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We report the design of an ultrathin Faraday rotator consisting of a silicon photonic crystal (PhC) slab on a bismuth-substituted yttrium iron garnet
(Bi:YIG) thin film. By directing light into guided modes in the Bi:YIG layer via diffraction in the PhC layer, we numerically demonstrate a Faraday
rotation angle of ~45° at a telecom wavelength with a Bi:YIG layer thickness of only ~500 nm. This structure permits a high light transmittance of
about 70%, enabled by electromagnetically induced transparency. The proposed design only requires nanopatterning of the Si layer, providing a
viable route to practical ultrathin Faraday rotators. © 2023 The Japan Society of Applied Physics

araday rotators rotate the linear polarization of light

passing through them and are an essential element of

many nonreciprocal free-space optics including
Faraday isolators, circulators, and mirrors. In general,
Faraday rotators tend to be bulky in the optical regime due
to the weak magneto-optical (MO) effects of transparent
materials."” The miniaturization of Faraday rotators has
been a fascinating research direction for expanding their
applications. A straightforward approach is to enhance light—
matter interactions in the constituent MO materials by using
optical resonances in photonic micro/nanostructures such as
one-dimensional®™ and two-dimensional photonic crystals
(Pth),6’7) and plasmonic structures.®™"> However, the ob-
served Faraday rotation angles (0r) were far less than the
ideal value of 45°, with which an ideal Faraday isolator can
be built, and the measured light transmittances (I') were
rather low''™'*'® limiting their use in nonreciprocal free-
space optics based on light polarization.

All-dielectric MO metasurfaces have recently emerged as
an alternative route to realize ultrathin Faraday rotators.'’ %
By judiciously arranging the array of resonant structures
made from a MO material, a high T of 96% and a moderate
Or of 7.6° have been numerically demonstrated in a single-
layer structure.””’ The performance is not sufficient for
practical use but the MO structure appears promising with
further optimizations.zz) However, the MO materials consid-
ered in the metasurfaces are iron garnets, which are notor-
iously intractable to nanopatterning. Forming vertical side-
walls in the constituent garnet resonators is considered
critical for achieving the designed performance”” but has
been known to be very challenging.””

More recently, S. Xia et al. proposed and demonstrated
another approach to realize an all-dielectric MO metasurface
without nanopatterning of the iron garnet layer.”> They
formed an array of microdisk resonators made from amor-
phous silicon on top of an unpatterned Ce:YIG thin film and
observed a ~ fourfold enhancement of 6 in comparison with
a plane MO material of the same thickness. This approach
wisely avoids direct nanopatterning of the garnet material and
shows great potential for the faithful fabrication of the
designed optical structure. However, the hybrid MO structure
only exhibits a small 0 of less than 1° even in the design,
which will hinder its use as a practical Faraday rotator. The
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same issue is found for the hybrid MO metasurfaces using
ferromagnetic metals.”***>%)

In this study, we report the design of an all-dielectric
hybrid MO nanostructure consisting of a silicon-based
photonic crystal (PhC) on a bare bismuth (Bi)-substituted
yttrium iron garnet (Bi:YIG) thin film. Nanoholes are
perforated only in the Si layer so that the Bi:YIG layer
remains intact. We found high Q factor modes, which
originated from guided mode resonances (GMRs) and are
supported mainly in the Bi:YIG layer, significantly enhances
Faraday rotation in the structure. After fine-tuning the
structure, a design based on a 500 nm thick Bi:YIG thin
film exhibits a 6 of ~45° with a high T of ~70% at ~1.5 pum
wavelength.

Figure 1(a) shows the hybrid MO structure considered in
this study. The structure consists of a Si-based PhC slab on a
Bi:YIG film with a submicron thickness (%y;,). The whole
structure is embedded in a SiO, matrix with a refractive index
of 1.45. The YIG layer is described by a relative permittivity
tensor ¢ = [e, ig, 0; —ig, €, 0; 0, 0, €] under an external
magnetic field along the z-axis. We used the experimentally-
measured values of € = 2.4% and g= 0.00235 for a
commercially available Bi:YIG substrate in the telecom
wavelength band. The PhC structure is assumed to be made
from a monocrystalline silicon slab (ng; = 3.45) with a
thickness of hg; = 160 nm. Our design of the Si PhC starts
from a square array of circular perforated holes with a
diameter a = 325 nm. We modify the circular nanoholes to
elliptical ones with the length of the long axis b in the way
shown in the inset of Fig. 1(b). The primitive unit cell of the
structure after the modification is shown in Fig. 1(b). The
period of the PhC is fixed to be P = 880 nm. The strength of
the structural modification is quantified with a parameter
6 = b — a. Numerical analyses were performed with elec-
tromagnetic simulations using COMSOL Multiphysics. We
set periodic boundary conditions in the x and y directions and
perfectly matched layers at the upper and lower boundaries
along the z direction. To evaluate 6 and T, the structure is
vertically illuminated from 6 psm above with x-polarized light
propagating along the z direction and optical responses are
evaluated at 6 um below the structure.

