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Abstract: We investigate properties of nonlinear resonant gratings with
emphasis on optical bistability. Slab waveguide gratings with various
quality factors are designed and their characteristics analyzed with a finite-
difference time-domain method. Considerable field enhancements are
observed in the gratings and the performance compares favorably with
metallic bistable devices. Bistabilitiy based on coupled gratings is also
treated. Mechanically controllable switching intensity realized by varying a
gap distance between two gratings is demonstrated. Resonant nonlinear
elements in this work may find applications in all-optical information
processing and optical switching, and our investigation on the dependence
of the normalized switching intensity and the response time on quality factor
will provide a general guide line for grating-based bistable device design.
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1. Inroduction

Optical bistability is a means to implement all-optical switching and optical memory which
are key functions for all-optical information processing applications [1]. Numerous nonlinear
materials and optical resonant structures have been studied in the past to realize optical
bistable devices. Recently, bistable devices employing nonlinear photonic crystals have been
studied [2-4]. They seem to be promising candidates for optical integrated circuit components
due to their compact size and reduced operational power. While optical integrated circuits are
desired due to their compactness, difficulty in optical fan-in/out may be an obstacle to
realization of large scale parallel all-optical signal processors. In this aspect, free-space optics
may have an advantage, and bistable devices that can exploit the parallel access scheme have
their own significance. Among bistable devices with easy fan-in/out, vertically stacked
distributed feedback structures were studied showing low switching intensities with
introduction of A/4 shift in their periodicity [5,6]. These devices were fabricated using
epitaxial growth technology. In this paper, optical bistability in slab waveguide gratings is
considered as another possible choice with easy fan-in/out and economic fabrication process.
It has been shown that optical filters with versatile spectral attributes can be implemented
using guided-mode resonance (GMR) in a thin-film slab waveguide grating [7-11]. The
spectral characteristics of coupled gratings can be tuned by nanoelectromechanical actuator
technologies [12]. Despite versatile resonance characteristics, nonlinear applications of GMR
have not received much attention. Second harmonic generation in a nonlinear thin-film grating
has been reported [13]. A feasibility study and theoretical analysis of optical bistable devices
based on GMR have been reported previously [14,15]. However, systematic investigation on
bistability characteristics, including temporal response, of the nonlinear slab waveguide
gratings has not been performed. In this work, optical bistability in slab waveguide gratings is
investigated numerically. Field enhancement factors, switching intensities, and temporal
response of optical bistable devices based on gratings with various quality factors are
analyzed and compared to recently reported results on bistability in subwavelength metal slit
array structures [16,17]. Optical bistable devices based on coupled grating are also considered
and it is shown that the tunability of coupled gratings enables control of switching intensity by
mechanical means. This may be of use in practical all-optical signal processing applications.
The calculations in this paper are carried out using the finite-difference time-domain (FDTD)
method with subpixel smoothing for increased accuracy [18,19].

2. Bistability in single-grating devices

Figure 1(a) shows a slab waveguide grating structure whose guiding layer is chalcogenide
glass (As,Ss, n = 2.38). The grating is formed by rectangular corrugation, with period (A) and
filling factor of 780 nm and 0.5, respectively. The glass substrate (refractive index n = 1.5) is
assumed to be thick enough with a nonreflecting bottom. Figure 1(b) shows the calculated
linear reflection spectra for various grating depths (). In the calculation, a transverse-electric
(TE) polarized normally incident wave is assumed. A perfectly matched absorbing boundary
condition is used for the top and the bottom sides [18]. In the lateral direction, a periodic
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boundary condition is applied. As seen in Fig. 1(b), the normally incident wave is resonantly
coupled to a leaky waveguide mode and the resulting reflection spectra are close to Lorentzian
shape with small background reflection. The waveguide thickness (t) is optimized to reduce
the background reflection for each grating depth. For 10 nm < & < 50 nm, the waveguide
thickness of t = 300 nm is found close to an optimal value, and for 6 = 90 nm, t = 260 nm is
used. As the grating depth decreases, the waveguide mode gets less leaky and hence, the
linewidth becomes narrower, that is, quality factor (Q) increases. The characteristics of the
GMRs for various grating depths are summarized in Table. 1. Field enhancement factors are
also calculated by measuring peak field amplitudes in the waveguides for unit-amplitude
incident field in respective gratings.
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Fig. 1. (a) Slab waveguide grating structure with input light of normal incidence. (b) Reflection
spectra for various grating depths (8). For each grating depth, waveguiding layer thickness is
optimized to minimize the background reflection. The insets in (b) show field distributions at
resonance. In this example, TE polarized light is used, that is, the electric-field is normal to the
incident plane.

