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ABSTRACT

Guided-mode resonances in diffraction gratings are manifested as peaks (dips) in reflection (transmission) spectra. Resonances with smaller line
widths, i.e., with higher Q-factors, ensure stronger light-matter interactions and are beneficial for field-dependent physical processes. However, these
high-Q resonances often suffer from strong angular and spectral dispersions. We demonstrate that a class of resonant modes with extraordinarily
weak dispersion and Q-factor ~1000 can be excited in crossed gratings simultaneously with the modes with well-known linear dispersion.
Furthermore, the polarization of the incoming light can be adjusted to engineer the dispersion of these modes, and strong to near-flat dispersion or
vice versa can be achieved by switching between two mutually orthogonal linear polarization states. We introduce a semi-analytical model to explain
the underlying physics behind these observations and perform full-wave numerical simulations and experiments to support our theoretical conjec-
ture. The results presented here will benefit all applications that rely on resonances in free-space-coupled geometries.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0138666

Resonance anomalies of diffraction gratings have attracted wide
attention for over half a century.' At first, metallic gratings were shown
to have sharp reflection dips associated with the excitation of surface
modes, now known as surface plasmon polaritons.” A different class of
anomalies associated with guided-wave excitation in dielectric gratings
has also been well studied.” The gratings that exhibit this type of
anomaly manifested as sharp peaks in reflection, and corresponding
dips in transmission spectra, are known as resonant waveguide gra-
tings (RWGs) or guided-mode resonance filters (GMRFs). The charac-
ter and the spectral shape of the anomaly depend critically on the
structural geometry as well as on the arrival angle and the polarization
state of the incident electromagnetic wave.

One of the most common geometries of a GMREF includes a lin-
ear binary grating on top of a thin-film optical waveguide, and reso-
nance anomalies can be connected with the excitation of waveguide
modes." Diffraction from the grating enables phase matching of inci-
dent light with the propagating waveguide modes, which eventually
radiate into free space and interfere with light in direct reflection and
transmission (in zeroth diffraction order). Consequently, sharp peaks
in reflection and dips in transmission are observed. GMRFs have been
exploited for numerous applications, such as filtering and beam

splitting,” ” refractive index sensing,”'” optical signal processing," dif-
fractive identification,'” and wavelength division multiplexing,'"*

GMREFs, with one-dimensional (1D) periodicity, have been stud-
ied the most. The nature of diffraction from 1D GMREFs depends on
their illumination conditions. When the grating lines are perpendicu-
lar to the plane of incidence (POI), i.e., the plane containing the propa-
gation vector of the incident harmonic wave and the unit vector
normal to the grating surface, the propagation vectors of the diffracted
waves lie in the POL This excitation geometry is known as classical dif-
fraction mounting. Whereas for conical diffraction mounting,” the
grating lines form an arbitrary angle with the POIL, and the diffracted
wave vectors reside on the surface of a cone. The grating lines can
also be parallel to the POI, and the situation is known as full-conical
diffraction mounting. There are plenty of published works on the
classical' ™"’ and conical diffraction mounting geometries of 1D
GMRFs."*"”

One crucial characteristic of a GMREF is its resonance linewidth,
which is often defined in terms of the Q-factor, defined as the ratio of
the resonance peak wavelength to the resonance linewidth and usually
scales inversely with the angular bandwidth of the incident light beam.
Lemarchand et al. proposed using a grating with two collinear
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periodicities to maintain high-Q and wider angular tolerance simulta-
neously.”’ Larger angular acceptance could also be obtained under a
full-conical diffraction mounting of a 1D GMRE.”’

Two-dimensional (2D) GMRFs, i.e., gratings with two noncollin-
ear, in-plane lattice periodicities, are also extensively studied. One par-
ticular case of a 2D grating is a crossed grating where the two grating
lines are orthogonal to each other. Peng and Morris theoretically
investigated the guided mode resonances in a crossed grating”” and
later experimentally demonstrated the resonant modes at normal inci-
dence of light.” Mizutani et al. realized polarization independence
using a 2D grating with a rhombic lattice structure.”* Fehrembach
et al. developed a phenomenological theory for 2D GMRFs.” Later,
they introduced a perturbative approach to analyze the resonant
modes at an oblique incidence.”® Wang et al. attempted to explain the
origin of various spectral features of 2D GMRFs with rectangular latti-
ces”” and proposed design principles for polarization-independent 2D
GMREFs for non-normal incidence of a plane wave.”* Magnusson et al.
studied the angular tunability of the resonances supported by a 2D
GMREF experimentally in the long-wave infrared (night-vision) spec-
tral band and explained their results using an effective medium
approach of equivalent 1D gratings.”

