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Air-bridged photonic crystal slabs at visible and near-infrared wavelengths
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Air-bridged photonic crystal slabs are demonstrated at visible and near-infrared wavelengths. We present
experimental and theoretical studies of the transmission spectra of air-bridged photonic crystal slabs with free
space illumination using collimated and focused beams. We show that the resonances of an air-bridged pho-
tonic crystal slab exhibit considerable differences in their sensitivity to the angle of illumination. We show that
the variation in the quality factor of a resonance with the incident angle of illumination is determined by the
symmetry of its field distribution. Last, we present experimental and theoretical results on the transmission
spectra of air-bridged photonic crystal slabs with focused illumination, important due to the finite angular

spread of real optical beams.
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I. INTRODUCTION

While most photonic crystal slab research has concen-
trated on compact devices suitable for planar chip-scale in-
tegration, air-bridged photonic crystal slabs illuminated with
free-space beams present a number of advantages as filters,
mirrors, and displacement sensors. As free-space optical fil-
ters, air-bridged photonic crystal slabs offer several improve-
ments over conventional thin film dielectric filters. First, in a
photonic crystal slab, a filtering function with an arbitrarily
high quality factor can be in principle achieved with a single
dielectric layer. By contrast, in traditional thin film filters,
many dielectric layers are required to achieve high quality
factor filter functions. For example, thin film filters used in
wavelength division multiplexing (WDM) systems often
have up to 100 dielectric layers with stringent tolerances on
each layer.! The compactness of filters based on air-bridged
photonic crystal slabs makes them easily incorporated into
microelectromechanical systems (MEMS). Second, air-
bridged photonic crystal slabs offer useful filtering functions,
such as all-pass transmission and flattop reflection.? Third,
the transmission and reflection spectra of a pair of closely
spaced air-bridged photonic crystal slabs can be tuned by
varying the spacing between the slabs,® for example, from
all-pass transmission to flattop reflection.* It was recently
theoretically shown that photon tunneling between coupled
photonic crystal slabs enables high sensitivity displacement
sensing.’ Photonic crystal slabs also offer a means for real-
izing mirrors and for devices that provide significant group
delay upon reflection and transmission (useful for delay lines
and dispersion compensation). In addition, the freestanding
nature of air-bridged photonic crystal slabs opens new oppor-
tunities for visible-wavelength optical sensors. Photonic
crystal slabs can act as high quality factor optical resonators,
with intense optical fields in the holes.® This field concentra-
tion would enhance the sensitivity of optical spectroscopy of
gases and liquids that could be passed through the holes from
one side of the slab to the other.

This paper includes three main contributions to photonic
crystal slabs. First, air-bridged photonic crystal slabs are
demonstrated at visible wavelengths. This wavelength range
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includes the important applications of microscopy, spectros-
copy, imaging and displays. Our previous work on air-
bridged silicon photonic crystal slabs was carried out at in-
frared wavelengths (A=~1.05-1.60 um).”® Kanskar et al.’
demonstrated air-bridged photonic crystal slabs at near-
infrared wavelengths (A=~0.91-1.28 um). Second, we
present experimental measurements of the transmission spec-
tra of air-bridged photonic crystal slabs with the angle of
incidence varied. This is very important, since the variation
in the transmission spectrum with angle determines the fab-
rication and alignment tolerances of practical devices. Previ-
ous experimental demonstrations of air-bridged photonic
crystal slabs” were carried out with normal-incidence illu-
mination. Third, we present experimental and theoretical
studies of the transmission spectra of air-bridged photonic
crystal slabs with focused illumination. This work is impor-
tant because the transmission and reflection spectra of pho-
tonic crystal slabs are strongly modified by the finite angular
spreads of focused illuminating beams. Previous theoretical
studies,>>719-13 of air-bridged photonic crystal slabs used
plane wave illumination, and did not consider focused illu-
mination. Previous experimental demonstrations of air-
bridged photonic crystal slabs wused well-collimated
illumination,” or focused illumination without the angular
distribution specified.’

