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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 filte280®
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Microelectrical-mechanical system@EMS) technol- wherewy and 7 are the center frequency and the lifetime of
ogy provides important mechanisms for tuning and switchinghe resonance;, andt are the transmission and reflection
a wide variety of optical devices such as sensors, filtersgoefficients of the resonator system, andandt, are the
modulators, switches, and lasérs. The success of these background reflection and transmission coefficients of a cor-
micro-optomechanical devices relies on the fact that the meresponding uniform slab at the resonant frequengy
chanical motion required for their operation is relatively For concreteness, we consider a slab with a dielectric
small; on the order of the operating wavelength for high-constant of 12 and a thickness of Geherea is the lattice
contrast devices, and only a small fraction of a wavelengtitonstant. Within the slab are periodic array of air holes of
for some sensors and lasers. Reducing the required displacguius 0.4. For such a structure, the theoretical predictions
ment is of great interest in optical MEMS research, becausgng a finite-difference time domain simulatioRDTD)%*°
it decreases the required actuation force and enables smallghow excellent agreement.
devices with higher response speed. As can been seen in Fig(a, a distinct property of the

In this letter we introduce a MEMS tunable photonic g,ided resonance is the presence of strong reflectivity in the
crystal structure that is extremely compact, and yet caw;cinity of w,.2® Also when the size of the air holes is large,

achieve high contrast with nanoscale variation in displaceg,q guided resonance is not a narrow band phenomenon.

ment. The structure, as shown in Fig. 1, consists of two phogaiher, strong reflection can occur over a fairly wide range
tonic crystal slabs. Each slab is constructed by introducing @ frequencies. Exploiting this effect, we can construct struc-
periodic array of air holes into a high-index guiding layer. y,re5 that are highly sensitive to longitudinal displacements
We show that a strong variation of transmission and reflecby using the photonic crystal slabs as mirrors to form an

tion coefficients of light through such structures can be ac'optical cavity(Fig. 1). When the reflectivity for each slab is

complished with only a nanoscale variation c_>f the spacingnigh, the transmission becomes highly sensitive to the longi-
between the slabs. Moreover, by correct design of the th[—

; : o tudinal displacements. For transmission through two slabs,
tonic crystal structures, high sensitivity can be preserved e theoretical transmission calculated using Eg.and the
spite of significant fabrication-related disorders.

The operation of the proposed structure relies on thestandard formula for Fabry-Perot cavifyor different values

guided resonance phenomena in the sfab$in transmis- Of displacement is shown in Fig(19, and is compared with

) . : . the FDTD simulations in Fig.@). Having two slabs creates
sion or reflection spectra, a guided resonance typically mani-

fests itself as a Fano line shape that is superimposed upon"’lqswider frequency range of near-complete reflection from
smoothly varying backgrouri® In previous work, using a 0.515 to 0.555¢/a). A transmission peak appears within this

i i 0, 1 -
temporal coupled-mode theory, we have shown that the scafnde with a maximum at 100%. As we reduce the displace

tering matrix for a single guided resonance can be written irwent from 1.'35 t0 0.5 the peak moves .to higher frequen-
the following general forni cies. The width of the peak depends critically on the reflec-

tivity of a single slab, and can be made arbitrarily small
when the frequency peak is in the vicinity of 0.525) at

rot rg tyl which a single slab shows complete reflection. Therefore, by
S= r] :|:td Yy changmg .th.e distance between the sI.abs we can reconfigure
the sensitivity of the structure arbitrarily.
_ _ In practice the achievable sensitivity is limited by optical
1/r —(rgty) F(ra*ty) losses especially from absorption and scattering by
+ m F(rgxty) —(rg=ty | ) fabrication-related disorders. For our two-slab structure, the
d highest achievable sensitivity is directly related to the maxi-
3Electronic mail: shanhui@stanford.edu mal reflectivity achievable in a single slab. For a single slab,
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FIG. 1. (Color) Schematic of a displacement-sensitive photonic crystal 1|_-
structure. The structure consists of two photonic crystal slabs. The red arrov
represents the direction of the incident light. The transmission spectrum o
the normally incident light is strongly influenced by the spadingetween
the slabs.
(c) 1

the presence of the disorders reduces the reflectivity by af
fecting both the direct and the resonance terms in the sca
tering matrix represented in E@l). However, since strong

reflection can only be achieved in the presence of the resc
nance, our main interest here is to elucidate how optica - = :
losses affect the optical resonance. We therefore constru 049 051 053 055 057 059
the following simple model, where we incorporate the effect
of losses on the resonance in a standard\ay introducing

an extra decay factor 4 into the resonance term in Eq. FIG. 2. (Color) (a) Transmission spectrum through a single photonic crystal

