PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Resonance properties of isolated-
particle optical lattices: Antireflection-
quenched Mie scattering and Mie
modal memory

Robert Magnusson, Yeong Hwan Ko, Nasrin Razmjooel,
Fairooz Abdullah Simlan, Hafez Hemmati

Robert Magnusson, Yeong Hwan Ko, Nasrin Razmjooei, Fairooz Abdullah
Simlan, Hafez Hemmati, "Resonance properties of isolated-particle optical
lattices: Antireflection-quenched Mie scattering and Mie modal memory," Proc.
SPIE 12010, Photonic and Phononic Properties of Engineered Nanostructures
XIl, 1201002 (5 March 2022); doi: 10.1117/12.2607963

SPIE. Event: SPIE OPTO, 2022, San Francisco, California, United States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Aug 2022 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Resonance properties of isolated-particle optical lattices:
Antireflection-quenched Mie scattering and Mie modal memory

Robert Magnusson, Yeong Hwan Ko, Nasrin Razmjooei, Fairooz Abdullah Simlan, Hafez Hemmati
Department of Electrical Engineering, University of Texas Arlington, Arlington, Texas 76019, USA

ABSTRACT

Periodic optical lattices consisting of isolated-particle arrays in vacuum are treated with rigorous electromagnetics. These
structures possess a wealth of interesting properties including perfect reflection across small or large spectral bandwidths
depending on the choice of materials and design parameters. Pertinent spectral expressions have been observed
theoretically and experimentally via one-dimensional (1D) and two-dimensional (2D) structures commonly known as
resonant gratings, metamaterials, and metasurfaces. The physical cause of perfect reflection and related properties is
guided-mode resonance mediated by lateral Bloch modes excited by evanescent diffraction orders in the subwavelength
regime. Here, we review recent results on differentiation of local Mie resonance and guided-mode lattice resonance in
causing resonant reflection by periodic particle assemblies. We treat a classic 2D periodic array consisting of dielectric
spheres. To disable Mie resonance, we apply antireflection (AR) coatings to the spheres. Reflectance maps for coated and
uncoated spheres demonstrate that perfect reflection persists in both cases. We find that the Mie scattering efficiency of
an AR-coated sphere is greatly diminished. Additionally, in a 1D cylindrical rod-type lattice, we investigate and compare
local field profiles in periodic assemblies and in the constituent isolated particles. In general, the lattice and particle
resonance wavelengths differ. When the lateral leaky-mode field profiles approach the isolated-particle Mie field profiles,
the resonance locus tends towards the Mie resonance wavelength. This correspondence is referred to as Mie modal
memory. These fundamentals may help distinguish Mie effects and leaky-mode lattice effects in generating the observed
spectra in this class of optical devices while elucidating the basic resonance properties across the entire spectral domain.

Keywords: guided-mode resonance effect, leaky-mode resonance, resonant waveguide gratings, metamaterials, Bloch
modes, Mie scattering, leaky-band dynamics, Mie modal memory, metasurfaces

