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For modulation in free space using the linear electro-optic effect, a narrow-linewidth resonance is favorable
when a minimal voltage is preferred to fully shift the resonance. Here a method is proposed to engineer
the quasibound states in a slab waveguide consisting of electro-optic polymer and metal gratings, in order
to achieve narrow-linewidth resonances for electro-optic modulation. This quasibound state features a strong
out-of-plane electric field component located at the position of the metal strips constituting the grating, which
also work as the interdigitated electrodes, and thus, the optical mode can interact with the electrostatic field
efficiently. The radiation damping of the quasibound state can be controlled by changing the relative position of
the neighboring metal strips, while the optical mode can maintain the same periodicity as the electrostatic field.
This method also offers prospects for engineering narrow-linewidth resonances for other applications.

DOLI: 10.1103/PhysRevB.106.125101

I. INTRODUCTION

Pixelized flat optical components that can locally change
the amplitude, phase, or polarization of transmitted or re-
flected light in free space, if being actively tuned, can find
applications in spatial light modulators and free-space optical
communications [1]. Many active materials and device archi-
tectures have been exploited in order to achieve high operating
speed when driven via electrical actuation, for example, by
modulating the second-order nonlinearity in a Kretschmann
configuration [2], free carrier in transparent conducting oxides
[3-6], and quantum-confined Stark effect in semiconducting
structures [7]. On the other hand, guided wave integrated mod-
ulators utilizing the linear Pockels effect can operate at band-
widths well exceeding tens of gigahertz [8,9]. In a Pockels
electro-optic (EO) switch or modulator, the refractive index
of the EO materials is changed in response to an externally
applied voltage. Compared to traditional inorganic EO mate-
rials, polymers with much higher EO coefficients have been
developed recently [10]. For an EO polymer, an efficient pol-
ing mechanism and effective device layout are also required to
achieve large EO effects, through reaching a large EO coeffi-
cient r33 from the poling process and maximizing the overlap
integral factor between the electrostatic and optical fields.

Recently, one-dimensional metal gratings have attracted
great interest in the study of EO polymer-based modula-
tors [11-15] when considering free-space coupling with light
beams impinging upon the device along the surface normal di-
rection. The metal gratings can induce plasmonic resonances
around which transmission or reflection changes dramatically,
and at the same time, can serve as the electrodes for applying
the poling and driving voltage. There are basically two types
of device layout with metal gratings. In the vertical metal-
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polymer-metal layout [11-14], the whole metal grating serves
as one electrode, while another conductive plane serves as the
counterelectrode. In this way, the EO polymer is poled along
the out-of-plane direction. However, the properties of the EO
polymer may be degraded during the fabrication of the metal
grating on top [11,12]. In the other layout, the metal grating is
patterned on a substrate and the EO polymer is then coated on
top [16]. The EO polymer has a higher refractive index than
air above and the substrate below to form a slab waveguide.
The metal strips constituting the grating can serve as interdig-
itated electrodes. The fields for polling and modulating can
be considered the same under the electrostatic approximation,
and the second-order susceptibility is a vector field following
the applied electrostatic fields.