(D): slab for normally incident light. The crystal structure consists of a square
lattice of air holes of radius 024 wherea is the lattice constant, introduced

i

Transmission
=
-9

Frequency (c/a)

r t rq tyg 1 into a dielectric slab. The slab has a dielectric constant of 12 and a thickness
S= + 7 of 0.55. The open circles are the numerical results from a FDTD simula-
tor tg Tq j(w— wo) +1/7+ 1/Tloss tion. The solid line is a theoretical fit using E(). (b) Theoretical trans-

mission spectra for a two-slab structure. Each slab is the sameas Tine
_ Tt _ Tt colors of the solid lines, varying from red to blue, represent the spdting
(rg*ty) F(rg*ty) between the slabs of 1.851.1a, 0.97, 0.8F, 0.7%, 0.65, and 0.5%,
X| = (rgxty) —(rq=ty) |- (2 respectively. The parameters of the theory are taken from the theoretical fit
+Fg=1q d—ld i issi
as shown in@). (c) Transmission spectra for the same two-slab structure as
in (b), calculated using FDTD simulations.

The sensitivity of the two-slab structure can then be esti-
mated starting from Eq(2). Defining the sensitivity as the
minimum displacemengh needed to switch the transmission lifetime 7,5, we can therefore reduce its effect by decreas-
coefficients from 20% to 80%, we pldh in Fig. 3@ as a ing the lifetime r of the guided resonance in the underlying
function of 7/ 74s¢. In the presence of loss, the sensitivity of perfectly periodic lattice. Thus, it is beneficial to use struc-
the structure becomes finite since the maximum reflectivitytures with a strong in-plane scattering strength, such as struc-
from a single slab no longer goes to unity. tures with large air holes. We confirm this numerically by
The simple model, as represented in E2), immedi- employing a supercell approximation to model disorders in
ately suggests two ways to design structures that are robugte FDTD simulations. The computational domain consists
against disorders. First of all, it is beneficial to increase theof nine unit cells of the crystal. The effect of disorder is
background reflectivity 4, since doing so enhances the total simulated by allowing the radii of holes in each unit cell to
reflectivity of the structure. This can be accomplished byfluctuate by as much as 5% of the lattice constant while
choosing the appropriate thickness of the slab. In Fig),3 keeping the average dielectric approximately constant. The
we compare the sensitivity for the case whefwy) =0 and  normalized scattering 1089 7,5 iS then determined by com-
for the case wherey(wg) is maximized at 0.85(This value  paring the lifetimes of the guided resonance between the dis-
is appropriate for a silicon photonic crystal slab suspended imrdered and the perfect structures, and is shown in Fig. 3
air.)® For the same scattering loss, the structure with a maxitncreasing the radius of the holes indeed dramatically re-
mal background reflectivity is at least five times moreduces the effect of the scattering losses by several orders of
sensitive. magnitude. Combining Figs.(& and 3b), we estimate that
We also note that the effect of optical loss on the resofor a crystal structure with the radius of @.4the achievable

nance enters as a function efr .. For a given scattering sensitivity can be as small as about 1% of the operating
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FIG. 4. (Color) Transmission spectra through two-slab structures. Each slab
0.001 is the same as in Fig.(@. The spacing between the slabs ise0.The red

0.2 - - - - curve corresponds to a structure with holes in two slabs aligned to each
radius (a) other vertically. The blue curve corresponds to a structure with the lattice of
holes in the top slab shifted by a distance of @.@flong the(10) direction
FIG. 3. (a) Sensitivity of the two-slab structure as a function of normalized with respect to the bottom slab.
scattering lossr/7,,ss. The sensitivity is defined as the variation of the
spacing between the slabs needed in order to switch the transmission cogible MEMS devices with higher speed and lower actuation

ficients from 20% to 80%. The solid and the dashed lines correspond to th@oltages. The structures proposed here thus provide a tool for
case of where the background reflection coefficientsare 0.85 and 0, . . :
respectively.(b) Normalized scattering loss/ 7,5 in disordered photonic optical engineering on the nanoscale.

crystal slab structures as a function of the radigsof air holes in the . . .
underlying perfect lattice. The disorder is introduced by varying the radius The simulations were made possible through the NSF

of air holes randomly arountd, in a perfect crystal by as much as ce95 ~ National Program for Advanced Computational Infrastruc-
while maintaining approximately the same average dielectric constant.  tures(NPACI).
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