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Mechanically switchable photonic crystal filter with either
all-pass transmission or flat-top reflection characteristics
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We theoretically introduce a new type of optical all-pass filter based on guided resonance in coupled photonic

crystal slabs.

The filter exhibits near-complete transmission for both on- and off-resonant frequencies and

yet generates large resonant group delay. We further show that such a filter can be mechanically switched

into a flat-top band rejection filter.
OCIS codes:

Optical filters play important roles in communication
systems. In particular, a narrowband flat-top re-
flection filter, which reflects a particular wavelength
channel while letting other channels pass through,
is needed to achieve the wavelength sensitivity in
wavelength-division multiplexing systems.! On the
other hand, an all-pass transmission filter, which
generates significant delay at resonance, while main-
taining 100% transmission both on and off resonance,
is useful for applications such as optical delay or
dispersion compensation.?

In this Letter we introduce a mechanically switch-
able photonic crystal filter structure that can function
as either a flat-top reflection filter or an all-pass
transmission filter. The structure, shown in Fig. 1,
consists of two photonic crystal slabs. Each slab is
constructed by introduction of a periodic array of
air holes into a high-index guiding layer. We show
that for normally incident light one can switch the
transmission characteristic of the structure by simply
varying the distance between the slabs. Furthermore,
unlike all previously reported all-pass reflection filters
based on Gires—Tournois interferometers,?> which use
multiple dielectric stacks, our structure generates an
all-pass transmission spectrum, which significantly
simplifies signal extraction and optical alignment.
In addition, the spectral response is polarization
independent because of the 90° rotational symmetry
of the structure.

The filter function of our device relies on the guided
resonance phenomenon in each photonic crystal slab.
Guided resonance is a class of optical mode that is
strongly confined by the dielectric slab and yet can
couple into radiation modes because of the phase-
matching mechanism provided by the periodic index
contrast.*® As light is normally incident upon the
slab, the wave can pass through the slab either directly
or indirectly by first exciting the resonance and then
decaying out. In the particular case where the partial
transmission coefficient through the direct pathway
is unity, the reflection from the crystal exhibits a
Lorentzian line shape with 100% reflectivity at the
resonant frequency,® as can be seen in Fig. 2 for the
transmission through a single slab’ with a dielectric
constant of 11.4 [which is appropriate for GaAs at
1.55 um (Ref. 8)], a thickness of 1.05a and a radius of
0.1a for the air holes (a is the lattice constant).
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230.5750, 260.5740, 230.3990, 120.2440.

Having two slabs creates additional flexibility with
which to engineer spectral functions.® Let us first
consider an all-pass transmission filter for optical
delay applications. A single resonance can generate
significant optical delay. However, in the single-slab
geometry shown in Fig. 2, since the reflected ampli-
tude comes entirely from the resonant decay, there is
a strong variation of the transmitted intensity as a
function of frequency.

To achieve an all-pass characteristic with no in-
tensity variation over the resonance bandwidth, it is
therefore necessary to use at least two resonances.
For simplicity, we consider a system with two identical
slabs, as shown in Fig. 1. Each slab supports a
single resonance within the bandwidth of interest.
Since there is mirror symmetry parallel to the slab,
the resonant modes of the coupled system can be
decomposed into either even or odd modes with respect
to the mirror plane. When external light is incident
upon the slabs, both the even and odd modes are
excited. The power in each resonance then decays
in both forward and backward directions. Since the
two modes have different symmetry, the decaying
amplitudes in the backward direction acquire an op-
posite phase and interfere destructively. Therefore,
complete transmission over the bandwidth of interest
becomes possible, provided that the even and odd
modes possess the same resonant frequency and the
same width.’® To achieve complete transmission we

Fig. 1. Schematic of a mechanically tunable photonic
crystal filter consisting of two photonic crystal slabs.
The arrow represents the direction of the incident light.
The spectral response function of the filter is tunable by
varying the distances between the two slabs.
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Fig. 2. Transmission spectrum through a single photonic
crystal slab for normally incident light. The crystal struc-
ture shown in the inset consists of a square lattice of air
holes of radius 0.1a, where a is the lattice constant. The
slab has a dielectric constant of 11.4 and a thickness of
1.05a. The open circles are the numerical results from a
FDTD simulation. The solid curve is from the analytical
theory in Ref. 7.

place two slabs close to each other so that the modes
in the two slabs can couple through an evanescent
tunneling pathway, in addition to the free-space
propagation of light between the slabs.