In this Letter, we experimentally demonstrate that in a 2D grat-
ing, a type of high-Q resonance with near-flat dispersion can be
excited with the typical dispersive resonant mode. Additionally, we
show that the polarization state of light can control the dispersion
characteristics of the resonances. Specifically, by switching between
two mutually orthogonal linear polarization states, one can trigger a
change from linear to near-zero dispersion. We perform full-wave
numerical simulations to match the experimental results and use a
semi-analytical approach based on the waveguide theory to provide
clear physical insights behind the observations.

The geometry of our GMREF is depicted in Fig. 1, which consists
of a 2D periodic surface-relief binary grating on top of a thin wave-
guiding layer. The incident and substrate regions are homogeneous

FIG. 1. Schematic of a square-lattice GMRF with periodicities along x and y under
conical illumination. The incident harmonic wave is linearly polarized with the elec-
tric field pointing along @. The POl is highlighted in blue color. s and a, are the
components of u perpendicular and parallel to the POI, respectively.

scitation.org/journal/apl

media with refractive indices n; (air) and ng (fused silica), respectively.
The grating and the waveguide are made of the same silicon nitride
(SiNy) material with refractive index n,. Grating periodicities along
x- and y-axes are A, and A, and the grating line widths are fA,
and f,A,, respectively. A linearly polarized harmonic wave with
wave number k is incident from the air at an angle of incidence
(AOI) 0 with z-axis. The angle ¢ between the POI and the x-axis is
the conical angle of incidence. Unit vector characterizing polariza-
tion is denoted by 1, and ¥ is the polarization angle. For the
conical incidence of any plane wave, the wave vector ky can be
written as

ko = kxoX + kyoy + koozZ
= ko(sin 0 cos ¢x + sin 0 sin ¢y + cos 0z). (1)

Upon incidence on the GMREF, the plane wave gets diffracted, and the
wave vectors of the diffracted light can be expressed as

kq,mn = kynX + kyni’ + kzq,mni
— (ko + mK)R + (ko + 1K)y + /(R — 2, — 2, )2,
@

where g =1 and 3 stand for regions I and III (the superstrate and the
substrate as illustrated in Fig. 1), respectively, and m and  are integers
representing the diffraction orders along x and y-axes, respectively.
The grating vectors are K, = (211/A,)x and K, = (27/A,)y.

For a high-Q GMRE, the fields remain tightly confined inside the
waveguide layer. Therefore, one can use the theory of an unperturbed
slab waveguide to estimate the spectral peak positions of the resonan-
ces accurately. We use a multilayer waveguide mode solver’’ to evalu-
ate the effective refractive indices neg of the modes in the SiN, slab
waveguide layer. Effective indices of the modes are plotted against the
thickness (f) of the waveguide in Fig. 2(a). The plots show that
the thickness of the waveguide layer limits the maximum number of
supported modes. These modes can be classified either as TE, where
E-field, or TM, where H-field are perpendicular to the directions of
propagation of the modes. We chose a waveguide layer thickness of
t=10.245 um [violet vertical dashed line in Fig. 2(a)] for the experi-
mental demonstration. Clearly, this waveguide thickness can support
one TE, (fundamental TE) mode and one TM, (fundamental TM)
mode with effective mode indices nzf]f“ = 1.7381 and ngfw" = 1.6269,
respectively. The propagation constant f§ of the supported waveguide
modes is defined as § = negko.

The resonance anomalies are observed when the grating diffrac-
tion matches the tangential wave number of the incident wave with
the propagation constant of a slab waveguide mode. This condition,
also known as the phase-matching condition, can, in general, be writ-
ten as

|kxmf( + kyni" = ﬁ = ”effko- (3)
Using Egs. (1) and (2), it can be rewritten in the following form:

2nm

(ko sin 0 cos ¢ + A

A

x Y

2 2
) +(kosin05in¢>+2ﬂ) =/ @

We first analyze the normal incidence scenario with the xz-plane
as the POI (8 = 0° and ¢ = 0°). For s-polarization, the E-field is
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FIG. 2. (a) Effective indices (nef) of the modes vs waveguide thickness t.
The wavelength (in the air) of the incident harmonic wave is g = 0.744 um, and
ns = 1.46 and ny, = 1.95 are used in the calculations. (b) Diffraction efficiency in
transmission calculated with the FMM and the FDTD-based solvers for s, p, or 45°
polarized harmonic wave in normal incidence from the air. A,=A,=0.451 um,
fy="1,=0.46, hy = 0.045 um, and t = 0.245 um are used in the numerical simula-
tions. (c) Comparison of diffraction efficiency in direct transmission obtained experi-
mentally for normal incidence of s, p, and 45° linearly polarized light with numerical
simulations (black dotted lines). The inset shows a scanning electron microscope
image (top-view) of the fabricated GMRF.

