic lattice for studying bound-state transitions. TE-polarized leaky guided modes are described by complex
frequency Q = Qre + i Qum. (b) Conceptual illustration of the bound-state transitions. Here, &: is the wavevector
along the z-direction and X =7 / A. Before and after closing gaps ATEo and ATE1, symmetry-protected BICo and
BIC: in red circles appear at the upper and lower band edges, respectively. The BIC band edges are nonradiative
and thus not leaky, whereas the opposite edges are leaky and represent the spectral placement of guided-mode
resonance peaks. After ref. 45.

2.2 Band dynamics of resonant optical lattices

External waves incident on a periodic metamaterial lattice couple to it at frequencies corresponding to the leaky, or second,
stop band. As shown above, the resulting resonance effects are useful in device design and spectral manipulation. Indeed,
some of the most important properties of metamaterials are associated with the leaky stopband. The lattice band admits a
leaky edge and a non-leaky edge for each supported resonant Bloch mode if the lattice is symmetric. The non-leaky edge
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is associated with what is now called a bound state in the continuum (BIC), or embedded eigenvalue, currently of
considerable scientific interest [39-43]. It is possible to control the width of the leaky band gap by lattice design. In
particular, as a modal band closes, a quasi-degenerate state results—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. We note that each lateral
Bloch mode, in principle, possesses a band. The physical mechanisms inducing the band closure and the band flip are of
fundamental interest [44, 45].

Figure 4 summarizes these ideas, applying a single 1D periodic membrane possessing thickness d with binary dielectric-
constant modulation residing in a host medium with dielectric constant &. The periodic layer acts as a waveguide as well
as a phase-matching element because its average dielectric constant €., = € +p(en - €1) is larger than &, where &, and €
represent the high and low dielectric constants, respectively, and p=F is the fill factor. The normally incident light is in the
TE polarization state. The leaky bands of the fundamental TE, and first higher-order TE; modes are of interest here. As
schematically shown in Fig. 1(b), the modal band gaps ATE, and ATE; belonging to TE, and TE; modes, respectively, are
opened at k. = 0 and symmetry-protected bound states BICy and BIC; in red circles appear at the upper band edges of the
bands when p and Ae are small. At particular values of p and Ag, each band closes. The spectral locations of BIC,; and
BIC; transit from the upper to the lower band edges as the values of p and/or Ae increase [45].

It has been shown that the frequency location of the guided-mode resonance band edge, as well as the BIC edge, is
determined by superposition of Bragg processes denoted by BRq,, where Q indicates the Bragg order and n denotes the
Fourier harmonic of the dielectric constant modulation [44]. As a numerical illustration, we present an example of the
attendant band dynamics and band flip in Fig. 5. The real part of frequency vs k defines the band structure. In general,
band gaps corresponding to each guided mode appear as fill factor 0 < p < 1 and modulation Ae = &, — & > 0; here, we treat
only the TE, band with a fixed fill factor F=p=0.48 as a function of modulation. It is shown in Fig. 5(a) that as Ae grows,
the band opens, closes, and reopens. The band closes when the two Bragg reflections BR»; and BR;, are balanced
destructively [39]. Figure 5(b) shows corresponding plots of the imaginary part of the frequency versus real frequency.
Before band flip, the upper edge has Qi = 0 which defines the BIC state as this condition denotes no leakage; i. e. this is
the nonleaky band edge. In contrast, the finite value of Qi at the lower edge implies leakage; this is the leaky band edge
where the GMR peak arises with Ro=1 in principle. Beyond band closure, the BIC/GMR edges interchange, thus executing
a band flip, as seen in Fig. 5(b) as well.
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Figure S. Illustration of the band dynamics associated with a lattice similar to that in Fig. 4 for the
fundamental mode. The parameters are eag= 4, d = 0.50A, &= 1; this lattice is on a substrate with &= 2.25. (a)
Band structure and band dynamics as a function of modulation strength Ae. (b) Illustration of band-edge locations
and band flips of the leaky GMR edge and the nonleaky BIC edge as correlated with the band dynamics in (a).
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3. EXAMPLE APPLICATIONS

3.1 Wideband reflector at IR bands

Resonant reflectors can be designed to operate in arbitrary spectral regions. Operational principles and design methodology
remain the same but actual fabrication methodology will vary widely with operational frequency and associated materials
that must remain low-loss in the particular region of choice. Figure 6 shows an example device design operating as a
wideband reflector in the 3-5 pm region. Reflectance is close to 100% across ~1.5 pm bandwidth.
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Figure 6. An example wideband reflector in the 3-5 pm region. (a) Schematic illustration of device structure
denoting refractive indices used. Parameters set is {A=1.52 pm, F=0.62, d;=860 nm, dv=825 nm; TM polarization}.
(b) Zero-order reflectance and transmittance spectra.

