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Abstract: Reflection spectra based on guided-mode resonance (GMR) are simulated
and discussed with transformation between one-dimensional (1-D) and two-dimensional
(2-D) photonic lattices by introducing intermediate structures consisting of vertically-stacked
1-D and 2-D gratings. Dependences of reflection spectra on a 2-D fractional ratio are
investigated for two examples of narrowband and broadband resonance elements. Ob-
served complicated spectrum transformations for the narrowband example are successfully
explained by combining simple models with guided-mode indices and multilayer reflection.
The understanding of the fundamental transformation dynamics will aid in the reflection
band engineering for development of new optical components.

Index Terms: Subwavelength gratings, guided-mode resonance, optical filters, two-
dimensional gratings, waveguides.

1. Introduction

Spatially patterned surfaces and films enable remarkable resonance effects as input light couples
to leaky Bloch-type waveguide modes. When the attendant lattice has subwavelength periodicity,
the observed guided-mode resonance (GMR) effects are particularly efficient with narrowband or
wideband reflectance approaching unity in lossless materials [1]-[7]. It is possible to engineer
device spectra for various applications in optoelectronics and photonic device technology. Thus,
a GMR device may exhibit a narrowband reflection spectrum suitable for a wavelength-stabilizing
external mirror of a diode laser [8]. Indeed, it is known that GMR reflectors have some advantages in
design and fabrication flexibility in comparison to dielectric multilayer mirrors (DMM). For example, it
is easy to control the reflection bandwidth as it is determined by coupling strength that is controlled
by a guiding layer thickness, lattice depth, or fill factor. On the other hand, careful thickness
and refractive-index control including material choice is required in DMM. Accordingly, various
GMR filters with narrowband and broadband spectra have been reported [9], [10]. Moreover, it
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is possible to design transmission-type filters as well as reflection-type devices [11] and tunable
filters have also been demonstrated [5]. The basic GMR effect is polarization dependent as
observed in one-dimensional (1-D) grating structures. Polarizers [12], [13], wave plates [14], [15],
and de-polarizers [16], [17] have been reported. Two-dimensional (2-D) resonance elements have
been widely studied on account of their polarization-independent characteristics [18], [19].

Multiple GMRs can occur when multiple guided modes are supported by a periodic waveguide.
The resonance wavelengths are determined by their mode indices. It is possible to control a
reflection spectrum by designing a quasi-equivalent waveguide structure. Spectral control and band
engineering have been reported with 1-D and 2-D structures [20], [21]. The reflection spectrum
of a 2-D GMR device is not a simple addition of two spectra of independent 1-D GMRs, but a
deformed combination. There is a report to analyze the spectrum of 2-D structures by 1-D models
applying effective-medium theory (EMT) [22]. However, dimensional transformations between 1-D
and 2-D structures have not been reported. Characterization of intermediate structures will widen
possibilities in band engineering to develop new optical components.

In this paper, we treat dimensional transformations of resonant photonic lattices by introducing
intermediate structures without any EMT simplifications. It is expected that resonant guided modes
will be directly identified and their transformations can be clearly seen for narrowband GMRs. In
contrast, while broadband GMR filters are also attractive for various applications, guided-mode
identification is not as straightforward as in the case of narrowband filters. Comparing the reso-
nance dynamics of these limiting cases is of interest. Hence, we investigate representative reso-
nance elements exhibiting narrowband and broadband behavior. The coupling strength determining
the bandwidth depends on a refractive index modulation ny 2 — n;, 2 where ny and ny, are high and
low refractive indices of the lattice, respectively. We associate our results with common materials
by choosing ny of 2.0 assuming SisN4 and 3.5 assuming Si for weak and strong coupling cases,
respectively, while we hold n;, at 1.0 representing operation in air environment. We emphasize that
in this first study of the dimensional transformations of resonant photonic lattices, we are interested
in the key resonance properties and in the details of the physical behavior as opposed to aiming
for particular applications.