Table 1. Characteristics of guided-mode resonances in the example design

Grating depth (nm) 10 20 30 50 90
(t) (nm) (300) (300) (300) (300) (260)

Center wavelength, A, (nm) 1536.36 1540.38 1543.78 1550.45 1524.65

Q-factor 5605 1429 650 248 72
Photon life time, 4.57 1.17 0.533 0.204 0.0584
7= Qla, (PS)
Field enhancement factor 53.3 27.0 18.2 11.3 6.4
Minimal grating length or
beam size 696 178 80.8 30.8 8.97

L=1C/Ngs; (um)

Based on the linear spectra, operating wavelengths for numerical investigation of optical
bistability are determined. To observe bistable behavior, operating frequency (or wavelength)
should be detuned from a center frequency according to (m,—®)t > /3, where 7 is a photon life
time [20]. We choose the operating wavelengths at 20% reflection, which corresponds to a
frequency detuning of (w,—®)t = 2 for a Lorentzian spectral shape.

The bistable behavior of the grating is calculated by measuring a reflected flux with an
input flux whose magnitude is modulated as a staircase function. A low-reflection flux state is
calculated with an increasing staircase function and a high-reflection flux state with a
decreasing staircase function. The duration of each stair is kept long enough to get a stable
reflection flux. Only the third-order nonlinearity of the chalcogenide glass is considered, and
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experimentally measured Kerr nonlinear coefficient of n, = 3.12x10 ™ m*W (® = 1.34x107°
esu) is used in the calculation [21]. The time delay of the nonlinear material is ignored. Figure
2 shows the calculated bistable behavior of the gratings with (a) 6 = 90 nm, (b) 50 nm, and (c)
10 nm. In all cases, bistable behavior is clearly observed. The transmission through the grating
should also show bistability. Figure 2(d) shows the calculated transmission flux in the grating
with & = 10 nm. The contrast ratio between the high and the low states is greatly enhanced.
Since transmission at resonance is very close to zero, the low state of the transmission
bistability is also very close to zero and hence, high contrast ratio is achievable regardless of
the operating wavelength (or frequency) detuning.
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Fig. 2. Bistability in the nonlinear gratings depicted in Fig. 1(a). (a) & = 90 nm, (b) & = 50 nm,
(¢) 6 =10 nm, (d) transmission for 8 = 10 nm.

Incident intensities for switching can be estimated from the calculated bistability curves.
For example, from Fig. 2, the estimated switching intensities are 22 GW/cm?, 2.7 GW/cm?,
and 3.4 MW/cm?, respectively, for the gratings of & = 90 nm, 50 nm, and 10 nm. The
normalized switching incident intensity (in the unit of 1/n,) is plotted as a function of quality
factor in Fig. 3. The solid (blue) line in Fig. 3 is a fitting line. One can see that the switching
intensity is proportional to 1/(Q)?, which can be understood in terms of intensity enhancement
and spectral linewidth. In Fig. 3, an intensity enhancement factor, which is the square of the
field enhancement factor listed in Table 1, is also plotted, and it is proportional to the quality
factor of the grating. Note that the solid (red) line is also a fitting line. Since the quality factor
is directly proportional to the photon life time (t = Q/w,), a high quality factor means that the
photon remains in the grating longer, and thus, the intensity in the grating is higher for a
higher Q. Moreover, a high quality factor implies a narrower linewidth and thus, a smaller
amount of resonance spectrum shift is required to change the state. Again, the resonance
spectrum shift is directly proportional to the intensity through the refractive index change of
the nonlinear material which is governed by n = n, + nI (or & = &, + ¥®|E]9). Therefore, the
effect of the quality factor on the switching intensity is two-fold, which explains the 1/(Q)?
dependency of the switching intensity. Previously, bistability in a metal slit array containing
nonlinear material was numerically studied and its normalized switching intensity was about 5
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x 107 [16]. As seen in Fig. 3, the GMR in the nonlinear slab grating shows a normalized
intensity smaller than ~1 x 10~ for Q > 250, approximately. In the metal slit, excitation of

surface plasmons enhances field strength, but the surface plasmons also suffer from Ohmic
loss so that the spectral linewidth broadens for the same external radiative coupling rate (1/t).
The broader linewidth requires higher switching intensity. It seems that this is why the
bistability in the slab waveguide grating shows switching intensity comparable to or smaller
than that for the metal slit even though the field enhancement may not be as strong as in the
metal slit. Therefore, we believe that the slab waveguide grating structure is an alternate
candidate for a platform of optical bistable devices with proper nonlinear materials.

The normalized optical intensity in the grating can be estimated by multiplying the
normalized incident intensity and the intensity enhancement factor, which is also plotted in the
unit of 1/n, in Fig. 3. Obviously, it is proportional to 1/Q and corresponds to the index change
needed to switch the state of bistability in the grating, approximately.
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Fig. 3. Optical incident intensity, optical intensity in the grating, and intensity enhancement
factor for switching of bistable devices based on gratings of various quality factors. The optical
intensity is normalized by (1/n,). The solid lines are fitting curves and their equations are noted.