1. INTRODUCTION

Resonant optical lattices can be configured with periodic assemblies of arbitrarily shaped particles. The particles may be
in the form of pillars, blocks, or rods composed of metals, dielectrics, or semiconductors. Optical lattices are, in general,
three-dimensional (3D) as are their crystalline counterparts. However, important variants in the form of 2D or 1D patterned
films or membranes exist in the optical domain. The isolated-particle optical lattices in focus here refer to particle arrays
residing in vacuum for analytical and physical simplicity. Although the fundamental periodic element, namely the
diffraction grating, has been known for more than 100 years, new solutions and applications based on spatially periodic
modulations continue to appear. In recent literature, corresponding assemblies and devices are called metamaterials or
metasurfaces and the like. Current lithographic technology enables fabrication of spatial modulations on subwavelength
scales in one, two, or three dimensions even at visible or UV wavelengths. The resulting diffractive optical elements (DOE)
or metasurfaces may support waveguide modes if the refractive indices and dimensions 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 on account of the diversity of spectral expressions mediated by the resonance
effect. 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 governing resonance effects hold across the spectrum, from visible wavelengths to the microwave domain,
by simple scaling of wavelength to period and proper materials specification. Background on the physics, formulation,
experiments, characterization, and applications of resonant photonic elements can be found in selected references [1-21].
Some of these references are from our group as we have studied this field of research and technology theoretically and
experimentally for more than 30 years.
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If the particles in the array are positioned randomly, the assembly scatters incident light incoherently with random phasing
thereby losing all major properties including perfect reflection and generation of discrete propagating and evanescent
diffraction orders. The individual particles will resonate light in a local manner with scattering amplitudes and directional
properties depending on materials, particle shape, and proximity to neighboring particles. Fabry-Perot (FP) resonance
occurs via reflections between parallel planes possessing refractive-index discontinuities and is typically associated with
thin films. Mie resonance occurs by similar reflections but between nonparallel planes and is generally associated with
isolated cylindrical and spherical particles [22]. Mie resonance can be considered a generalized FP resonance in arbitrary
geometries. In strictly periodic lattices, the incident light develops a spatially periodic phase creating diffracted waves
propagating in directions depending on the wavelength as expressed in the grating equation. This underlies the
spectroscopic properties of diffraction gratings. An entire field of technology, namely diffractive optics, addresses
attendant theory, design, fabrication, and applications. Diffractive optical elements 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 in many other optical systems.

In this paper, we review recent results espousing the physical principles of resonant leaky-mode lattices. We address
differentiation of Mie resonance and guided-mode resonance in mediating resonant reflection by periodic particle
assemblies. We treat a classic 2D periodic array consisting of silicon spheres. To disable Mie resonance, we apply an
optimal antireflection (AR) coating to the spheres. Reflectance maps for coated and uncoated spheres demonstrate that
perfect reflection persists in both cases. Additionally, in a 1D cylindrical rod-type lattice, we compare local field profiles
in periodic assemblies and in the constituent isolated particles. When the lateral leaky-mode field profiles approach the
isolated-particle Mie field profiles, the resonance locus tends towards the Mie resonance wavelength. This convergence is
referred to as Mie modal memory. A fuller description is provided in the papers reviewed here [23, 24].

2. RESONANCE PROPERTIES OF ARRAYS OF UNCOATED NANOSPHERES

We model a periodic array composed of nanospheres where n and D denote refractive index and diameter as illustrated in
Fig. 1(a). The particles are arrayed in a 2D lattice with period A embedded in air or vacuum with refractive index nq:; = 1.
The input beam is modeled as a plane wave at normal incidence with fixed polarization (electric-field vector along the y-
axis while the magnetic field points along the x-axis).
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Figure 1. (a) Schematic of a 2D photonic lattice composed of nanospheres where n and D label refractive index and
diameter of the sphere. Each nanosphere is arranged by the lattice period (A = Ax = Ay). The input is a plane wave
at normal incidence with its electric-field vector along the y-axis while the magnetic-field vector is along the x-axis.
(b) Total scattering efficiency (QOscarr) spectrum of a single Si sphere (n=3.48, D=450 nm). At (i) A =1.634 pm (Mo),
(i) A=1.25 pm (M1) and (iii) A =1.13 um (M2), Mie resonances appear identified as classic magnetic dipole, electric
dipole, and magnetic quadrupole response, respectively [24].

Proc. of SPIE Vol. 12010 1201002-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Aug 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 1(b) shows the total scattering efficiency () of an isolated silicon sphere with a fixed, nondispersed refractive
index n = 3.48 and diameter D =450 nm. It is calculated using analytical formulas from Mie scattering theory as [25]