2. Basic Configuration and Analysis Model

In our model, a free-space wave is injected from the air into the photonic lattice vertically. The
incident wave is coupled to a guided wave mode propagating along a reciprocal lattice vector,
namely a grating vector in resonance condition. The quasi-guided wave is coupled again to air-
and substrate-radiation waves. The substrate-radiation wave interferes with a direct transmission
wave to cancel it out. Thereby, high reflectance is obtained in the resonance condition. An incident
wave off resonance transmits the structure and thus the structure serves as an optical notch filter.
The resonance wavelength 1 is given by

Ap= AN (1)

where A and N denote a grating period and a guided-mode index, respectively.

A schematic view of a 1-D photonic lattice is illustrated in Fig. 1(a). A grating vector is directed
along the y-axis and the structure is uniform in the x-axis direction. A schematic view of a 2-D
photonic lattice is illustrated in Fig. 1(b). The grating vectors are defined along the x- and y-axes. A
schematic view of an intermediate structure is illustrated in Fig. 1(c). A 2-D grating is stacked on a
1-D grating. High and low refractive indices of the gratings are denoted by ny and ny, respectively,
while that of a substrate is n,. Grating thicknesses of 1-D and 2-D gratings are denoted by d,;; and
d,o, respectively. The total thickness d, is given by d,1 + d,2. A grating period and a fill factor are
denoted by A; and F;, respectively, where subscript i = x or y represents directions along x- or y-
axis. The materials are treated as being nondispersive which is a good assumption for the media
and wavelength bands studied. Moreover, the media are taken to be lossless; the effect of loss is
to reduce resonance efficiency and to broaden resonance linewidths that would be most evident in
case of narrowband devices.
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Fig. 1. Schematic views of (a) 1-D photonics lattice, (b) 2-D photonic lattice, and (c) intermediate
structure.
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Fig. 2. Reflection spectra calculated by RCWA with y-polarization incidence for weakly modulated (a)
1-D lattice, (b) intermediate structure, and (c) 2-D lattice. Spectra with x-polarization incidence for (d)
1-D lattice, (e) intermediate structure, and (f) 2-D lattice.

3. Weakly Modulated Structure

First, we investigate reflection spectra when the modulation strength of our lattices is weak. Fig. 2
summarizes calculated reflection spectra as a function of d, with ny = 2.0, n, = 1.0, n, = 1.5,
A=A, =800nm, and F, = F, = 0.9. They are calculated by the rigorous coupled-wave analysis
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(RCWA) method [23,24]. Fig. 2(a)—(c) show spectra for y-polarization incidence. Fig. 2(a) is a case
of 1-D lattice with d;; = d, and d,» = 0. Reflectance is indicated by color. We can see narrow
lines of high reflectance indicated by yellow-red color. This high reflectance is caused by GMR with
transverse magnetic (TM) modes since the polarization direction and the grating vector are parallel.
The reflection band is narrow, as expected from the weakly modulated structure. Interference
fringes of low reflection indicated by light-blue color are also seen with low wavelength dependence.
These show an interference effect of a multilayer structure. We find two extremely asymmetric
shapes in the GMR reflection spectrum as shown at d, = 1.8 um ([A] in Fig. 2(a)) and 1.2 um ([B] in
Fig. 2(a)) for TM; mode. Spectra at [A] and [B] show steep drops at shorter and longer wavelength
sides, respectively. GMR reflection spectra associated with a guided mode alternate between those
two shapes as d, increases, resulting from a phase variation of the multilayer reflection against the
GMR air radiation.

Fig. 2(c) shows a case of 2-D lattice with d,» = d,. We can see several high-reflectance lines
originating from GMR of transverse electric (TE) modes besides TM modes since one of grating
vectors is orthogonal to y-polarization. Fig. 2(b) shows a case of an intermediate structure with
d,1 = dg» = d,/2. Reflection characteristics are closer to Fig. 2(c) than Fig. 2(a) because of the
inclusion of the 2-D structure. We can see redshifts in resonance wavelengths for all of the TM
and TE modes as d, increases. Fig. 2(d)—(f) show spectra for x-polarization incidence. Narrow
lines of high reflectance result from GMR of TE modes in the case of Fig. 2(d) since the grating
vector is orthogonal to the polarization. Fig. 2(f) is the same as Fig. 2(c) as it should be because
of symmetry. Reflection spectra are different between y- and x-polarization in the intermediate
structure as shown in Fig. 2(b) and (e).