Switching incident powers can be estimated by multiplying incident beam areas and the
switching incident intensities calculated above. It should be noted that the minimal grating
length and the minimal beam size in the direction along the incident plane is set by the photon
lifetimes and given by L = tc/ngs = QAo/Nesr, Where ¢ is a speed of light and neg is an effective
index of the waveguide grating. The minimal beam sizes in the direction along the incident
plane are estimated for the gratings of various quality factors and listed in Table 1. In the
calculation of L, ne is estimated by negs = A/A. If a grating length or a beam size smaller than
L is used, the resonant reflection gets weaker [22], so that the contrast ratio in the resulting
optical bistability becomes low. As we use a one-dimensional grating, the beam size in the
direction normal to the grating vector does not have a minimal value set by the photon lifetime
and can be as small as possible within the diffraction-limit. The incident beam shape does not
need to be circular and the beam can be focused as needed by using a cylindrical lens.
Therefore, the required minimal beam area can be roughly estimated by A =Lk, = QA/Nest
from a typical spatial resolution of a lens. Consequently, the switching incident power is
proportional to 1/Q. The estimated switching power for the gratings of 6 = 90 nm, 50 nm, and
10 nm are 3.0 x 10° W, 1.3 x 10° W, and 36 W, respectively.

Figure 4 shows the calculated temporal response associated with bistability in these
gratings. In this example, we set incident intensity above the switching intensity, keep it for a
while, and then drop it just below the switching intensity. As seen in Fig. 4, when we turn on
the excitation, the reflected intensity shows an overshoot and oscillatory behavior at the

#119123 - $15.00 USD Received 27 Oct 2009; revised 1 Dec 2009; accepted 4 Dec 2009; published 7 Dec 2009
(C) 2009 OSA 21 December 2009/ Val. 17, No. 26 / OPTICS EXPRESS 23463



beginning, subsequently stabilizing in time. The rise times are estimated to be 0.2 ps and 15 ps
for the gratings of 6 = 90 nm and 10 nm, respectively, which correspond to 3.4 x photon life
time. When the input intensity is dropped, the reflection followed the upper branch of the
bistability curve and remains in the high state. The fall times are about the same as the rise
times. The other gratings whose temporal responses are not shown exhibit the same tendency.
The dependency of the temporal response on the operating wavelength is also investigated,
which reveals that the response time does not show remarkable dependence on the operation
wavelength.
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Fig. 4. Temporal response of bistable devices based on gratings of (a) 6 = 90 nm and (b) 5 = 10
nm.

From the results presented above, we see that there exists a trade-off between the
switching optical intensity and the response time, which is a universal tendency in bistable
devices based on resonance. To achieve a fast bistable device with a low switching intensity,
obviously, material with a large nonlinear coefficient is required. It has been reported that
metal-dielectric composite materials such as Au:SiO,, Au:TiO,, and Au:Al,O; have high
nonlinear susceptibilities x® = 10 ~10~ esu in the visible region [23], which is 3 ~4 orders
of magnitude higher than in As,S;. Recently, there was a theoretical study on the bistability in
a metal slit array covered with Au:SiO, (x® = 1.7x107" esu), which showed a switching
intensity of 12MW/cm? and a response time of 0.2 ps [17]. Those highly nonlinear composite
materials can also be adopted in GMR structures. A slab waveguide grating is designed with
Au:TIiO, (n = 2.4 from Ref [22].) as depicted in Fig. 5(a). The period is 280 nm and the
grating depth and the thickness of the guiding layer are 20 nm and 100 nm. The designed
GMR has a center wavelength of 555 nm and a quality factor of 183 (t ~0.054 ps) as seen in
Fig. 5(b). The bistability shown in Fig. 5(c) and Fig. 5(d) are calculated for the designed GMR
structure with the same instantaneous nonlinear susceptibility as used in Ref [17]. (x® =
1.7x107" esu). The operating wavelength is set at 20% reflection. The switching intensity and
the response time are approximately 2.2 MW/cm? and 0.18 ps, respectively, which is better
performance than for the metal slit array. The estimated minimal beam size in the direction
along the incident plane is 8.17 um and the corresponding switching power is approximately
100 mWw.
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Fig. 5. (a) Slab waveguide grating whose guiding layer is made with a highly nonlinear
material (n = 2.4), (b) reflection spectrum, (c) bistability curves, and (d) temporal response.