Optical filters based on one- and two-dimensional grating
structures, known as guided resonance filters, have been pre-
viously demonstrated.'*~'® However, these devices are lay-
ered structures on solid substrates, unlike the devices pre-
sented in this paper, which consist of a single air-bridged
dielectric layer. A broadband polarization-selective mirror
has been experimentally realized at infrared wavelengths, in
a structure consisting of a one-dimensional grating, a lower-
index layer and a substrate.!” Photonic crystals have been
previously demonstrated at visible wavelengths.'®!® How-
ever, these were planar waveguide structures, in contrast
to our devices, which are air bridged for free-space illumi-
nation. Resonant features in the reflectivity spectra of
two-dimensional photonic crystals have been previously ob-
served at infrared wavelengths by Kanskar et al.® and Astra-
tov et al.?°

©2006 The American Physical Society
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FIG. 1. Photonic crystal slab consisting of a square lattice of air
holes etched into a freestanding dielectric thin film (silicon nitride).
Slab parameters: thickness 7, period a and hole diameter d.

The body of the paper begins with a discussion of the
band structure and transmission spectrum of an air-bridged
photonic crystal slab (Sec. II). The fabrication method for
silicon nitride photonic crystal slabs is presented as Sec. III.
In Sec. IV, experimental results and a theoretical method for
the calculation of the transmission spectra of photonic crystal
slabs with collimated and focused illumination are presented.

II. OPTICAL PROPERTIES OF AIR-BRIDGED PHOTONIC
CRYSTAL SLABS

A. Organization of section

In this section, we consider the optical properties of air-
bridged photonic crystal slabs at visible wavelengths. Band
structures calculated by the finite difference time domain
(FDTD) technique and the empty lattice approximation are
shown in Sec. II B. In Sec. II C, we present calculations of
the transmission spectra of photonic crystal slabs. The lower
refractive indices of materials transparent at visible wave-
lengths lead to differences in the optical properties of photo-
nic crystals fabricated from these materials, in comparison
with previously reported, higher-index, infrared wavelength
photonic crystal slabs.>~>"~13 These differences are discussed
in Sec. II D.

B. Band structure of an air-bridged photonic crystal slab

An air-bridged photonic crystal slab consists of a two-
dimensional periodic refractive index contrast introduced
into a freestanding guiding layer. The device considered in
this paper is illustrated as Fig. 1. A square lattice of circular
holes is etched into a freestanding silicon nitride membrane
on a silicon substrate.

To begin, we present the band structure of a photonic
crystal slab with infinitesimally small holes as Fig. 2. This is
useful to consider, as it can be calculated using an analytical
technique known as the empty lattice approximation.'? This
method provides a solution against which numerical (FDTD)
calculations can be checked, and is an intuitive physical
model for the band structure. In Sec. II D, we use this model
to predict the effects of lowering the slab refractive index. In
the empty lattice approximation, photonic crystal band struc-
tures are interpreted as the modes of a uniform dielectric slab
folded into the first Brillouin zone through Bragg scattering
provided by the photonic crystal lattice. The dispersion
curves of uniform dielectric slabs can be found from wave-
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FIG. 2. (Color online) Band structure of photonic crystal slab
with infinitesimally small holes (uniform dielectric slab). (a) Modes
with field distributions that are even with respect to symmetry plane
of slab. (b) Modes with field distributions that are odd with respect
to symmetry plane of slab. Slab thickness r=0.439a, where a
=period. Refractive index n=2.282. Solid lines: waveguide theory
calculations. Solid dots: finite difference time domain (FDTD)
calculations.

=R

guide theory.?!?? The dispersion curves are folded into the
first Brillouin zone by adding reciprocal lattice vectors. In
Fig. 2, the band structure found by the empty lattice approxi-
mation is shown using solid lines. The slab has a thickness of
0.439a, period a, and a refractive index of 2.282. We plot the
modes with electric field distributions whose in-plane com-
ponents are even with respect to the mirror plane parallel to
the slab as Fig. 2(a). The modes with odd symmetry are
plotted as Fig. 2(b). In this figure, the in-plane wave vector is
varied from the I' point (k,=0, k,=0) to the X point (k,=7,
k,=0).