2 0
O, =;Z(2n+1)(|a,,|2 +b [

n=1

In this expression, a=nD/A is the size parameter with A being the wavelength in free space and a, and b, are the Mie
scattering coefficients. In the spectrum, familiar Mie resonances appear at (i) A =1.634 um (M), (ii)) A =1.25 pm (M) and
(iii) A=1.13 pum (M>) which are contributed by the magnetic dipole, electric dipole, and magnetic quadrupole, respectively.
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Figure 2. Perfect reflection bands generated by a resonant photonic lattice. (a) Calculated Ro spectral map as a
function of A. For comparison, Mie resonance locations (Mo-M>) are displayed by vertical lines. The white dashed
line indicates the Rayleigh line (A=1). (b)-(d) Representative E and H profiles associated with the photonic lattice
at (i) A= 1.25 um, A= 1.522 pm, (ii) A= 1.25 pum, A= 1.372 ym and (iii) A= 1.58 um, A= 1.62 um. Shown are
localized fields at the nanospheres on a linear scale (upper plots) as well as standing wave interference patterns of
lateral counter-propagating Bloch modes on a log scale (lower plots) at these points as marked in (a). Point (i) and
fields in (b) pertain to TMo modes propagating along +y. Point (ii) and fields in (c) correspond to TEo modes
propagating along +x. Point (iii) locates in the reflection null on the merged mode line where these TMo and TEo
modes overlap. The fields in (d) correspond to this point. The lateral Bloch modes exhibit standing waves along the
x direction (TE mode) and y direction (TM mode). These modes travelling along orthogonal directions are
copolarized for the excitation shown in Fig. 1 and thus the reflected waves due to each mode can interfere effectively
to cancel the reflection and to yield perfect transmission at that point as shown in the spectrum. We note that the
local fields in (d) are those of the overlapping TEo and TMo modes and cannot represent these modes individually.
The log-scale amplification of the standing waves makes them look artificially sharp [24].

We calculate reflectance spectra of this photonic lattice versus A by performing rigorous coupled-wave analysis [26, 27].
When this lattice is in the subwavelength regime, only zero-order reflectance (Ro) remains, and perfect reflection is
possible. Figure 2(a) shows the Rg color map as a function of A from 0.5 to 2 pm. For comparison, the wavelengths
corresponding to My, M; and M are also indicated by vertical lines. The perfect reflection loci (displayed in dark red
color) are controlled by the period of the lattice. This is because the period strongly affects the homogenized effective-
medium refractive index of the lattice which, in turn, defines the character and properties of the lateral leaky Bloch modes.
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As A increases, the reflection band changes in resonance wavelength position up to the Rayleigh line (A=A, displayed by
a white dashed line). Beyond the Rayleigh line, Ry < 1 because higher propagating diffraction orders draw power. For
points (A, A) under the Rayleigh line, subwavelength conditions prevail and no higher-order diffracted waves propagate.
We note that the Mie lines are not correlated directly with the reflection band. Figures 2(b)-(d) provide representative
electric (E) and magnetic (H) field profiles associated with the photonic lattice at (i) A= 1.25 pm, A= 1.522 um, (ii) A=
1.25 pm, A=1.372 pm and (iii) A= 1.58 pm, A= 1.62 pm. These panels illustrate the localized fields at the nanospheres on
a linear scale (upper plots) as well as the standing-wave interference patterns of the lateral counter-propagating Bloch
modes on a log scale (lower plots) at these points as marked in Fig. 2(a). Point (i) and fields in Fig. 2(b) pertain to TMy
modes propagating along + y. Point (ii) and the fields in Fig. 2(c) correspond to TE, modes propagating along +x. Point
(iii) locates in the reflection null on the merged mode line where the TM, and TE; modes overlap. The fields in Fig. 2(d)
correspond to this point. The coexisting Bloch modes exhibit standing waves along the x direction (TE mode) and y
direction (TM mode). These modes travelling along orthogonal directions are copolarized for the excitation field shown
in Fig. 1 that has an electric-field vector along the y direction. Therefore, the reflected waves due to each mode can interfere
effectively to cancel the reflected wave and to yield perfect transmission at that point as shown in the spectrum.