In the waveguide-grating hybrid system, guided mode res-
onances [17] can be formed through the interaction between
the slab waveguide and the metal grating. The optical intensity
inside the EO polymer layer can then be much higher than that
of the incident beam, and the modulation of the incident beam
can be enhanced accordingly. Narrow-linewidth resonances
are favorable when a minimal voltage is preferred to fully shift
the resonance. To this end, resonances evolved from bound
states in the continuum (BICs), called quasi-BICs, can reach
a very narrow linewidth. BICs are a nonradiating eigenmode
of an open system, theoretically exhibiting an infinite quality
(Q) factor in lossless systems. As hybrid plasmonic-photonic
systems, the two types of device layout mentioned above
can support symmetry-protected and Friedrich-Wintgen BICs
[18-22]. EO modulation utilizing quasi-BIC modes has been
demonstrated in Ref. [23], based on two-dimensional periodic
arrays of in-plane asymmetric silicon nanostructures covered
with the EO polymer. However, additional metal interdigitated
electrodes placed in between the silicon units for applying
the poling and driving voltage should be defined after the
fabrication of silicon nanostructures, making the fabrication
process very complicated.
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In this work, we propose a hybrid system consisting of a
one-dimensional metal grating and slab waveguide, where the
guided mode resonance and the electrostatic field have the
same periodicity, in order to promote the overlap factor and
induce narrow-linewidth resonances simultaneously. We start
from a bound mode, which is at the edge of the irreducible
Brillouin zone and below the light line. This mode possesses
a strong out-of-plane electric field component located at the
position of the metal strips and thus can efficiently interact
with the electrostatic field. To make this mode accessible from
free space, we perturb the system by slightly changing the
relative position of the neighboring metal strips to turn this
mode weakly bright, whereas the characteristics of the mode
distribution for the unmodified system can be well maintained.
The quality factor of the modified system (Q =~ 3000) is very
close to that of the unmodified system, because it is lim-
ited by the dissipative losses in the metal. We estimate that
the required driving voltage to fully shift the resonance can
be well below 10 V. We verify the above narrow-linewidth
resonances experimentally using alumina to mimic the EO
polymer.

II. HYBRID SYSTEM CONSISTING OF GOLD GRATING
AND EO POLYMER SLAB WAVEGUIDE

Figure 1(a) depicts the proposed device layout for EO mod-
ulation, consisting of a one-dimensional gold grating placed in
between a silica substrate and an EO polymer layer. The EO
polymer has a higher refractive index than the silica substrate
and thus both guided modes and guided mode resonances can
exist. The external voltage can be applied by using the metal
strips of the grating as interdigitated electrodes. In Fig. 1(b)
we show the electrostatic field with a constant voltage Vj
applied to the interdigitated electrodes. The electrostatic field
from one biased metal strip is directed in opposite directions
toward the ground electrodes on the two sides. As explained
in Ref. [16], the EO polymer in the adjacent units of the
array are poled in opposite directions, yielding alternating
EO coefficients r33 and —r33, and consequently, the neigh-
boring units experience the same refractive index change
(instead of canceling each other) upon an applied driving
voltage.

We begin by considering a one-dimensional system with
gold strips of equal width (w; = w, = 150 nm) and equal
distance in between (d; = d, = 500 nm). These parameters
should be technically feasible, since aluminum gratings with
a similar period and strip width have been used as inter-
digitated electrodes for liquid crystals previously [24,25].
Numerical simulations were carried out using a commercial
finite-element solver (COMSOL), by setting up a unit cell
with a pseudoperiod A = d; 4+ d, and surrounded with ab-
sorbing boundary conditions on the top and bottom surfaces of
the computational domain. For the polymer layer we assumed
the optical constants to be the EO polymer JRD1:PMMA)
in Ref. [16], and for the silica substrate the refractive index
was assumed to be n = 1.44. The dielectric function of gold
was obtained from Johnson and Christy [26]. The thickness
of the metal strips and of the polymer layer is # = 50 nm
and ¢ = 500 nm, respectively. We focus on the polarization
for which the electric field stays inside the xz plane (TM po-
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FIG. 1. (a) Schematic of the proposed device for modulation.
A one-dimensional gold grating, which also serves as the interdig-
itated electrodes, is deposited on the quartz substrate, and finally
covered with a film of electro-optic polymer. One set of the elec-
trodes is connected to the ground while the other set is at the
potential Vj. (b) Cross section showing electrostatic field. The color
indicates the amplitude of the electric potential, while the gray ar-
rows indicate the direction of the electrostatic field. (c), (d) Dark
modes supported by the one-dimensional system with a pseudope-
riod A = d; + d, = 2d, = 2d, = 1000 nm, metal width w; = w, =
150 nm, metal thickness 2 = 50 nm, and polymer film thickness t =
500 nm. The color indicates the amplitude of the electric field,
while the gray arrows indicate the direction of the electric field at
optical frequency. Inside the polymer layer, the distribution of the
optical mode in (c) matches with the distribution of the static electric
field in (b).