For calculation of the band structures of air-bridged pho-
tonic crystal slabs with finite-sized holes, numerical methods
such as FDTD are needed. In order to assess the accuracy of
our FDTD implementation, we first compare it with the re-
sults of the analytical model. The modes of the slab found by
FDTD are shown in Fig. 2 as solid dots. In the FDTD cal-
culations, a dipole current source is placed in the slab to
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FIG. 3. (Color online) Band structure of photonic crystal slab.
(a) Modes with field distributions that are even with respect to the
symmetry plane of the slab. (b) Modes with field distributions that
are odd with respect to the symmetry plane of the slab. Slab param-
eters: thickness r=0.439a, hole diameter d=0.416a, where a
=period. Refractive index n=2.282.

excite its modes. The time evolution of the fields at randomly
chosen points inside the slab is recorded and Fourier trans-
formed to give the power spectra. The peaks in the power
spectra give the frequencies of the modes of the slab. The
in-plane wave vectors of these modes are set by the imposi-
tion of periodic boundary conditions in the x and y directions
(i.e., in the plane of the slab). The computational regions
above and below the slab are terminated in perfectly matched
layers, thereby simulating a slab with free space above and
below it. From Fig. 2, it can be seen that the FDTD method
is in excellent agreement with the analytical method.

In Fig. 3, the band structure of an air-bridged photonic
crystal slab with finite-sized holes is calculated by FDTD.
The photonic crystal has periodicity a, thickness 0.439a,
hole diameter 0.416a, and refractive index 2.282. These pa-
rameters are similar to the devices fabricated for this paper.
For simplicity, these calculations do not include the effects of
material loss or dispersion. Calculations including these ef-
fects are included later in this paper. From Fig. 3, it can be
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seen that the band structure of the photonic crystal slab with
finite-sized holes is similar to the slab with infinitesimally
small holes. However, the presence of the holes splits the
fourfold degenerate state at the I' point (for the slab with
infinitesimally small holes) into a pair of doubly degenerate
states and two singly degenerate states (for the slab with
finite size holes). As discussed in Sec. IV, this has important
consequences for the transmission and reflection spectra.

C. Normal-incidence transmission spectrum of an air-bridged
photonic crystal slab

In this section, we calculate the normal-incidence trans-
mission spectrum of an air-bridged photonic crystal slab. We
discuss the relationship between the transmission spectrum
and the band structure. We present calculations showing the
effects of reducing the hole radius. We discuss applications
of unique features of the spectral response of air-bridged
photonic crystal slabs.

The transmission and reflection spectra of photonic crys-
tal slabs with free-space illumination consist of sharp reso-
nant features on a smooth Fabry-Pérot background. The
physical origin of these resonant features can be understood
by considering Fig. 2. The Bragg scattering provided by the
photonic crystal lattice folds the modes of the dielectric slab
into the first Brillouin zone. This brings modes above the
light line, allowing them to be coupled to by free-space illu-
mination. We refer to these modes as guided resonances.'®
The coupling of electromagnetic energy to guided reso-
nances leads to sharp resonant features in the transmission
and reflection spectra, as discussed below.

Electromagnetic energy incident upon the slab can couple
to the guided resonances of the slab, or to the continuum of
radiation modes, which are similar to the Fabry-Pérot oscil-
lations of an unpatterned dielectric slab. Interference be-
tween these two pathways leads to transmission and reflec-
tion spectra with features known as Fano resonances.?>* In
Fig. 4(a), the transmission spectrum is calculated for a pho-
tonic crystal slab with periodicity a, thickness 0.439a, hole
diameter 0.416a, and refractive index 2.282 (the same pa-
rameters as that of Fig. 3). The calculations are performed
using the transfer matrix method,?* which is described in
more detail in Sec. IV. The spectrum consists of sharp reso-
nant features superimposed upon a smoothly varying back-
ground. In Fig. 4(b), the parameters are identical, except that
the hole diameter is halved to 0.208a. As discussed below,
these spectra exhibit a number of interesting features, which
make photonic crystal slabs useful as filters, mirrors and for
generating group delay.

