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Displacement-sensitive photonic crystal structures based on guided
resonance in photonic crystal slabs
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We introduce a mechanically tunable photonic crystal structure consisting of coupled photonic
crystal slabs. Using both analytic theory, and first-principles finite-difference time-domain
simulations, we demonstrate that a strong variation of transmission and reflection coefficients of
light through such structures can be accomplished with only a nanoscale variation of the spacing
between the slabs. Moreover, by specifically configuring the photonic crystal structures, high
sensitivity can be preserved in spite of significant fabrication-related disorders. We expect such
structures to play important roles in micromechanically tunable optical sensors and filters. ©2003
American Institute of Physics.@DOI: 10.1063/1.1563739#
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Microelectrical-mechanical systems~MEMS! technol-
ogy provides important mechanisms for tuning and switch
a wide variety of optical devices such as sensors, filt
modulators, switches, and lasers.1–5 The success of thes
micro-optomechanical devices relies on the fact that the
chanical motion required for their operation is relative
small; on the order of the operating wavelength for hig
contrast devices, and only a small fraction of a wavelen
for some sensors and lasers. Reducing the required disp
ment is of great interest in optical MEMS research, beca
it decreases the required actuation force and enables sm
devices with higher response speed.

In this letter we introduce a MEMS tunable photon
crystal structure that is extremely compact, and yet
achieve high contrast with nanoscale variation in displa
ment. The structure, as shown in Fig. 1, consists of two p
tonic crystal slabs. Each slab is constructed by introducin
periodic array of air holes into a high-index guiding laye
We show that a strong variation of transmission and refl
tion coefficients of light through such structures can be
complished with only a nanoscale variation of the spac
between the slabs. Moreover, by correct design of the p
tonic crystal structures, high sensitivity can be preserved
spite of significant fabrication-related disorders.

The operation of the proposed structure relies on
guided resonance phenomena in the slabs.6–13 In transmis-
sion or reflection spectra, a guided resonance typically m
fests itself as a Fano line shape that is superimposed up
smoothly varying background.6–8 In previous work, using a
temporal coupled-mode theory, we have shown that the s
tering matrix for a single guided resonance can be written
the following general form:14

S5F r t

t r G5F r d td

td r dG
1

1/t

j ~v2v0!11/t F2~r d6td! 7~r d6td!

7~r d6td! 2~r d6td!G , ~1!

a!Electronic mail: shanhui@stanford.edu
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wherev0 andt are the center frequency and the lifetime
the resonance,r and t are the transmission and reflectio
coefficients of the resonator system, andr d and td are the
background reflection and transmission coefficients of a c
responding uniform slab at the resonant frequencyv0 .

For concreteness, we consider a slab with a dielec
constant of 12 and a thickness of 0.55a wherea is the lattice
constant. Within the slab are periodic array of air holes
radius 0.4a. For such a structure, the theoretical predictio
and a finite-difference time domain simulations~FDTD!8,15

show excellent agreement.
As can been seen in Fig. 2~a!, a distinct property of the

guided resonance is the presence of strong reflectivity in
vicinity of v0 .16 Also when the size of the air holes is larg
the guided resonance is not a narrow band phenome
Rather, strong reflection can occur over a fairly wide ran
of frequencies. Exploiting this effect, we can construct str
tures that are highly sensitive to longitudinal displaceme
by using the photonic crystal slabs as mirrors to form
optical cavity~Fig. 1!. When the reflectivity for each slab i
high, the transmission becomes highly sensitive to the lon
tudinal displacements. For transmission through two sla
the theoretical transmission calculated using Eq.~1! and the
standard formula for Fabry-Perot cavity17 for different values
of displacement is shown in Fig. 2~b!, and is compared with
the FDTD simulations in Fig. 2~c!. Having two slabs create
a wider frequency range of near-complete reflection fr
0.515 to 0.555(c/a). A transmission peak appears within th
range with a maximum at 100%. As we reduce the displa
ment from 1.35a to 0.55a the peak moves to higher frequen
cies. The width of the peak depends critically on the refl
tivity of a single slab, and can be made arbitrarily sm
when the frequency peak is in the vicinity of 0.525(c/a) at
which a single slab shows complete reflection. Therefore
changing the distance between the slabs we can reconfi
the sensitivity of the structure arbitrarily.

In practice the achievable sensitivity is limited by optic
losses especially from absorption and scattering
fabrication-related disorders. For our two-slab structure,
highest achievable sensitivity is directly related to the ma
mal reflectivity achievable in a single slab. For a single sl
9 © 2003 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the presence of the disorders reduces the reflectivity by
fecting both the direct and the resonance terms in the s
tering matrix represented in Eq.~1!. However, since strong
reflection can only be achieved in the presence of the re
nance, our main interest here is to elucidate how opt
losses affect the optical resonance. We therefore cons
the following simple model, where we incorporate the effe
of losses on the resonance in a standard way18 by introducing
an extra decay factor 1/t loss into the resonance term in Eq
~1!:

S5F r t

t r G5F r d td

td r dG1
1/t

j ~v2v0!11/t11/t loss

3F2~r d6td! 7~r d6td!

7~r d6td! 2~r d6td!G . ~2!

The sensitivity of the two-slab structure can then be e
mated starting from Eq.~2!. Defining the sensitivity as the
minimum displacementdh needed to switch the transmissio
coefficients from 20% to 80%, we plotdh in Fig. 3~a! as a
function of t/t loss. In the presence of loss, the sensitivity
the structure becomes finite since the maximum reflecti
from a single slab no longer goes to unity.