larization). Around the wavelength A = 1500 nm, this system
supports two eigenmodes which cannot be excited by external
plane waves [Figs. 1(c) and 1(d)]. The electric field forms two
curls of opposite directions within the pseudo-unit-cell, where
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FIG. 2. Band diagram of a slab with one-dimensional periodicity
along the x axis, with (a) period = A /2 = a, and (b) period = A and
|dy — d>|/2 = 50 nm. Other parameters are the same as in Fig. 1.
Black dash-dotted lines are the light lines of the silica substrate.
Blue solid lines are the lowest-order mode of the slab without the
metal grating, and open circles are the modes with the presence of
the grating. Only modes with electric field inside the xz plane are
considered. The mode profiles of the E, component at the band edges
are shown on the right.

the z component experiences the largest enhancement. The
enhanced electric field is located at the position of the metal
strips in Fig. 1(c), while in Fig. 1(d) the enhanced electric field
is in between the metal strips.

Because the optical fields in Fig. 1(c) and Fig. 1(d) al-
ternate in direction at each site of the metal strips, they can
be regarded as the band-edge modes at the X point of the
irreducible Brillouin zone of a one-dimensional system with
period a = A /2 [Fig. 2(a)]. The lowest-order guided mode of
the slab without the metal grating is shown as the blue solid
lines. With the presence of the metal grating (open circles), a
band gap opens, and the modes below the light line are guided
modes [27], despite the fact that dissipative losses exist in
the metal and EO polymer. For k, = 7 /a, the modes have
a wavelength of 2a and form standing waves. The electric
field associated with the lower band-edge mode is strongly
concentrated in the metal regions, while the upper one has its
electric field in between the metal strips in order to be orthog-
onal to the lower one, just like what are shown in Figs. 1(c)
and 1(d).

In order to make these modes accessible by external
plane waves, we then lower the symmetry of the above
one-dimensional system by making the metal strips of the
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FIG. 3. Resonances induced by either nonequal distance or
nonequal width in metal strips. (a) Transmission spectra under
x-polarized plane-wave excitation at normal incidence for either
nonequal distance (|d, — d»|/2 = 50 nm) or nonequal width (Jw; —
wy|/2 = 50 nm). The spectra with both changes together are also
shown for reference. Other parameters are fixed as A =d; +d, =
1000 nm, w; + w, = 300 nm, metal thickness # = 50 nm, and film
thickness r = 500 nm. (b), (¢) Mode profiles of the optical res-
onances excited by normal-incident x-polarized plane waves. The
color indicates the amplitude of the electric field, while the gray
arrows indicate the direction of the electric field.

grating either nonequal distance (d; # d5) or nonequal width
(w; # wy). (Similar one-dimensional metallic or dielectric
gratings can be found in the literature [28—-30]). The period
of the modified one-dimensional system is truly A. As an
example, Fig. 2(b) shows the band diagram for |d| — d5|/2 =
50 nm, and now the target modes are shifted to the center of
the irreducible Brillouin zone. Figure 3(a) further shows the
transmission spectra under the excitation of a normal-incident
x-polarized plane wave, and there is an asymmetric dip for
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FIG. 4. Dependence of the resonance wavelength for the mode
induced by nonequal distance in metal strips, on (a) the offset |d; —
dy|/2, (b) the period A, (c) the metal thickness 4, and (d) the film
thickness 7.