First, from Figs. 4(a) and 4(b), it can be seen that the
quality factors of the resonances increase with decreasing
hole size. This controllability of the linewidth is useful in
filter applications by, for example, allowing the passband of
a notch filter to be chosen. Second, in the vicinity of a reso-
nance, the transmission varies between 0% and 100%. This
is desirable in a number of applications. For example, a pho-
tonic crystal slab with a reflectance of 100% may be used as
a mirror. By comparison, an unpatterned dielectric slab has a
maximum normal-incidence power reflectance of (3
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FIG. 4. (a) Calculated power transmission vs frequency of pho-
tonic crystal slab. Slab parameters: thickness 1=0.439qa, hole diam-
eter d=0.416a, and refractive index n=2.282. (b) Same as (a), ex-
cept that the hole diameter is d=0.208.

—n})?/ (n3+n})?, where n, and n, are the refractive indices of
the slab and surrounding medium, respectively. For silicon
nitride, for example, with a refractive index of 2.282, the
maximum power reflectance is ~46%. Third, guided reso-
nances generate significant optical delay. For a single reso-
nance, there is a strong variation in the transmitted intensity
as a function of wavelength. Recently, however, it was
shown that, by careful design, unity transmission and a
strong resonant delay can be achieved by a photonic crystal
slab with two resonant modes with opposite symmetries and
the same center frequencies and linewidths.” Devices with
these characteristics are known as all-pass filters (APFs) and
are useful as optical delay lines and for dispersion

compensation.?,

D. Effect of lowering the refractive index of the photonic
crystal slab

Using the empty lattice approximation, we can show that
lowering the slab refractive index reduces the number of
modes of the photonic crystal slab. To do this, it is helpful to
interpret a mode of the dielectric slab as a TE or TM wave
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FIG. 5. (a) Mode of uniform dielectric slab interpreted as a
plane wave bouncing at an angle 6. Slab permeability and permit-
tivity are (ug,e,). Slab has free space (ug,&q) above and below it.
Slab thickness is d. (b) Graphical solution for TE modes of uniform
dielectric slab with €,=5.21g; and d=0.439a. Left-hand sides
(LHS) and right-hand sides (RHS) of Egs. (3) and (4) are plotted as
a function of sin 6. Solutions are shown as solid dots. Branches of
tan( ) and —cot( ) are separated by \o/(2nd).

bouncing between the slab surfaces at an angle 6.2° For total
internal reflection, # must be smaller than the critical angle
6., as illustrated in Fig. 5(a). For a slab with refractive index
n, 6, is given by

1
sin 6, = /1 -—. (1)
n
The bounce angle 6 is given by
2
sin 0= /1- 2'8 ) ()
W HoEg

where 3 is the propagation constant, g, is the slab permittiv-
ity, and ug is the permeability of free space.
The odd and even TE modes of the slab are found by

solving?®
12 nd
1) = tan( 7— sin 0) (3)

0

(sin2 0.
sin 6

and
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sin” 6, 12 nd .
-1 =—cot 17)\— sin 0. (4)

sin” @

The left- and right-hand sides of Egs. (3?) and (4) are plotted
in Fig. 5, with the solutions given by the intersection points,
shown as solid dots. The slab refractive index n is 2.282, the
thickness d is 0.439a, and the frequency w is 27rc/a, corre-
sponding to a normalized frequency w’ of 1. It can be seen
that, at this frequency, the slab supports two TE modes at
bounce angles given by sin §~0.366 and 0.709.

From inspection of Fig. 5, the effect of lowering the slab
refractive index upon the number of modes of the uniform
slab can be understood. The branches of tan and —cot [right-
hand side of Egs. (3) and (4)] are spaced by \y/(2nd), as
shown in Fig. 5(b). Therefore, lowering n reduces the num-
ber of solutions within the range 0 <sin #<sin 6,. It should
be noted that lowering n also reduces the value of sin 6,,
further reducing the number of modes of the uniform slab at
a given frequency.