The simple model, as represented in Eq.~2!, immedi-
ately suggests two ways to design structures that are ro
against disorders. First of all, it is beneficial to increase
background reflectivityr d , since doing so enhances the to
reflectivity of the structure. This can be accomplished
choosing the appropriate thickness of the slab. In Fig. 3~a!,
we compare the sensitivity for the case wherer d(v0)50 and
for the case wherer d(v0) is maximized at 0.85.~This value
is appropriate for a silicon photonic crystal slab suspende
air.!8 For the same scattering loss, the structure with a m
mal background reflectivity is at least five times mo
sensitive.

We also note that the effect of optical loss on the re
nance enters as a function oft/t loss. For a given scattering

FIG. 1. ~Color! Schematic of a displacement-sensitive photonic crys
structure. The structure consists of two photonic crystal slabs. The red a
represents the direction of the incident light. The transmission spectru
the normally incident light is strongly influenced by the spacingh between
the slabs.
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lifetime t loss, we can therefore reduce its effect by decre
ing the lifetimet of the guided resonance in the underlyin
perfectly periodic lattice. Thus, it is beneficial to use stru
tures with a strong in-plane scattering strength, such as st
tures with large air holes. We confirm this numerically b
employing a supercell approximation to model disorders
the FDTD simulations. The computational domain consi
of nine unit cells of the crystal. The effect of disorder
simulated by allowing the radii of holes in each unit cell
fluctuate by as much as 5% of the lattice constant wh
keeping the average dielectric approximately constant.
normalized scattering losst/t loss is then determined by com
paring the lifetimes of the guided resonance between the
ordered and the perfect structures, and is shown in Fig. 3~b!.
Increasing the radius of the holes indeed dramatically
duces the effect of the scattering losses by several orde
magnitude. Combining Figs. 3~a! and 3~b!, we estimate that
for a crystal structure with the radius of 0.4a, the achievable
sensitivity can be as small as about 1% of the opera

l
w

of

FIG. 2. ~Color! ~a! Transmission spectrum through a single photonic crys
slab for normally incident light. The crystal structure consists of a squ
lattice of air holes of radius 0.4a, wherea is the lattice constant, introduce
into a dielectric slab. The slab has a dielectric constant of 12 and a thick
of 0.55a. The open circles are the numerical results from a FDTD simu
tion. The solid line is a theoretical fit using Eq.~1!. ~b! Theoretical trans-
mission spectra for a two-slab structure. Each slab is the same as in~a!. The
colors of the solid lines, varying from red to blue, represent the spacinh
between the slabs of 1.35a, 1.1a, 0.95a, 0.85a, 0.75a, 0.65a, and 0.55a,
respectively. The parameters of the theory are taken from the theoretic
as shown in~a!. ~c! Transmission spectra for the same two-slab structure
in ~b!, calculated using FDTD simulations.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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wavelength. For switching applications, in order to acco
plish a 20 dB contrast ratio, the needed shift in displacem
h is about 2% of the operating wavelength.

In addition to the longitudinal displacement sensing,
properties of guided resonance also provide opportunities
lateral displacement sensing. For this purpose, one need
explore the regime of evanescent coupling between the s
Whenh.0.5a, the coupling between the slabs is primar
due to propagating waves. In this far-field coupling regim
the transmission spectra are independent of the lateral a
ments of the two slabs. For smaller spacing, evanescent
neling and near-field coupling between the slabs become
portant. Figure 4 shows the transmission spectra through
two-slab structures for which the spacing between the s
h50.1a. As indicated in Fig. 2~a!, each slab supports a res
nance aroundv50.53(c/a). The near-field coupling be
tween the slabs splits the resonance, leading to strong re
tions at 0.524(c/a) and 0.555(c/a). In addition, a lateral
shift of 0.05a along the~10! direction breaks the 90° rota
tional symmetry of the structure, and introduces extra re
nances at 0.540(c/a) and 0.566(c/a). Such resonances co
respond to the singly degenerate states that are uncouple8,19

when the two slabs are aligned. The calculation thus dem
strates that the near-field coupling regime provides the a
tional possibility of lateral displacement sensing.

As final remarks, we note that using the guided re
nance phenomenon, high reflectivity can be achieved i
single dielectric layer. This is important in MEMS structur
where the mass, size, and internal material stresse
multilayer dielectric stacks often create significant difficu
ties. Moreover, the high sensitivity to displacement will e

FIG. 3. ~a! Sensitivity of the two-slab structure as a function of normaliz
scattering losst/t loss. The sensitivity is defined as the variation of th
spacing between the slabs needed in order to switch the transmission
ficients from 20% to 80%. The solid and the dashed lines correspond to
case of where the background reflection coefficientsr d are 0.85 and 0,
respectively.~b! Normalized scattering losst/t loss in disordered photonic
crystal slab structures as a function of the radiusr 0 of air holes in the
underlying perfect lattice. The disorder is introduced by varying the rad
of air holes randomly aroundr 0 in a perfect crystal by as much as 0.05a,
while maintaining approximately the same average dielectric constant.
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able MEMS devices with higher speed and lower actuat
voltages. The structures proposed here thus provide a too
optical engineering on the nanoscale.

The simulations were made possible through the N
National Program for Advanced Computational Infrastru
tures~NPACI!.
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FIG. 4. ~Color! Transmission spectra through two-slab structures. Each
is the same as in Fig. 2~a!. The spacing between the slabs is 0.1a. The red
curve corresponds to a structure with holes in two slabs aligned to e
other vertically. The blue curve corresponds to a structure with the lattic
holes in the top slab shifted by a distance of 0.05a along the~10! direction
with respect to the bottom slab.
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