0
0.744 0.745 0.746 0.747

parallel to y-axis, and the projection of ko on the xy-plane is parallel
with x-axis. For a better understanding, we can think of this complete
diffraction problem as a combination of diffraction from two 1D gra-
tings (one grating with periodicity along the x-axis and another with
periodicity along the y-axis). Hence, the grating periodic along the x-
axis is under classical diffraction mounting for s-polarized light inci-
dence. At the same time, the y-periodic grating is under full-conical
illumination. For normal incidence, Eq. (4) reduces to

2nm 2 27n 2 21 TE/TM
) === . 5
\/( Ax > + <A},) }-0 neff ( )

The diffraction orders (m,n) = (*1,0) excite the TE, waveguide
modes propagating along *x-directions, and the spectral peak position

of the resonance (I'-point) is at 4™ = 0.788 um, which is obtained by
using n;rflf" = 1.7381 in Eq. (5). Simultaneously, the (0, £1) diffraction
orders excite the TM,, waveguide modes at 2;™ = 0.744 ym (E-point)
propagating along = y-directions.

To validate the preceding analytical predictions of the spectral
positions of the resonances, we perform full-wave numerical simula-
tions with in-house software based on the well-known Fourier Modal
Method (FMM).”' The FMM-based simulation results are also com-
pared with Finite-Difference Time-Domain (FDTD) simulations based

scitation.org/journal/apl

on a commercial solver.”” For both methods, careful convergence tests
are performed to ensure the accuracy of the numerical results (see Sec. 1
of the supplementary material). Furthermore, an experimentally mea-
sured refractive index data of SiNy is used in the numerical (FMM and
FDTD) simulations (see Sec. 2 of the supplementary material). The
transmittance spectrum for illumination with a s-polarized harmonic
wave is shown in Fig. 2(b). For normal incidence, the spectrum is
polarization-independent. Hence, one can obtain identical simulation
results with s, p, and 45° linear polarizations.

For experimental demonstration, a square-lattice GMRF with the
designed grating parameters is fabricated with standard lithographic
processes, which include steps such as chemical vapor deposition, elec-
tron beam lithography, and reactive ion etching (see Sec. 3 of the supple-
mentary material for the fabrication details). The transmission spectra
of the GMREF are measured with a custom-built transmission setup. A
supercontinuum light source is used, and the transmittance in zeroth
diffraction order is measured with an optical spectrum analyzer (OSA).
The GMRF is mounted on a 2-axis goniometer placed on top of a rota-
tion stage to control both 0 and ¢ (see Sec. $4 in the supplementary
material for details of the experimental procedure). The normalized effi-
ciency in direct transmission (#¢o) for s, p, and 45° linear polarizations
of light incident from the air with 6 = 0° and ¢ = 0° is shown in Fig.
2(c). The plots obtained with FMM (identical for s, p, and 45° linear
polarizations) are also included for direct comparison with the experi-
mental results. The difference in the spectral positions of the resonances
obtained numerically and experimentally is due to the difference in grat-
ing periods/fill factors in the design and the fabricated structure. Also,
the numerical results show higher Q-factors than those obtained experi-
mentally, which can be attributed to fabrication imperfections and limi-
tations of the measurement procedure. The Q-factors of the resonances
estimated from the experimental plots in Fig. 2(c) are ~4500. Figures
2(a)-2(c) show that the analytical predictions, full-wave numerical sim-
ulations, and experimental results are in good agreement.

We calculate the field distributions inside the GMRF with the
FDTD-based solver to confirm the analytical predictions of the mode
propagation directions. Figure 3 shows the simulation results. The
excitation wavelength is set as I'y = 0.7878 um for the E-field plot in
Fig. 3(a). For the H-field plot in Fig. 3(b), the excitation wavelength is
F; = 0.7457 um. In both plots, s-polarized light is incident normally
onto the GMRF from the air. The plots show that excitations of the
guided modes result in strong confinements and enhancements of the
fields within the waveguide. Moreover, the TE, and the TM, modes
propagate along the x- and y-axes, respectively.