3.2 Wideband reflector with triangular profile

Photonic structures with nearly arbitrary periodic profiles can be used to induce the resonance effects under study herein
[46]. To emphasize this point, shown in Fig. 7 are spectral maps for devices with triangular profiles as noted in the inset.
The maps show zero-order reflectance as a function of homogeneous sublayer thickness dn. Two distinct materials form
the reflectors in Figs. 7(a) and 7(b). The widest available high-reflectance bands are marked by dotted lines in each case.
Note that a resonant grating composed of isolated triangular particles at d,=0 can provide substantial reflection bands; in
Fig. 7(a) this bandwidth exceeds 100 nm, whereas in Fig. 7(b), it spans 400+ nm.
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Figure 7. Wideband reflectors with triangular profiles. The reflectance map Ro (A, dn) is drawn versus
wavelength and thickness for period A = 850 nm. (a) Base angles o =3 =59°, nc=1, n =3, and ns= 1.48; (b) Base
angles o = =58° n.=1, n=3.48, and ns= 1.48. Color scales denote levels of reflectance in percent. After ref. 46.
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3.3 Silicon reflector in the visible region

Silicon has a complex refractive index close to nc= n+ik=4+i10.04 in the visible spectral region near A=550 nm. We design
a resonant reflector to operate across a wide band centered at 550 nm. With reference to Fig. 1(a), the parameter set
obtained is {A=315 nm, F=0.26, D;~100 nm, Dy=16 nm; TE polarization}. Assuming first that k=0, a flat band results
with zero-order reflectance Ro=1, as seen in Fig. 8. Taking the native value for k=0.04, there is a significant drop in
reflectance. It is well established that treatment with hydrogen (H,) plasma can passivate deep level traps and defects in
semiconductors [47]. Thus we proceed to hydrogenate films of silicon and reach a value of k=0.02, as measured in our
labs with ellipsometry. This reduction in the k value improves the reflectance as modeled in Fig. 8. Further reduction of k
would impact prospects for efficient silicon-based reflectors and other resonance devices in the visible region.
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Figure 8. Spectral characteristics of a silicon reflector in the visible region. The value of reflectance relative to
Im(nc) is quantified.

3.4 Polarizers with record performance

We have designed and fabricated compact low-loss, ultra-high extinction ratio polarizers based on multilayer resonant
periodic metasurfaces [48]. The building block of the cascaded device is an individual metasurface polarizer containing
subwavelength periodic patterns of crystalline silicon on top of a quartz substrate. These metasurfaces are fundamentally
GMR grids. Cascading all-dielectric low-loss individual polarizers offers superior performance compared to the
conventional bulky and lossy polarizers as we confirm by rigorous computations. The design possesses an appropriate
angular tolerance of the transmission spectra for both TE and TM polarization states. Moreover, we experimentally verified
the improved efficiency of our stacked multi-metasurface polarizer device. The thin air-gap thickness between the
individual polarizers is controlled by the thickness of spin-coated photoresist which acts as a spacer. Our measured data
shows an ultra-high extinction ratio of ~100,000 for a polarizer device containing two stacked double-grating modules
which confirms the low-loss nature of our polarizer. As the patterned structures are enclosed by the quartz substrates and
are therefore isolated from the surrounding environment, the risk of contamination or damage during handling is
minimized. Figure 8 summarizes these points and main results.
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Figure 9. A fabricated stacked multi-metasurface polarizer. (a) Schematics of a device containing two dual-
metasurface polarizer modules. (b) Photograph of our polarizer and Thorlab’s Glan-Thompson polarizer. (c) Log-
scale transmission spectra for TE and TM polarization states. (d) Extinction ratio of the fabricated polarizer. After
ref. 48.

4. CONCLUSIONS

In conclusion, we present herein the principal aspects of leaky-mode photonic lattices that are the major building blocks
of metamaterials, metasurfaces, and photonic crystal slabs. We explain key properties with strong reference to propagation
of lateral Bloch modes. The lattices treated are periodic and possess waveguiding properties such that quasi-guided modes
with finite lifetimes are sustained. It is widely acknowledged that the attendant spectral control enables numerous device
applications with new attributes relative to prior technology including thin films, simple waveguides, and classic diffractive
optics. We note that the one-dimensional grating-type canonical model is conceptually transparent, while encompassing
all essential attributes applicable to two-dimensional metasurfaces and periodic photonic slabs. We emphasize the
operative physical mechanisms grounded in lateral leaky Bloch mode resonance, accentuating the significant influence
imparted by the periodicity and the waveguide characteristics of the lattice. The operative mechanisms and resulting
properties are not explainable in terms of local Fabry-Perot or Mie resonances. In fact, with several definitive examples,
we demonstrate that Mie scattering is not causative in resonant reflection. Applications presented include a wideband
reflector at infrared bands as well as resonant reflectors with triangular profiles. We quantify improved efficiency of a
silicon reflector operating in the visible region relative to loss reduction as realizable with hydrogenation. The spectral
characteristics including extinction ratio of a resonant polarizer with record performance are presented.
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