either d| # d, or w; # w; (to be more specific, |d; — d»|/2 =
50 nm, or [w; — wy|/2 = 50 nm). When an open system is ex-
ternally illuminated, the presence of highly confined modes is
often manifested as narrow asymmetric resonances. By check-
ing the field distributions at the transmission dips, we found
that the resonance mode labeled as M1 [Fig. 3(b); d| # d>]
resembles the eigenmode in Fig. 1(c), while M2 [Fig. 3(c);
w; # wy] resembles the eigenmode in Fig. 1(d). Note that
only one of these two resonances can be excited at normal
incidence, while the other one remains dark if only one param-
eter is modified (either d; # d, or w; # w;y). In the following
discussion we focus on gratings with metal strips of nonequal
distance (d; # d»), because inside the polymer layer the dis-
tribution of the induced optical mode in Fig. 1(c) matches
with the distribution of the electrostatic field in Fig. 1(b),
and the latter governs the orientation and amplitude of r33.
Figure 4 shows the dependence of the resonance wavelength
of this mode on each individual structure parameter. With
increasing offset between d; and d,, the resonance wavelength
becomes shorter [Fig. 4(a)]. The resonance wavelength can be
shifted to a longer side by increasing the period A, the metal
thickness &, or the film thickness ¢ [Figs. 4(b)-4(d)]. The
linewidth also increases with increasing thickness of the metal
[Fig. 4(c)]. Therefore, this resonance can be easily tuned to,
for example, the typical optical communication wavelength
around 1550 nm.

As shown in Fig. 4(a), the linewidth decreases with de-
creasing offset between d; and d,. Due to the presence of
dissipative losses, this system does not exhibit resonances
with a diverging Q factor. However, the radiative quality factor
(QOraq) can be diverging (Fig. 5). Here Q.4 was calculated by
assuming pure real permittivity for the metal and EO polymer,
and the material absorption-related quality factor Q,ps was
obtained by the relation 1/Qus = 1/Qwtal — 1/Orag. When
decreasing the offset |d; — d»|/2, all these factors (Qyotal, Orads
and Qgps) increase, as the supported leaky mode is finally
decoupled from free-space radiation, resulting in a bound state
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FIG. 5. Quality factors (Qyotar, Orad> and Qyps) as a function of the
offset (|d; — d,|/2). Other parameters are A = 1000 nm, w; = w, =
150 nm, &~ = 50 nm, and t = 500 nm.

and thus a diverging Q4. The main energy dissipation occurs
on the lateral surfaces of the metal strips. With increasing
offset |d; — d,|/2, the field distribution gets distorted and the
dissipation on the top surface of the metal strips increases,
leading to a decreasing Qups (from Qups = 3600 at d; = d; to
Qs = 3400 at |d; — d»|/2 = 70 nm). Qiora decreases much
faster, from Qo1 = 3600 at d; = d5 to Qo = 3000 at |dy —
d»1/2 = 50 nm, due to increased radiative losses.

By applying an external voltage to the electrodes after
poling, an electrostatic field is formed inside the EO polymer
layer, which changes the refractive index of this layer via
the linear Pockels effect. The poled polymer is anisotropic
and the nonlinear susceptibility is a tensor. Furthermore,
as a result of the spatially varying magnitude and orienta-
tion of the poling field, the dominant element of the linear
Pockels EO effect tensor 733 and the refractive index change
An also vary spatially [16]. Therefore, a rigorous analysis
would be very difficult. Instead, we show in Fig. 6 the sim-
ulated shifting of the resonance by assuming a homogeneous
and isotropic change in the refractive index of the EO poly-
mer layer from An = —0.005 to 0.005 with a step of 0.001.
Therefore, an index change of An = 0.00125 can fully shift
the resonance away from its unbiased position. Based on the
relation An = —O.5n8r33 Vo/d, where n is the refractive index
of the EO polymer at zero bias and d is the distance between
the electrodes, we estimate that the required driving voltage
Vo can be well below 10 V, by assuming 33 = 100 pm/V and
d=0.5pm.

