Resonant waveguide-grating switching device

with nonlinear optical material
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The design and analysis of a dielectric guided-mode resonance filter (GMRF) utilizing a nonlinear
material for the waveguide is presented. Small changes to the parameters of a GMRF have a large
impact on its resonance. A nonlinear material can provide a small change in the refractive index of the
waveguide, altering the resonance of the device and resulting in modulation of the transmitted and

reflected output of the filter.

to 100% reflection can be accomplished with less than 100 kW/cm? using a simple design.
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1. Introduction

In this paper we present the design of a guided-mode
resonance filter (GMRF) combined with a nonlinear
optical waveguide to form a device that can modulate
the transmitted and reflected fields. Therefore the
filter can function as a switch that changes state with
the input by using the narrow resonance character-
istic of the GMRF and the small change to the refrac-
tive index that results when the nonlinear material is
illuminated. Nonlinear effects typically require
high incident intensities to produce significant
changes in material optical properties. By using a
device that is sensitive to small changes in these
properties, a lower input intensity can produce a
large change in the device output. Rigorous
coupled-wave analysis (RCWA)2 is used to analyze
the resonance of the GMRF as well as the effects of
the refractive-index changes. Finite-difference
time-domain (FDTD) modeling3# is used to comple-
ment the RCWA by determining field strengths
within the GMRF. In addition, FDTD provides in-
formation on the temporal evolution of the fields
within the device to determine the limits of the filter
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Numerical results show that nonlinear switching from 100% transmission
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switching speed. We present an example design
that switches from 100% transmission to 100% re-
flection over a relatively small range of input optical
intensities.

Anomalous output spectra from gratings were first
observed by Wood.> Although some of Wood’s obser-
vations were found to be Rayleigh wavelength anom-
alies, Hessel and Oliner® provided the first
description of resonance anomalies explaining the re-
maining phenomena. Mashev and Popov? reported
the experimental observation of resonance anomalies
using an ion-milled grating in conjunction with an
ion-exchanged waveguide. The analysis of all di-
electric GMREF’s89 has led to a large number of design
variations and possibilities,?11 and recent results
have shown high-efficiency devices utilizing a simple
design.’2 Possible applications have also expanded
from simple wavelength filtering to include laser mir-
rors,'3 document security,'4 and modulators.15

2. Theory and Device Design

A GMRF consists of a grating and waveguide struc-
ture that allows light diffracted by the grating to
couple to a mode of the waveguide. Figure 1 shows
an example using a binary grating on the surface of a
waveguide. The coupling between the diffracted en-
ergy and waveguide mode leads to a resonant behav-
ior resulting in rapid variations in the amplitudes of
the propagating waves, known as resonance anoma-
lies.® The eigenvalue equation for the TE field
within the waveguide is used in conjunction with the
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Fig. 1. Design used for analysis. The input is assumed to be a
normally incident TE wave, and all dimensions are given in mi-
crometers.

relation for the modified propagation constant to lo-
cate the resonancess?:

k(v +8)
tan(k; ) 2= yd,
Where K; = (ng i2)1/2: Yi = (Bi2 - n02k2)1/27 and
8, = (B> — n.2k%)'? are the transverse components
of the propagation vectors for the waveguide layer of
width A, the cover, and the substrate, respectively,
with 2 = 2w/\. The propagation constant of the
waveguide is related to the grating parameters by

(1)

2k2 o

B; = k(n, sin 6 — IN/A), (2)

where 0 is the incident angle in the cover and A is the
period of the grating. Equation (2) shows how sev-
eral parameters including wavelength, incident an-
gle, grating period, and refractive index affect the
resonance of a GMRF. Here we are taking advan-
tage of the direct relation between the waveguide
index n, and the propagation constant to affect the
filter resonance and modulate the output fields. To
use the GMRF to modulate the incident light beam,
an intensity-dependent refractive index is substi-
tuted for n,:

ng =ng + nyl, 3)

where the nonlinear index n, (in square meters per
kilowatt) is related directly to the third-order suscep-
tibility x® esu by the relation

ny = 47° Re(x?)/ny>. 4)

In addition, a subwavelength period grating is used
to ensure that only the zero-order waves propagate
outside the device maximizing its efficiency.