First, we investigated optical resonances supported in the
hybrid optical structure. Figure 2(a) shows computed

© 2023 The Japan Society of Applied Physics
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Fig. 1. (a) Investigated hybrid MO nanostructure. A Si PhC slab is placed
on an unstructured Bi:YIG thin film. The entire structure is embedded in

SiO,. (b) Unit cell of the structure with notes on the design parameters. The
right inset shows the modification of the nanoholes from circular to elliptical.

transmission spectra for the structure with hy;,, = 450 nm
when varying 6. When § = Onm, we observed two broad
resonance dips in the spectrum. They originated from
electric-dipole-like  (ED-like) and magnetic-dipole-like
(MD-like) resonances mainly supported in the Si layer.
Figures 2(b) and 2(c) show the field distributions of the
MD-like and ED-like modes. The two kinds of resonances
are, respectively, doubly degenerated owing to the C,,
symmetry of the structure. When § = 0nm, two additional
resonance dips appear in the spectra. They are associated
with TE-like and TM-like GMRs supported mainly in the Bi:
YIG layer. The asymmetric resonance shapes originate from
Fano resonance.>**> Figures 2(d) and 2(e) show the field
distributions of the TM-like and TE-like GMRs. Analogous
to the dipole-like resonances, the GMRs are also, respec-
tively, doubly degenerated. The corresponding guided modes
originally exist below the light line and respond to the
incident light only when they have finite coupling to free-
space modes.

We found that § serves as a tuning knob for the coupling
between the incident light and the GMRs. The coupling
vanishes when 6 = Onm and gradually increases with
increasing 8, as evidenced in the spectra shown in Fig. 2(a).
This behavior is also confirmed from computed Q factors of
the GMRs as shown in Fig. 2(f). We observed the diverging of
the Q factor when approaching 6 = 0 nm and its rapid decrease
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Fig. 2. (a) Simulated transmittance spectra of the all-dielectric MO

metasurfaces designed with different 6 s, while fixing P = 880 nm,

a = 325 nm, hy, = 450 nm and A = 140 nm. Field distributions of

(b) the ED-like and (c) MD-like modes. The top panels show field slices in
the middle of the Si PhC slab. The bottom panels show cross sections.
Field distributions of (d) the TE-like and (e) TM-like modes.

(f) Computed Q factors and MO coupling strengths of the GMRs when
varying 6.

© 2023 The Japan Society of Applied Physics
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(a) Transmission spectra under the four different EIT conditions obtained by tuning /,;, . P = 880 nm, a = 325 nm, 6 = 15 nm, and hy; = 140 nm

are fixed. (b) Transmission, 8y and FoM spectra for the structure realizing the EIT of the TE-like GMR overlapped with the ED-like modes. 6 was finely tuned
to be 15 nm to attain a 0 of ~45°. hy;, was set to 513 nm to assure the exact EIT condition.

for nonzero 8. The resilience of the GMRs to the Si PhC of
6 = Onm can be associated with symmetry-protected bound
states in the continuum (BIC).24’25 27 In this interpretation, the
situation with 6 = Onm can be regarded as the case that a
quasi-BIC mode in the Si PhC mediates the coupling of
incident light with the GMRs. More changing the airhole
shape by increasing 8, stronger free-space coupling and thus a
lower Q factor of the GMRs was realized in the structure. An
interesting note is that the field distributions of the involved
optical modes do not largely change when varying 6. Indeed,
MO coupling strengths, x, which are calculated from the field
distributions,” do not alter largely even when assuming a
large 6, as shown in Fig. 2(f). Since 6 can be assumed to be
proportional to Q - «," the observed decoupling of % from Q
will simplify the design process of the Faraday rotators. In
other words, we can design OF to be ~ 45° simply by
controlling the Q factor of the GMRs via modifying 6.

Next, we discuss the design strategy for simultaneously
achieving the ideal fr and a high 7. As mentioned just above,
we can finely tune 6 by controlling the Q factor of the GMRs
with ¢. Thus, the remaining challenge is to realize a high T in
the structure under concern. To this end, we exploit electro-
magnetically induced transparency (EIT)**~® or the Kerker
effect,”® which turns transmission dips into peaks and can
be activated by spectrally overlapping optical resonances. For
mutual spectral tuning of the relevant optical modes, we
employ h,;, as a controlling parameter. Figure 3(a) shows
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computed transmission spectra for four different values of
hy, when 6 = 30 nm. Reflecting the different origins of the
modes, only the GMRs exhibit a large shift of the resonant
wavelengths, while those of the dipole-like modes are much
smaller. The four values of h,;, correspond to the situations
realizing the spectral overlaps between one of the GMRs and
a dipole-like mode. For all four situations, sharp spectral
peaks (rather than dips) of the GMRs are observed within
broader dipole resonances, as intended.

Figure 3(b) shows a spectrum for the case where TM-like
GMRs are resonant with the ED-like modes at the wavelength
of ~1.5 um. In this particular instance, we further tailored 6 to
be 15 nm for achieving 0 ~ 45°, and hy;, to be 513 nm for the
reassurance of the exact EIT condition. The red curve shows the
spectrally resolved 6p, which reaches 45° at the maximum,
which is 800 times larger than that of a fully magnetized bare
Bi:YIG film of the same thickness. The black curve shows a
corresponding transmission spectrum. A high 7' of 65% is
achieved at the wavelength of the 6 peak. The observed
spectral doublet stems from the spectral splitting due to the MO
coupling between the two orthogonal TM-like GMRs. The plot
also includes a curve of a figure of merit (FoM) of this device,
defined as VT10xl. The maximum FoM is over 36, which is
more than 200 times larger compared with that in the previous
study applying silicon resonator arrays on Ce:YIG thin films.*”

Finally, we investigated the influence of the device size on its
performance. Since we employed GMRs, the device size in the

© 2023 The Japan Society of Applied Physics
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