3. Optical bistability in coupled gratings

As shown in Fig. 3, a dielectric slab waveguide grating can have considerable field
enhancement for a large quality factor and the switching intensity decreases as 1/Q2. If the
switching time is not a limiting factor, a higher quality factor is desired. To achieve a high
quality factor, the grating depth can be decreased. Instead of using extremely shallow gratings,
if two identical gratings are coupled, an arbitrarily high quality factor can be achieved [12].
Figure 6(a) shows one example, where two gratings of 6 = 30 nm considered in the previous
section face each other with a gap. When the distance between two gratings is small, two
guided modes are evanescently coupled to form super-modes of even and odd symmetries. As
a result, additional resonant peaks appear in the reflection spectrum. The linewidth of the peak
can be arbitrarily narrow depending on relative phase retardation between the two gratings
[12]. Figure 6(b) shows the calculated spectrum for d = 50 nm. Two reflection peaks appear,
and one at shorter wavelength has very narrow linewidth (Q ~3x10% t = 23.3 ps). Note that

the quality factor of this peak is ~46 x that of the single grating. Bistability characteristics are

calculated for this resonant peak as shown in Fig. 6(c) and Fig. 6(d). The switching intensity is
0.33 MW/cm? which corresponds to a normalized intensity of 1.03 x 107/n,. This is about
(1/27)? times the switching intensity of the single grating and higher than what is expected
from the 1/Q® dependence of the switching intensity. In coupled gratings, the field
enhancement factor is lower than expected based on the single grating due to the increase of
net guiding layer thickness, and this is why the switching intensity is somewhat higher. The
estimated minimal beam size in the direction along the incident plane is 3.7 mm and the
corresponding switching power is approximately 17.8 W. The response time is 120 ps.
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Fig. 7. (a) Reflection spectra and (b) bistability curves of the coupled gratings depicted in Fig.
6(a) for various d. The gap d is varied from 50 to 49.5 nm.

Another useful property of the coupled grating structure is that the resonant wavelength
can be tuned mechanically in conjunction with nanoelectromechanical technologies [12,24].
Figure 7(a) shows calculated reflection spectra of the coupled gratings in Fig. 6(a) for various
d. Note that only the shorter wavelength peak is shown here. As d varies from 50 nm to 49.5
nm, the center wavelength shifts to the shorter wavelength due to increased evanescent
coupling between two resonant modes. Tunable resonance in the coupled gratings can be used
to control the switching intensity. For the fixed operating wavelength chosen at 20% reflection
position in the spectrum for d = 50 nm, bistabilities curves are calculated for various d as
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plotted in Fig. 7(b). As d decreases, more index change is demanded since the spectrum shifts
away from the operating wavelength. As a result, the switching intensity increases. This
implies that the switching intensity can be controlled mechanically which may be useful in
applications since fabrication errors can be compensated. As seen in Fig. 7(b), the switching
intensity changed almost by two orders of magnitude for 0.5 nm variation in d. This extreme
sensitivity to d variation is relaxed for large d or high quality factor of each grating so that it
can be properly designed. The post-fabrication switching intensity control can also be realized
by using thermo-optic property of material embedded between the gratings. In this case the
extreme sensitivity will require very small amount of temperature change, and it is also
possible to design the coupled grating system for further enhanced sensitivity.

4. Conclusion

In this paper, we investigate numerically the bistable behavior of guided-mode resonance in
nonlinear slab waveguide gratings. Gratings with various quality factors are designed and
their bistability characteristics such as field enhancement, switching intensity, and temporal
response are studied systematically. Considerable field enhancement proportional to Q is
observed in these elements. The switching intensity shows 1/Q® dependence on quality factor

and the response time is ~3.4t. The grating with Q ~5600 shows a switching intensity of 3.4

MW/cm? (corresponding to a normalized switching intensity of ~107'/n,) and a response time

of 15 ps. A grating composed of high nonlinear composite material (x® = 1.7x10 esu) is also
considered, and it shows a switching intensity of 2.2 MW/cm? and a response time of 0.18 ps,
which is improved performance relative to metal-slit-array-based bistable devices previously
reported. Although specific nonlinear materials are assumed in the example gratings
considered here, our investigation on the dependence of the normalized switching intensity in
the grating and the response time on Q may provide a general guide line for grating-based
bistable device design. Optical bistable devices based on coupled gratings are also considered.
By coupling two identical chalcogenide glass based gratings of Q ~650 with a gap of 50 nm, a
low switching intensity of 0.33 MW/cm? (corresponding to a normalized intensity of ~107%/n,)

is obtained. This can be further reduced with a smaller gap. The dependence of the switching
intensity on the gap size in the coupled grating is investigated, and almost two orders of
magnitude switching intensity change for 0.5 nm gap size variation at d = 50 nm is
demonstrated. This extreme sensitivity can be relaxed or enhanced by properly designing the
coupled grating system.
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