At this moment, one may like to have a comparison with
the regular case, namely, the one-dimensional grating with
only one metal strip within one period of A (similar to that
utilized in Ref. [16]). To bring the resonances around A =
1500 nm for comparison, the thickness of the EO polymer
layer is set to be + = 600 nm, and the width of the metal
strip is set to be w = 200 nm, while other parameters are
kept the same as before. Figure 7(a) shows the dispersion,
obtained by stitching together the zeroth-order transmission
as a function of incident angle ranging from 0° to 5° under
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FIG. 6. Shifting the resonance by variation in the refractive index
of the EO polymer layer. (a) Transmission spectra with a homoge-
neous and isotropic index change from An = —0.005 to 0.005 with a
step of 0.001. Other parameters are A = 1000 nm, |d; — d»|/2 = 50
nm, w; = wy, = 150 nm, 2~ = 50 nm, and ¢+ = 500 nm. (b) Resonance
wavelength at the transmission dip as a function of An. The solid line
is a linear fit.

TM polarization. The profiles of the band-edge modes at the
I" point, shown in Fig. 7(b), closely resemble those in Fig. 2.
The upper band-edge mode is antisymmetric and thus cannot
be excited at normal incidence, whereas the lower band-edge
mode is symmetric. The quality factor of the antisymmetric
mode (Qioral = 5100) is higher than those in Fig. 2 because
of the lesser amount of metal here. In contrast, the symmetric
mode shows a much lower quality factor (Qoq = 340). For
the same amount of change in An, the shift in wavelength
in Fig. 7(c) is slightly larger than that in Fig. 6, implying
that this symmetric mode can be utilized in scenarios where
a large tuning of broad resonances is preferred instead of a
complete shift of the resonances. However, because of the
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FIG. 7. One-dimensional grating with only one metal strip in one
period of A. (a) Angle-resolved transmission spectra showing the
dispersion. The parameters are A = 1000 nm, w = 200 nm, h =
50 nm, and ¢ = 600 nm. (b) Mode profiles of the E, component
at the I"-point band edges. The upper band-edge mode is antisym-
metric and thus cannot be excited at normal incidence, while the
lower band-edge mode is symmetric. (c) Transmission spectra with
a homogeneous and isotropic index change in the EO polymer layer,
from An = —0.005 to 0.005 with a step of 0.001.

(a) ] ()

(3 - =1510k}
5 I E1510f,
3 e <

g A = e
£ P ‘g‘u 1505r %,

3 K} LN
01 02 | - q>_> l

" slope = 2.04 § 1500 ——
20 40 60 80 100 20 40 60 80 100
NA NA

< 21A >

(d)
L

IAIAAAQQAAIAA AAA. =lll=AAAllAAAA=l=.=.‘.lllllllll.lll.l.

i)

FIG. 8. Resonances in finite slabs with different lateral size along
the x direction. (a), (b) Qa1 and the resonance wavelength as a func-
tion of the lateral size NA, ranging from 21A to 101 A. The dashed
line is the linear fit indicating that Qo grows quadratically with N in
this size range. (c), (d) Mode profile of the E, component for the 21 A
finite slab with d, = d, and |d, — d,|/2 = 50 nm, respectively. Other
parameters are A = 1000 nm, w; = w, = 150 nm, & = 50 nm, and
t = 500 nm.

doubled distance between the electrodes, the required driving
voltage would be much larger.

All the discussion above is based on infinite arrays. In prac-
tice, we deal with a finite lateral size, NA, especially when
making the array as a pixel. Figure 8(a) shows the quality
factor Qo as a function of lateral size along the x direction
ranging from 21A to 101A. This plot was obtained from
eigenfrequency calculations with d; = d,, but a similar trend
holds for d; # d, because for the latter Q1 does not differ
too much. In this size range Qo grows quadratically with
N (similar to the symmetry-protected BIC mode [31,32]). Of
course, Qa1 Would finally saturate with increasing lateral size
due to the limitation from the dissipative losses. For a small
lateral size, the resonance wavelengths are different in the
finite and infinite slabs, but approach that of the infinite slab
quickly [Fig. 8(b)]. As shown in Fig. 8(c), energy leaks mainly
from the truncated sides of the slab when d; = d,. Ford; # d,
[Fig. 8(d)], there exists additional leakage along the vertical
direction, to allow coupling with external radiation.