We can now use this model to predict the effect of low-
ering the refractive index upon the number of modes of the
photonic crystal slab using the empty lattice approximation.
We consider normal incidence (I" point) for the frequency
range 0 <w' <1. At the I" point, the modes of the photonic
crystal band structure are the modes of the uniform slab with
propagation constants given by

27T

a

P+ ¢, (5)

where p and ¢ are integers.

In order for the mode of the uniform slab to be propagat-
ing, the propagation constant 8 must be less than the maxi-
mum wave number in the dielectric, (w/c)n, which is equal
to (27r/a)w’n. For a slab with a refractive index n of 2.282
and a normalized frequency w’ of 1, the propagation con-
stant B can therefore take values of %,%\E,%ﬂv’z, 27”\’%}
To find the number of modes of the photonic crystal, we
consider each value of the propagation constant in turn, and
determine the range of sin # corresponding to the frequency
range 0 <w’ <1. We then determine the number of solutions
with this range, for example, using the graphical solution of
Fig. 5. For the photonic crystal with n=2.282 and d
=0.439a, this results in 5 TE modes at the I' point within the
range 0 <o’ <I.

For a photonic crystal slab with refractive index n of 3.46,
the propagation constant [ can take values of
{2777 , %T\E, 2777\3'2, %\"g, Zf\g, 27”\@, %\"TO}. For a slab thick-
ness d of 0.439a, this results in 15 TE modes, a significant
increase over the number of modes of the slab with index
n=2.282.

We therefore conclude that the lower refractive index of
photonic crystal slabs at visible wavelengths leads to fewer
modes. If needed, this can be compensated for by increasing
the slab thickness since, as shown in Fig. 5, this increases the
number of modes.

III. SILICON NITRIDE PHOTONIC CRYSTAL SLABS

The low loss and high index of silicon nitride at visible
and near-infrared wavelengths make it suitable for photonic
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crystal slab devices in these spectral ranges. In addition, it
has excellent mechanical properties. Silicon nitride can be
deposited in smooth, uniform films by chemical vapor depo-
sition or plasma-enhanced chemical vapor deposition. Sili-
con nitride films are generally pinhole free, making them
commonly used as passivation layers in integrated circuits.

Scanning electron micrographs (SEMs) of the silicon ni-
tride (Si3N,) photonic crystal slabs are shown as Figs. 6(a)
and 6(b). The crystal occupies a square region of 100 wm
X 100 pum, and is defined in a freestanding silicon nitride
film. The starting substrate in the fabrication process is a
double-side polished silicon wafer. Silicon nitride is depos-
ited by low pressure chemical vapor deposition (LPCVD).
Electron-beam lithography is used to define the photonic
crystal patterns, which are plasma etched into the underlying
silicon nitride film. Optical lithography is used to pattern the
backside of the wafer, allowing square openings to be etched
into the silicon nitride on the backside. The wafer is then
etched in potassium hydroxide solution, resulting in free-
standing silicon nitride square membranes.

IV. ANGULAR BEHAVIOR OF AIR-BRIDGED PHOTONIC
CRYSTAL SLABS

A. Motivation and approach

The behavior of the transmission spectra of air-bridged
photonic crystal slabs as a function of the incident angle is
very important, since it determines the angular tolerances
permitted in free-space device applications. In addition, as
further discussed in Sec. V, it determines the behavior under
focused illumination. In order to understand the angular be-
havior of photonic crystals, transmission measurements are
made with the angle of incidence varied from 0 to 10°. We
discuss a technique for calculating the transmission spectra
of air-bridged photonic crystal slabs at arbitrary angles of
incidence. Excellent agreement between theory and experi-
ment is obtained.