3. RESONANCE PROPERTIES OF ARRAYS OF AR-COATED NANOSPHERES

Figure 3 indicates that Mie scattering resonance is subdued by the AR effect where the AR film thickness (d =220 nm) is
chosen for the wavelength of My (A =1.634 pm) of the original Si sphere. Viewing the computed results in Fig. 3, the
localized signature is greatly diminished relative to the strongly confined fields in the uncoated sphere as in Fig. 1(b).
There is still heightened concentration in the center of the sphere relative to background because it is impossible to
perfectly cloak it with a single AR film. Owing to the AR effect and attendant low backward scattering, much of the light
passes through the particle with dominant forward scattering. In addition, as seen in the TSCS spectrum of Fig. 3(c), the
two resonance peaks from Fig. 1(b) are significantly broadened and the total scattering efficiency is reduced. Relative to
the My position of the original uncoated Si sphere, the Mie scattering resonance is red-shifted and the quality (Q) factor of
the resonance decreases. Figure 4(d) illustrates the local field structure at the wavelength of My (A =1.634 um).
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Figure 3. Effects of AR coating on the scattering properties of the nanosphere with AR-film thickness d= 220 nm.
(a) AR-coated sphere model. (b) Schematic of total internal reflection for the curved geometry. (¢) TSCS spectra of
the coated sphere. (d) Electric field profile corresponding to the Mie resonance peak at the Mo wavelength.
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Finally, we demonstrate perfect reflection with the AR-coated Si spheres in the photonic lattice. Thus, Fig. 4(a) shows a
calculated Ry (A, A) map for a 2D array of spheres. Perfect reflection bands appear in the spectral region displayed
contributed by lattice-generated GMR. As can be seen in the field profiles of Fig. 4(b), standing wave patterns form due
to interference between counterpropagating lateral Bloch modes. Lattice resonance induces strong optical confinement
even if the local cavity of each individual particle is eliminated. This is because the lattice, in spite of the AR coat on the
particles, still exhibits finite values of effective refractive index on which to support the modes. The AR-coat design
wavelength is 1.634 um with efficient reflection occurring near this wavelength irrespective of the AR coat.
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Figure 4. Perfect reflection bands generated by a 2D resonant photonic lattice built with AR-coated Si spheres. (a)
Ro (A, A) map. (b) Field profiles at points (i) and (ii).

4. DIFFERENTIATION OF MIE RESONANCE AND LATTICE RESONANCE

Figure 5 illustrates models and spectra pertaining to Mie resonance in isolated particles and guided-mode resonance in
periodic lattices. For this example, the model particle chosen is an infinite circular cylinder with diameter D and refractive
index n placed in air (Fig. 5a). The lattice is an array of similar particles with period A (Fig. 5d). The lattice operates in
the subwavelength regime such that only the zero-order reflectance (Ro) and zero-order transmittance (To) are shown in
Fig. 5(d). The illuminating plane wave is at normal incidence with wavenumber k.. As usual in diffraction and waveguide
optics, we define TE and TM polarization state as electric field parallel and perpendicular to the particle axis. Figure 5(b)
presents the total scattering cross section (TSCS) of a single particle with D =250 nm and refractive index n =2. Similarly,
Fig. 5(c) provides the TCSC for n=3.5. On account of the cylinder geometry, we label the Mie resonance field configuration
in terms of azimuthal mode number () and radial mode number (/) as TE(j, [) or TMu(j, [) [28]. In Fig. 1(c), TEum(1, 1)
and TM/(0, 1) are located at A=1.179 um and 1.173 pum, respectively, or close to each other. Obviously, the TE-polarized
TSCS exceeds the TM-polarized TSCS because TM light encounters Brewster conditions at the cylinder surface resulting
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in lower TM reflection and less effective scattering. Figure 5(e) presents Ry spectra under TE and TM polarization for n=2.
The resonance peaks are labeled TE.(m, v) or TMy(m, v) where m denotes the evanescent diffraction order that generates
the resonance and v marks the corresponding classic waveguide mode. Figure 5(f) shows zero-order reflectance for the
case of n=3.5. Under guided-mode lattice resonance in Figs. 5(¢) and 5(f), we see that Ro=1 for both polarization states at
the respective resonance wavelengths. In his example, with a period chosen arbitrarily, there is no correlation between the
Mie resonance wavelengths and the GMR wavelengths. This is because there is no causal relationship between the

condition R¢=1 and Mie resonance.
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Figure 5. Comparison of single-particle resonance and lattice-resonance spectra. (a), The particle chosen is an
infinite circular cylinder with diameter D and refractive index n placed in air. (b) FDTD-computed TSCS spectra
under TE and TM polarized light with n=2. (c) TSCS spectra for n=3.5 where the Mie resonance peaks are labeled
TEwMm(j, 1) or TMm(j, 1) by the azimuthal mode number j and the radial mode number 1. (d) A photonic lattice arrayed
by the elemental cylinder in a. With a representative period (A), the zeroth-order reflectance (Ro) spectra are
calculated by RCWA. (e) Ro spectra under TE and TM polarization for n=2. The resonance peaks are labeled TEL(m,
v) or TML(m, v) where m denotes the evanescent diffraction order and v the waveguide mode. (f) Ro spectra for
n=3.5. We see that there is no correlation between the Mie resonance peaks and the lattice resonance peaks [23].
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5. MIE MODAL MEMORY: MATCHED PARTICLE AND LATTICE FIELD PROFILES