The idea described above can be quantified by use
of the coupling of modes in a time-dependent formal-
ism for optical resonators.”'’ The theoretical model
describes the dynamics of the optical resonance am-
plitudes a and b in the two slabs. For the structure
in Fig. 2, which possesses a Lorentzian resonance,
the dynamic equation for the amplitude a in the first
slab is

2~ (joo = 2)a +j\/lsl+ +j\/is2+ + jxb,
T T T

dt
(1)

1 1
Si- = So+ +‘]\/?a, So- =81+ +]\/;a7 (2)

where wg is the resonance frequency and 7 is the reso-
nance lifetime. Si:, So+, S1—, and Se— are incoming
and outgoing waves from either side of the first
slab. The coupling constant « describes the strength
of evanescent tunneling between the two slabs and
is real because of energy conservation and mirror
symmetry constraints. Similarly, the equations for
the amplitude b in the second slab can be written as

—db=('w0——1>b+j —1 P1++j\/—1 Py, + jka,
dz T V T T
3)

11 1
P1—=P2++J\/7b, P2—=P1++J\/?b, 4)

where P., Py, P;_, and P,_ are incoming and
outgoing waves from either side of the second slab.
Also, since the wave can propagate between the slabs,
we have

Py =exp(—jd)Sa-, P- =exp(j$)S2+, ()

where ¢ = (w/c)h and h is the distance between the
edges of the slabs. Using Egs. (1)-(5), we can elimi-
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nate wave amplitudes that are propagating between
the slabs to arrive at the dynamic equations for the
even resonance, A (=a + b), and the odd resonance,
B (=a — b). Then, when the coupling coefficient is
set to be k = —j exp(—j¢)/7, and when ¢ = 7/2
is chosen, the even and odd resonances will possess
the same resonance frequency and decay length. Un-
der these circumstances, the transmission coefficient
becomes

(w — wo) — 1/7
(w — wo) + 1/7 ’

t = exp(—jqﬁ)j. (6)
and, indeed, the structure behaves as an all-pass filter.

As a physical realization of the theoretical analy-
sis, we consider the two-slab structure, each slab of
which is shown in Fig. 2, with a resonance frequency
at 0.694 (c/a). In a FDTD simulation,>'%!® the line
shapes of the even and odd modes can be obtained
by Fourier transformation of the temporal decay of
the resonance amplitude. When the displacement be-
tween the slabs is chosen to be 0.4a, the resonant line
shapes of the even and odd modes overlap almost com-
pletely [Fig. 3(a)]l. For such a structure, the transmis-
sion spectrum indeed shows near 100% transmission
over the entire bandwidth both on and off resonance
[Fig. 3(b)], and yet a large resonant delay is generated
in the vicinity of the resonant frequency [Fig. 3(c)]. To
compare the simulation with the theory, we extract the
parameter from Fig. 3(a), and generate the theoretical
spectra by use of Egs. (1)-(5). The simulations show
excellent agreement with the analytic theory.

The spectral response function of the two-slab
structure can be tuned by mechanical variation of
the distance between the slabs. As we increase the
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Fig. 3. Spectral response functions for the two-slab
structure shown in Fig. 1, with an edge-to-edge distance of
0.4a. (a) Resonance amplitudes of the even mode (dashed
curve) and the odd mode (solid curve). (b) Transmission
spectrum for normally incident light. (c) Group delay.
In both (b) and (c), the solid curve represents the theory
and the open circles correspond to FDTD simulations.
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Fig. 4. Transmission spectra through the two-slab struc-
ture shown in Fig. 1 as we vary the distance between the
slabs to be (a) 0.5a, (b) 1.1a. The solid curves represent
the theory, and the open circles correspond to FDTD
simulations.

distance between the slabs, the evanescent coupling
becomes negligible, and it is no longer possible to
generate all-pass transmission. Rather, significant
reflection occurs in the vicinity of the resonance
[Fig. 4(a)]. In particular, by choosing A = 1l.1aq,
one could generate a flat-top reflection spectrum,*
as demonstrated by FDTD simulations in Fig. 4(b).
Thus, with mechanical tuning, a guided resonance
device can generate two types of filter response that
are useful for optical communication systems. In
addition, the flat spatial dispersion of the guided
resonance may permit operation of such filters with a
large range of operation angles.
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