The GMRF combines the nonlinear refractive in-
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dex and subwavelength period grating as shown in
Fig. 1 and includes several important features.
First, the refractive index of the waveguide and the
substrate are chosen to keep the resonance peak nar-
row while the incident, or cover, material is assumed
tobe air. The substrate is assumed to be fused silica
(ny, = 1.45) to provide a low-loss material with high
surface quality to avoid scattering. The waveguide
is then chosen to have a higher index of n, = 1.5 and
a width of A = 1.12 pum, resulting in single-mode
operation with the desired narrow resonance.

One aspect of the GMRF design that is not included
in this analysis is the material loss. Both absorption
and scattering adversely affect the resonance of
GMRF’s, but the design here has material with low
loss to minimize these effects. Second, the subwave-
length period grating is designed with a duty cycle
and depth that would approximate a single-layer
quarter-wave antireflection (AR) coating. The AR
design serves two purposes. By reducing off-
resonance reflections, the contrast of the intensity
modulation is maximized. Also, the intensity within
the device is increased and produces a larger
refractive-index change as shown in Eq. (3). With
an incident TE field, the effective index of the grating
is defined as!é:

N = (fr€; + fzﬁz)l/g, (5)

where f; and ¢, are the duty cycle and dielectric con-
stant, respectively, of the two materials comprising
the grating. The required refractive index for a
single-layer AR coating is the square root of the prod-
uct of the refractive index of the incident medium and
the waveguide. Use of Eq. (5) and the required ef-
fective index for an AR effect, the duty cycle of the
grating can be found. The depth of the grating is
then set equal to a quarter-wave of the resonance
wavelength to provide the AR coating. The actual
grating ridge width is set to 0.17 pm and the grating
depth to 0.12 pm to accommodate a grid consisting of
square cells whose side length is 10 nm within the
FDTD model. This provides an excellent represen-
tation of the GMRF without the need for excessive
computation time. Finally, a material for the
waveguide that has the desired linear index [n, = 1.5
in Eq. (3)] and a large nonlinear characteristic is
required to produce the modulation effect. For this
design, a semiconductor-doped glass (SDG) is as-
sumed. SDG’s have the potential for exhibiting en-
hanced third-order susceptibilities because of the
three-dimensional confinement of semiconductor mi-
crocrystallites within a glass host material.1718 A
reported value of x® = 4 X 1077 esu (Ref. 17) is used
to determine the nonlinear index n,. The resonance
of the GMRF, assuming constant refractive indices, is
shown in Fig. 2 as a function of the illumination
wavelength. The result shown in Fig. 2 is found
using the RCWA. Despite the lack of propagating
orders outside of the device, the RCWA model retains
11 total orders to ensure that the effects of evanes-
cent orders are included.
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Fig. 2. RCWA shows the resonance of the device assuming a
constant index. The resonance wavelength does not exactly
match the wavelength of minimum reflection resulting from the
approximate AR coating provided by the grating.

3. Device Analysis and Performance

The first step in the analysis is to determine the
refractive-index change that is required to change
the resonance properties of the device and modulate
the transmitted and reflected outputs while holding
the wavelength constant at 638.4 nm. The RCWA
results [Fig. 3(a)] show that an extremely large
refractive-index change in the ridges of the grating is
required, >0.1, to change the device outputs. The
refractive index of the ridges of the grating affects the
diffraction efficiency of the grating, but the period of
the grating determines the direction (or phase) of the
diffracted waves and their coupling to the waveguide
mode. Within the waveguide, refractive-index vari-
ations have a much larger impact on the resonance of
the GMRF. Figure 3(b) shows how small changes of
the waveguide index, ~10~%, impact the resonance;
therefore the nonlinear material is used only within
the waveguide. The propagation vector of the
waveguide mode is related directly to the index of the
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Fig. 3. Effect of index changes on the resonance. (a) Changing
the index of the grating ridges requires a large index change to
create noticeable changes in the device output. (b) Conversely,
the waveguide index has a large influence over the output. The
wavelength was held constant just off resonance at 638.4 nm.
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Fig. 4. Gray-scale image of the field amplitude distribution cal-
culated by FDTD modeling. Large positive amplitudes are white
and large negative amplitudes are black.

waveguide and affects the resonance behavior of the
GMRF. It should be noted that small deviations
from the desired linear refractive index n, will
change the resonance as well. Controlling the re-
fractive index of a SDG to <10 * is impractical, so
wavelength or angle tuning would be necessary in
practice.