Fig. 3 shows spectral transformations from 1-D to 2-D lattices with color-coded reflectance. The
total thickness d, is fixed to 1.6 um. The spectra at d,»/d, = 0 in Fig. 3(a) and (b) are also given
by the spectra at d, = 1.6 um in Fig. 2(a) and (d), respectively. The spectra at dy»/d, = 1 in
Fig. 3(a) and (b) are the same and are also given by the spectrum at d, = 1.6 um in Fig. 2(c)
or (f). We can see blueshifts in the resonance wavelength ny for both of the TE and TM modes
as d,o/d, increases. Weak undulations are seen on the blueshifted spectral loci. The resonance
wavelength Ay is determined by the mode index N as given in (1). The above-mentioned blueshift
of A, namely reduction of N, is caused by fractional loss of the ny material according to the d./d,
increase. We calculated N for various d,./d, and estimated 1 z. We assumed a multilayer structure,
replacing the grating by a dielectric-constant-averaged layer for the N calculation. The estimated
Ar for y-polarization incidence with TE, and TE; modes are summarized in Fig. 4(a) and (b),
respectively. The dependences show good agreement with narrow lines of high reflectance shown
in Fig. 3(a).

TE-mode bandwidths vary against d,./d,, unlike that for TM modes in Fig. 3(a). The larger
variation results from the higher dependence of coupling strength on d,./d,. The increase of
d,o/d, implies the growth of the grating along the x-direction and changes its coupling strengths of
the x-propagating TE modes. On the other hand, TM-mode bandwidths vary unlike TE modes in
Fig. 3(b). In this case, the increase of d,»/d, changes the coupling strengths of the x-propagating
TM modes. We can see the alternation of the spectral asymmetric shape in TE modes but not
in TM modes in Fig. 3(a) for dy»/d, increase, indicating a formation of a grating structure along
the x-direction. This is consistent with the above discussion of the bandwidth variation. Moreover,
Fig. 3 shows gaps in cross points of modes. In the case of y-polarization incidence shown in
Fig. 3(a), we can see across at > = 1.38 um and d,»/d, = 0.77. However, they are not degenerated
at the cross, indicating mode-coupling between them. The similar gap appears for x-polarization
incidence shown in Fig. 3(b). There is a cross point at A = 1.38 um and d,»/d, = 0.80. We remark
that our numerical results are fully converged as verified by comparing with cases with a larger
number of spectral orders in the simulations.
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Fig. 3. Reflection spectra for weakly modulated lattices as a function of dg2/dg with (a) y- and (b)
x-polarization incidence, where dg is fixed to 1.6 um.
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Fig. 4. The resonance wavelength AR calculated from (1) for (a) TEO and (b) TE1 modes with
y-polarization incidence.