At certain spectral locations there is strong correlation with the individual-particle resonance wavelengths and the lattice-
resonance wavelengths. We explain this physical manifestation by spatial field matching between the Mie modes and the
lateral modes generating the resonance. As the individual cylinders possess characteristic Mie resonance field profiles at
the Mie resonance wavelengths, the lateral Bloch modes must match those, at least approximately, at these specific spectral
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Figure 6. Quantification of local/lateral mode matching. We model a single circular cylinder with D=250 nm and
n=3.5 and a corresponding lattice. (a) Total scattering cross section (TSCS) spectra in TE and TM polarized light.
Mie resonance peaks are labeled TEm(j, 1) or TMm(j, 1) by azimuthal mode number (j) and radial mode number (1).
(b) Electric and magnetic field profiles at Mie resonance wavelengths corresponding to a. E and H indicate the
amplitudes of electric and magnetic fields. (c) Photonic lattice spectra Ro(A) at values of A chosen to match
overlapping Mie/lattice resonance locations. The guided-mode resonance peaks are labeled as TEL(m, v) or TML(m,
v) with m denoting the diffraction order and v the waveguide mode. (d) E and H profiles at lattice resonance points
corresponding to (c). Comparing (b) and (c) verifies the local/lateral mode matching at these (A, A) coordinates [23].

To verify this idea, we compare TSCS (A) and Ro(A) spectra and attendant field profiles at values of A chosen to match
overlapping Mie/lattice resonance locations. In Fig. 6(a), Mie modes TE)(1, 1) and TMA0, 1) occur at A =1.179 pm and
1.173 pm. At higher energy states, TEx(2, 1) and TMu(1, 1) are found at A = 0.745 um and 0.774 pm. With periods chosen
for resonance coincidence to the extent possible, Ro()) lattice spectra are displayed in Fig. 6(c) and compared to the Mie
resonance wavelengths in Fig. 6(a) with vertical lines. For A=1.1 um, the TE;(1, 1) locates near TEx(1, 1) and TE(1, 2)
is closely matched to TEx(2, 1) at A=0.7 um. Similarly, TM,(1, 1) is close to TMa(1, 1) at A=0.5 pm. We now compare
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the localized field structures in the cylindrical single particles in Fig. 6(b) with the fields residing in the photonic lattice in
Fig. 6(d). We see that the resonant-lattice field patterns approximate the single-particle fields with good qualitative
agreement. This is in spite of the fact that the guided-mode resonance wavelengths differ somewhat from the exact Mie
resonance wavelengths as quantified in Figs. 6(b) and 6(d). This wavelength difference is reasonable because of the
geometric difference of the two physical arrangements. In the lattice, at resonance, there are contradirectional leaky Bloch
modes interacting with the particles in addition to the incident wave in stark contrast with the single-particle case. The
evanescent-wave-excited lateral modes interacting with the incident wave generate the perfect reflection with the
approximate mode matching shown. We conjecture that the mode-matching principle is general and will apply to any
dielectric resonant optical lattice independent of the shape of the building block particles constituting the array.

6. CONCLUSIONS

In conclusion, we focus here on the fundamental physical properties of 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 composing a periodic lattice,
as opposed to the individual particle resonance, that yields all main properties. We emphasize that neither local particle-
based Fabry-Perot nor Mie resonance is causative in the perfect reflection, or in any other key effects, observed [29-33].
At particular values of period, the particle/lattice fields can match with a corresponding agreement in the resonance
wavelength; we refer to this condition as Mie modal memory. The results of this study have potential to advance the field
of nanophotonics, including studies of diffractive optics, photonic crystal slabs, metamaterials, metasurfaces, etc., by
solidifying the understanding of the physical basis of resonant photonic lattices.
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