0.3 50
40

=02 20 702
g 30
0.1 10 w0l 20
10
0 0

—02 010 01 02 —02—010 01 0.2
x [um] y[pm]

FIG. 3. Fields inside the GMRF at resonance. (a) The E field inside the GMRF nor-
malized to the incident EM wave for o = I's, and (b) the normalized H field inside
the grating at 49 = Fs.
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We proceed to investigate the angular and spectral dispersion
characteristics of the resonances. For the oblique incidence of a har-
monic wave (6 # 0°) and for ¢ = 0°, Eq. (4) can either take the form
of Eq. (6) or Eq. (7), which solely depends on the indices (m, 1) of the
diffraction orders that excite the guided modes. For s-polarized light,
the (m,n) = (*1,0) diffraction orders of the grating excite the TE,
waveguide modes propagating along *x-directions. Hence, the reso-
nances related to the TE, modes symmetrically split into two branches,
as shown by the following equation:

*kosin0 + ZXT == i—:nzf%. (6)
The resulting V-shaped dispersion is plotted in Fig. 4(a) as the
dashed lines extending from I'y = 0.788 um. Simultaneously, the
(m,n) = (0,=1) diffraction orders can excite both TM, and TE,
waveguide modes. For these degenerate modes, Eq. (4) can be written
as

. 27m\ 2 2
Josmor (Y <oz o

which shows no splitting of the nearly flat dispersion curve as illus-
trated with the dashed line originating from F; = 0.744 um (for the
TM mode) in Fig. 4(a). It should be noted that the near-flat TE modes
excited by the (m,n) = (0, *1) diffraction orders propagate along
kex = K. For small values of 0, the coupling of s-polarized light with
these TE-modes is small due to the polarization symmetry (see Sec. 5
in the supplementary material). At normal incidence, this coupling
possibility vanishes completely, resulting in band gaps.

For p polarized light, the (m,n) = (*1,0) diffraction orders of
the grating excite the TM, guided modes resulting in the V-shaped
dispersion curve starting from I',. Simultaneously, both TM, and TE,
modes are excited with the (m,n) = (0, =1) diffraction orders dis-
playing nearly flat dispersion characteristics as shown in Fig. 4(b).

Any arbitrary linear polarization state of light can be considered
a sum of the s and p polarized components. For values of i other than
0° or 90°, both the (m,n) = (*1,0) and (m,n) = (0, £1) diffrac-
tion orders of the grating can excite TEy/TM,-type slab waveguide

Applied Physics Letters ARTICLE

(b)
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modes efficiently. The dashed lines in Fig. 4(c) show the angular/
spectral dispersion of the modes for the oblique incidence of a 45°
polarized harmonic wave. Four branches of the dispersion curves can
be observed for 0 # 0°. Two are V-shaped, whereas the other two are
almost horizontal lines. Hence, the dispersion characteristics for 45°
linear polarization case can be seen as a combination of the s and p
polarized cases.

The numerically calculated transmission spectra with FMM are
also included in Fig. 4. The color bar indicates the normalized trans-
mittance (1go) in direct transmission. We notice that the I" and the F
points obtained with the two approaches agree very well. However, as
0 increases, the dispersion curves obtained with the analytical formula-
tion start to deviate from those obtained with FMM. This difference
can be attributed to wavelength-dependent mode indices. The analyti-
cal solution of the dispersion curve in Eq. (4) assumes a constant 7.
However, a modified 7. () should be considered for a more accu-
rate analytic estimation.

The experimentally measured peak wavelengths of the transmit-
tance curves at discrete 0 are also included in Fig. 4. The red (green)
and green (red) circle positions correspond to I" and F points for s (p)
polarization. The experimentally obtained resonance peak positions
I's = 0.788 um and F; = 0.746 are in excellent agreement with the
simulation results. The error bars along 4, and 0 axes are related to
the measurement uncertainties (see Sec. 6 of the supplementary
material).

In summary, we have identified and experimentally verified a type
of guided-mode resonance with ultra-low spectral and angular disper-
sion in a crossed grating. The dispersion index (AZy/AB0) of this reso-
nance with Q-factor ~4500 is ~10~> um/°, which is about three orders
of magnitude smaller than the dispersion of a typical guided-mode reso-
nance with a similar Q-factor. In addition, we experimentally demon-
strate that in a 2D grating, one can switch between conventional linear
and near-flat dispersion of the resonances by switching from s to p-
polarized light incidence and vice versa. The results presented in this
Letter show that achieving high-Q and low dispersion simultaneously
with a free-space diffractive optical element is possible and will benefit
many practical applications in optoelectronics and photonics that rely
on resonances from free-space-coupled geometries.

©

s

FIG. 4. Diffraction efficiency in direct transmission plotted against /o, and 6 for (a) s-polarized (\y = =/2), (b) p-polarized (y = 0), and (c) 45° linearly polarized illumination
(¥ = m/4). The continuous lines indicate the FMM solver-based numerical simulation results, the dispersion plots obtained with Eq. (4) are indicated with the dashed lines,
and the white circles with error bars mark the experimental results. The color bar scaled from “0” to “1” indicates the transmittance value.
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See the supplementary material for the supporting contents:
1. Numerical convergence test. 2. The refractive index of Silicon
Nitride measured with ellipsometr. 3. Fabrication method in detail. 4.
Detailed experimental procedure. 5. Explanations with k-space dia-
grams. 6. Details of measurement uncertainties.
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