III. EXPERIMENTAL VERIFICATION USING SILVER
GRATING AND ALUMINA SLAB WAVEGUIDE

The EO polymer is not commercially available. Here
we experimentally verify the phenomena in Fig. 3(a), using
alumina to mimic the EO polymer because alumina has a
refractive index close to the EO polymer mentioned above.
For the material of the grating, we chose a less expensive
metal, silver. Therefore, both the metal grating and the core
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FIG. 9. Experimental verification with silver grating and alumina
slab waveguide. (a) Photograph and SEM images of the sam-
ple. (b) Measured transmission spectra for (w; = wy, |d; —dz| =
50 nm), (Jlw; — w,| =50 nm, d; = d;), and (Jlw; — wy| = 50 nm,
|di — d>| =50 nm). (c) Simulated transmission spectra based on
parameters from SEM images and ellipsometry fitting.

of the waveguide had much lower dissipative losses than
those in the theoretical model of the previous section, and
ideally, we could expect a much higher Q. We fabricated three
arrays with (wl = Wy, |d1 —d2| =50 nm), (|lU1 — lU2| =
50 nm, d] = dz), and (|w1 — IUQl =50 nm, |d1 —d2| =50
nm) on a quartz substrate of 1 mm thickness, together with
one array with (w; = w, and d| = d,) for reference, using
electron-beam lithography and subsequently electron-beam
evaporation. Other nominal structure parameters were the
same as in Fig. 3. Each array had a size of 2 mm x 2 mm,
in order to be measurable in free space with a collimated light
beam as shown in Fig. 9(a). The arrays were illuminated with
a collimated beam from a supercontinuum source (SuperK
COMPACT, NKT Photonics), and the zeroth-order transmis-
sion was coupled into a multimode fiber and delivered to an
optical spectrum analyzer (AQ6370D, Yokogawa). The spec-
tra were normalized to the transmission through the empty
area of the same sample.

Due to the presence of the Fabry-Pérot interference related
to the quartz substrate, it was very difficult to discriminate the
target high-Q resonances from the normal-incident transmis-
sion spectra. Instead, the transmission spectra as a function of
the incident angle were stitched together to help identify the
resonances, as shown in Fig. 9(b). Over the background of the
Fabry-Pérot ripples, the transmission minima (dark color) as
a function of the incident angle indicated the dispersion bands
of the resonances supported by this hybrid structure. For
comparison, the simulated angle-resolved transmission spec-
tra were shown in Fig. 9(c), calculated based on parameters
from SEM images and ellipsometry fitting. From the cross-
sectional and top-view SEM images [Fig. 9(a)], we found that
the top surface of the arrays was not flat, as a result of se-
quential deposition of the silver grating and the alumina layer.
However, simulation confirmed that this periodically corru-
gated surface did not change the spectra obviously compared
to a flat top surface. Overall, the measurement was in good
agreement with the simulation (the deviation in wavelengths
can be attributed to the imperfection in the fabrication), and
both showed the same trend as in Fig. 3(a). At normal inci-
dence, a transmission dip appeared at the longer-wavelength
side for (w; = w, and d; # d,), while for (w; # w; andd; =
d) a transmission dip appeared at the shorter-wavelength
side. For these two cases, the other dip did not show up at nor-
mal incidence because of the symmetry mismatch. With both
changes together (w; # w, and d; # d»), both dips appeared.
From the linewidth of the transmission dips, we estimated that
the measured Q was well above 1000.

IV. CONCLUSIONS

In summary, we have presented a method to engineer the
quasibound state in a slab waveguide with an EO polymer as
the core, in order to reduce the required voltage to fully shift
the optical resonance for modulation. By slightly changing the
relative position of the neighboring metal strips constituting
the grating, the guided mode with the same periodicity as the
electrostatic field can be made accessible from free space with
controllable radiation damping. The width of the metal strips
can be further utilized to engineer the phase change for steer-
ing the diffracted beam. This method also offers prospects
for engineering narrow-linewidth resonances from metallic or
dielectric gratings for other applications.
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