B. Experimental results

The experimental setup used for transmission measure-
ments at varying incident angles is shown as Fig. 7. Light
from a xenon lamp is collimated (by lens L1) and focused
(by lens L2) into a multi-mode optical fiber (O.F. 1). An
order-sorting filter (FL) is placed between the collimation
and focusing lenses. The light from the optical fiber is col-
lected by a microscope objective lens (M.O. 1), passes
through a polarizer (PL) and illuminates the photonic crystal
(Ph.C.), which is mounted on a rotation stage (R.S.). The
light transmitted through the crystal is collected by a second
microscope objective (M.O. 2) and coupled to a second op-
tical fiber (O.F. 2), which is multi-mode in the wavelength
range used. The output of this optical fiber is input to an
optical spectrum analyzer (O.S.A.). The transmission mea-
surements presented in this paper are calculated by normal-
izing the spectra measured through the photonic crystal by
the spectra measured with no sample in place. The spectra
are measured over the wavelength range A=452-900 nm.
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(b).

FIG. 6. (a) and (b) Scanning electron micrographs of silicon
nitride photonic crystal slab. Slab parameters: thickness t=196 nm,
period a=452 nm, hole diameter d=190 nm.

Experimental transmission spectra made at different
angles of incidence with the electric field polarized in the
plane of incidence are shown as Fig. 8. In Fig. 8(a), trans-
mission spectra are presented for different angles of inci-
dence, with the wavelength as the vertical scale, and the
horizontal scale as the incident angle. The transmission is
represented by a color scale, with dark blue corresponding to
zero transmission (0%) and dark red corresponding to unity
transmission (100%). These spectra are also presented in Fig.
8(b). In this plot, 11 spectra made at angles of incidence
between 0 and 10° are shown. Figure 8(c) illustrates the ori-
entation of electric (E), magnetic (H) and propagation (k)
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FIG. 7. (Color online) Experimental setup for transmission mea-
surements of photonic crystal slab with adjustable angle of inci-
dence of illumination. Xe—xenon lamp, L1—lamp collimation
lens, FL—filter, L2—fiber coupling lens, O.F. 1 and 2—optical fi-
bers, M.O. 1-2—microscope objectives, Ph.C.—photonic crystal,
0O.S.A—optical spectrum analyzer, P.L.—polarizer, R.S.—rotation
stage.

vectors of the incident plane wave with respect to the pho-
tonic crystal.

Experimental results for the photonic crystal transmission
as a function of incident angle with the electric field vector
perpendicular to the plane of incidence are shown as Fig. 9.
Figure 9(c) illustrates the orientation of the electric (E), mag-
netic (H) and propagation (k) vectors of the incident plane
wave with respect to the photonic crystal. Due to the differ-
ent polarization of the illumination beam, different reso-
nances are coupled to, compared to the results of Fig. 8.

C. Discussion

The transmission spectra of Figs. 8(a), 8(b), 9(a), and 9(b)
exhibit a number of important features. First, some reso-
nances [e.g., resonance near A\=760 nm in Fig. 8(a)] display
little variation in width and position (wavelength) as the in-
cident angle is varied from O to 10°. On the other hand, some
resonances increase in wavelength [e.g., resonance near A
=700 nm in Fig. 8(a)] whereas others decrease in wave-
length [e.g., resonance near A=670 nm in Fig. 8(a)] as the
incident angle is increased. This behavior is explained in this
section through consideration of the band structure. Second,
the depths of some of the resonances vary appreciably with
incident angle [e.g., resonance near A=670 nm in Fig. 8(a)],
while for other resonances [e.g., resonance near A=760 nm
in Fig. 8(a)], there is little variation with incident angle. This
behavior is explained in section IV E.