4. Strongly Modulated Structure

In this section, we investigate the transformational dynamics of the reflection spectra under strong
modulation. Fig. 5 summarizes reflection spectra as functions of d,. The spectra are calculated
for ng =3.5,n, =1.0,n, =15, A, = A, =630 nm, and F, = F, = 0.69. Figs. 5(a)—(c) show
spectra for y-polarization incidence. Fig. 5(a) is a case of 1-D lattice with d;; = d, and d,» = 0.
High reflectance is obtained by GMR with TM modes. A reflection band of each guided mode is
wider than the case of a weakly modulated structure as shown in Fig. 2. We can see a merger of
multiple bands. Fig. 5(b) and (c) show cases of an intermediate structure with dy; = dg» = d,/2
and 2-D lattice with d,2 = d,, respectively. GMR lines related to TE modes appear. Reflectance
decreases in some parts where GMRs of TE and TM modes occur simultaneously and interfere. In
other words, high reflectance is not expected because of destructive interference of GMRs except
for the case that substrate-radiation waves from both modes are in-phase to cancel the direct
transmission wave. Fig. 5(d)—(f) show spectra of 1-D lattice, the intermediate structure, and 2-D
lattice, respectively, for x-polarization incidence. Similar characteristics of merger and decrease in
reflectance are seen, though reflection bands are narrower than the case of TM modes shown in
Fig. 5(a) and (b).
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Fig. 5. Reflection spectra calculated by RCWA with y-polarization incidence for strongly modulated
(a) 1-D lattice, (b) intermediate structure, and (c) 2-D lattice. Reflection spectra with x-polarization
incidence for (d) 1-D lattice, (e) intermediate structure, and (f) 2-D lattice.
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Fig. 6. Reflection spectra for strongly modulated resonant lattices as a function of d,2/d, with (a) y- and
(b) x-polarization incidence, where d,, is fixed to 0.42 um.

For strongly modulated lattices, Fig. 6 shows example spectral dynamics under dimensional
transformation from 1-D to 2-D lattice with color-coded reflectance. The thickness d, is fixed to be
0.42 um. The spectra at dy2/d, = 0 in Fig. 6(a) and (b) are also given by the spectra at d, = 0.42 um
in Fig. 5(a) and (d), respectively. The spectra at d,»/d, = 1 in Fig. 6(a) and (b) are the same and
are also given by the spectrum at d, = 0.42 um in Fig. 5(c) or (f). Reflection bands associated with
TM modes are wider and more stable against d,»/d, in comparison to TE-mode bands. TE modes
show undulations with blueshifts as d,»/d, increases. In the case of y-polarization incidence shown
in Fig. 6(a), GMR by TM modes is dominant and spectral variation is not so large. In the case of
x-polarization shown in Fig. 6(b), we can see large variation in bandwidth since GMR by TE modes
is dominant.
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Elaborating further, it is interesting to see that simultaneous band-pass and band-stop filtering
occurs in the same wavelength range for different polarizations. Band-pass filtering is obtained at
L =1.6 uminarange of » = 1.45-1.7 um at dy»/d, = 0.3 for y-polarization incidence as shown
in Fig. 6(a), while band-stop filtering is observed for x-polarization incidence in Fig. 6(b). This is
an example of band-engineering potential of the intermediate structure since the 1-D lattice gives
spectral lines of only TE or TM modes and the full 2-D lattice delivers polarization independence.

5. Conclusion

With the aim of uncovering key properties and mechanisms, we have investigated resonant
reflection spectra under dimensional transformations between 1-D and 2-D lattices. Choosing two
commonly-applied materials, we map the reflectance spectra as the lattice gradually converts from
a pure 1-D state to a full 2-D state. These maps display clearly key features and differences
between the pure and mixed states. By tuning the 2-D fractional ratio d,./d, in both of our
narrowband and broadband examples, a diversity of spectra are brought out. Interpretation of
the observed spectral transformations for the narrowband lattice example is straightforward as
the resonant features are clearly seen and associated with well-defined resonance wavelengths
on waveguide-mode type loci. We successfully explain them by combining simple models with
guided-mode indices and multilayer reflection. The spectral dynamics under analogous transforms
in heavily modulated lattices are more complex. In that case, simple models do not suffice for
transparent interpretation and thus rigorous numerical modeling is essential for quantification of
the spectral efficiencies and bandwidths. The understanding of these types of transformations will
benefit the field of spectral band engineering for the development of new optical components. For
example, we observe transition between band-pass and band-stop filtering properties on variation
of the input-wave polarization state for some intermediate structures. Whereas the study provided
here is theoretical only, we note that all structures presented can be expeditiously fabricated. Using
UV-laser based holographic interference lithography, the full 1-D and 2-D devices are easily made;
the 2-D device by applying 90° rotation between exposures. The intermediate 1-D/2-D devices are
similarly fabricated but under additional exposure control.
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