To determine the incident intensity needed for the
index changes shown in Fig. 3(b), the field strength
inside the waveguide must be determined. FDTD
modeling is used to calculate the field amplitude
within the device as a function of the incident ampli-
tude. The results from the analysis of the GMRF
using FDTD with an incident-field amplitude of unity
are shown in Fig. 4 where the gray scale corresponds
to a field amplitude ranging from 2.5 to —2.5 times
the incident field. A complex interference pattern is
formed within the waveguide. The forward- and
backward-propagating waves interfere with one an-
other as well as with the fields diffracted by the grat-
ing. The resultant field distribution within the
waveguide produces corresponding variations in the
nonlinear refractive index that are then related di-
rectly to the incident field. Representing the
refractive-index changes in the RCWA model re-
quires splitting the waveguide into many layers (ten
layers are used here) and using sampled field values
derived from the FDTD analysis and Eq. (3) to deter-
mine the refractive-index profile in each layer. Sev-
eral FDTD simulations were performed to ensure
that the calculated field values sampled from the cen-
ter of the GMRF closely approximate the results from
an infinite grating (i.e., without significant edge ef-
fects) while using a minimum number of grating pe-
riods to reduce the FDTD computation time.

The FDTD simulator was based on the standard
staggered grid, leap-frog in-time Yee algorithm.3.19
The FDTD simulation space was truncated with Be-
renger’s perfectly matched layer absorbing boundary
condition.319 The simulation region consisted of
602 X 1030 square cells (8 = 10 nm), including 20-cell
perfectly matched layer regions. The time step was
selected according to the Courant stability condi-
tion319: &t = 3/c\/2 = 23.57 X 10" ¥ 5. The ap-
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Fig. 5. Output of the GMRF versus input intensity with a nor-
mally incident TE plane wave.

propriate dielectric permittivity is specified in each
simulation cell. Note that only linear permittivities
were considered in the GMRF FDTD simulations to
simplify the resulting device analysis. A full nonlin-
ear material FDTD model of the GMRF was beyond
the scope of the present study and will be imple-
mented in the future. The initial field is generated
from a total field and scattered field interface3-1?
above the grating. The desired electric field values
are obtained at specified points throughout the sim-
ulation region.

The resulting RCWA model of the GMRF consists
of the original grating (no nonlinear material is as-
sumed within the grating) and the ten layers of the
waveguide. Each of these ten layers is modeled with
a square-wave refractive-index profile with both the
high and low refractive indices now dependent on the
incident field. The layered waveguide model of the
GMRF was evaluated with RCWA with the wave-
length held constant (at 638.4 nm) while the incident
intensity was varied. Figure 5 shows how the trans-
mission and reflection of the device change with in-
creasing input intensity. The entire resonance peak
is spanned by changing the intensity by 100 kW/cm?,
and only 25.3 kW/cm? is required to transition from
the 10% to 90% reflection levels.

Another important aspect of the nonlinear GMRF
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Fig.6. FDTD predicted time dependence of the field amplitude at
a sample point within the waveguide. Large deviations occur as
the interference pattern develops, but they settle out in approxi-
mately 50 fs.
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performance that can be determined is the factor that
limits the modulation rate. There are two main fac-
tors that affect the response time of the filter: the
time required for the fields to reach equilibrium after
a wave is incident on the device and the response of
the nonlinear material. FDTD analysis is used to
find the temporal response of the fields. Figure 6
shows the field amplitude at a sample point within
the waveguide. Large variations in the field ampli-
tude occur as the fields interfere until an equilibrium
value is reached after approximately 50 fs. The
FDTD simulator was run for 3000 time steps to pro-
duce Fig. 6. Longer simulation times showed only
minor variations in the resulting field amplitudes at
later times. The results shown in Fig. 6 adequately
characterize the settling time as 50 fs in the device.
In comparison, reported response times for SDG’s are
in the picosecond and nanosecond range.'® There-
fore the material response limits the switching speed
of this nonlinear GMRF design.

4. Conclusions

In conclusion, the design of a GMRF utilizing a non-
linear material has been presented. Index changes
are required within the waveguide to produce a mod-
ulation of the transmitted and reflected outputs.
With FDTD analysis, the field profile within the de-
vice and subsequent index variations were evaluated.
Also the modulation rate of the GMRF was found to
be limited by the material response. The RCWA
simulator was used to determine the effect of the
index variations on the behavior of the GMRF, and it
was found that a change in the incident intensity of
100 kW/cm? was required to cover the entire reso-
nance peak.
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