The variation in the wavelength of a resonance with inci-
dent angle can be understood by considering the photonic
crystal band structure. As shown in Figs. 2 and 3, in a band
structure diagram, the frequencies of the modes are plotted as
a function of the in-plane wave vector. With free-space illu-
mination, modes above the light line in the band structure
can be coupled to, and appear in the transmission spectrum
as Fano line shapes on a Fabry-Pérot background. As dis-
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FIG. 8. (Color online) Measured transmission vs angle of inci-
dence (6) for polarization in the plane of incidence: (a) color plot,
(b) spectra, (c) schematic of photonic crystal showing definition of
6. E, H and k: electric field vector, magnetic field vector, and propa-
gation vector of illumination, respectively.

cussed further in Sec. IV E., however, in order for a mode to
be coupled to, the symmetry of its field distribution must
match that of the illumination. Therefore, not all modes of
the band structure appear in the transmission spectrum. A
mode that is coupled to at an incident angle 6 and wave-
length N\ appears in the band structure at an in-plane wave
vector of
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FIG. 9. (Color online) Measured transmission vs angle of inci-
dence () for polarization perpendicular to plane of incidence: (a)
color plot, (b) spectra, (c) schematic of photonic crystal showing
definition of 6. E, H and k: electric field vector, magnetic field
vector, and propagation vector of illumination, respectively.

2 .
k.= N sin 6 (6)

and a normalized frequency w’ of
a

N

o' =

(7)

As discussed, some resonances increase in wavelength
with incident angle, while others decrease in wavelength.
This can be understood from the empty lattice approxima-
tion. In Fig. 10, we consider the bands resulting from the
translation of the mode of a uniform slab (curve I) by one
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FIG. 10. Band structure of photonic crystal slab with infinitesi-
mally small holes (uniform dielectric slab), with four bands plotted.
Curve I is the lowest-order TE mode of slab. Curves II-IV result
from the translation of Curve I by up to one reciprocal lattice vector
in the x and y directions. Slab thickness #=0.439a, where a is pe-
riod. Slab refractive index is 2.282.

reciprocal lattice vector (27/a) in x and y directions. Let us
denote the dispersion relation of the uniform slab mode by
wy(B), where B is the propagation constant. The photonic
crystal band structure is then given by

[ [

wPhC(kkay)= E 2 Wy

p=—% g=—%

27\2 27\2
X<B= \/<kx+l’7> (’”f—) )
(8)

In Fig. 10, k, varies from O to 7/a and k,=0. Curve I
corresponds to the lowest-order TE mode of a uniform slab
prior to translation, so that p=0 and ¢=0. Curves II-IV result
from translation of curve I by —27/a in the x direction (p
=-1, g=0, curve II), +27/a in the y direction (p=0, ¢
==1, curve III) and 27/a in the x direction (p=1, ¢=0,
curve 1V). The lowest-order TE mode (curve I) increases
monotonically in frequency with in-plane wave vector.
Therefore, curves III and IV increase in frequency with in-
plane wave-vector k, because their propagation constants
[see Eq. (8)] also increase with wave-vector k,. On the other
hand, curve II decreases in frequency with k, because B de-
creases with k,. It can also be noted that the increase in w of
curve III over the range k,=0 to 7/a is less than that of
curve IV because the increase of 8 over that range is lower
for curve III than IV. Therefore, it can be concluded that the
observation that the resonances increase, decrease or remain
fairly flat in wavelength with incident angle can be under-
stood through the empty lattice approximation.

D. Numerical modeling

The goal of this section is to present a method for the
calculation of the transmission and reflection spectra of air-
bridged photonic crystal slabs for polarized illumination at
arbitrary angles of incidence. As discussed, the variation of
the transmission and reflection spectra with incident angle is
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important, as it determines the angular alignment tolerances
and the behavior under focused illumination. We have previ-
ously demonstrated a method for finding the transmission
spectra of air-bridged photonic crystal slabs at arbitrary
angles of incidence,’ but did not compare the numerical pre-
dictions with experimental results. Fan and Joannopoulos'’
calculated the transmission spectra of photonic crystal slabs
using FDTD for the case of a fixed in-plane wave-vector k,.
In such calculations, the incidence angle changes with fre-
quency o according to Eq. (12). By comparison with FDTD,
the technique presented here allows the transmission spec-
trum to be computed for a fixed incident angle. We compare
the numerical calculations with experimental results.

The simulations have been performed with a momentum-
space version of the transfer-matrix method. The method has
been well documented in the literature’’?® and widely
used.”” 32 Here we briefly summarize the main idea. In this
approach, the fields are represented by a linear combination
of plane waves with wave vector parallel to the film surfaces.
Due to the periodic nature of the system, the wave vectors of
these plane waves are restricted to a discrete set as specified
by the Bloch conditions. By further choosing only those
plane wave components with a small Bloch wave number,
the representation becomes finite. In the calculations, conver-
gence is reached by including a sufficient number of plane
wave components. The amplitude for each plane wave com-
ponent varies with the coordinate z which represents the
depth in the structure, normal to the film surfaces. For each
plane wave component, we distinguish between the incom-
ing and outgoing wave amplitudes. The scattering matrix (S
matrix) of the entire system relates the outgoing wave am-
plitude to the incoming wave amplitude on either side of the
film. In order to calculate the S matrix of the film, we divide
the film into N segments perpendicular to the film. The S
matrix for each segment is determined by solving Maxwell’s
equations directly inside the segment. Within each segment,
the solution of the S matrix becomes relatively simple when
the size of the segment is sufficiently small. The total S
matrix is then constructed by cascading the S matrix from
each segment, using the multiple scattering formula familiar
in the theory of low-energy electron diffraction.>® As empha-
sized in Ref. 28, doing so avoids the numerical instability
related to the presence of evanescent waves in this class of
method. The knowledge of the total S matrix solves the scat-
tering problem and gives the transmission and reflection co-
efficients.

Using this approach, calculations of the photonic crystal
slab transmission are made at incident angles from 0 to 10°
for light polarized in the plane of incidence (Fig. 11) and
normal to the plane of incidence (Fig. 12). In the calcula-
tions, the photonic crystal period a is 452 nm, the hole di-
ameter 190 nm, and the slab thickness 196 nm. These pa-
rameters are chosen to match those of the fabricated device.
The hole diameter is determined by scanning electron mi-
croscopy, and has a standard deviation of 13 nm. The slab
thickness is determined by ellipsometry, and has a standard
deviation of 1 nm. The photonic crystal period is the design
value used in the electron beam lithography step. The stan-
dard deviation of the photonic crystal period has not been
measured directly, but is estimated to be 6 nm. This estimate
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FIG. 11. (Color online) Theoretical transmission vs angle of
incidence (6) for polarization in the plane of incidence: (a) color
plot, (b) spectra.

is made by assuming that the standard deviation in the hole
period is 1.4% of the hole period, based on our previous
study,® in which we found standard deviations of 1.1%-1.4%
of the hole period for silicon photonic crystal slabs fabricated
using the same electron beam lithography machine. The real
(n) and imaginary (k) parts of the silicon nitride refractive
index are found from transmission measurements made on
unpatterned membranes. It should be noted that the absorp-
tion loss of silicon nitride could be further reduced by in-
creasing its nitrogen content.>*

By comparing the theoretical spectra of Figs. 11 and 12
with the experimental results shown as Figs. 8 and 9, it can
be seen that our numerical method is in very good agreement
with experimental results for both polarizations of the illu-
mination. It can be seen that the positions, widths and depths
of the resonances calculated by the transfer matrix method
match the experimental data very well. The results demon-
strate the ability of the transfer matrix method to model ac-
curately the transmission spectra of air-bridged photonic
crystal slabs.

The numerical calculations assume identical and circular
holes. From Fig. 6, however, it is apparent that, in fabricated
devices, the holes are not perfectly circular and vary in di-
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FIG. 12. (Color online) Theoretical transmission vs angle of
incidence (6) for polarization perpendicular to plane of incidence:
(a) color plot, (b) spectra.

ameter. This nonuniformity might be expected to add a
mechanism for scattering loss, which would lower the qual-
ity factors of the resonances and decrease their depth. How-
ever, this is not seen to be the case, with the experimental
measurements (Figs. 8 and 9) being in very good agreement
with calculations made for photonic crystals with perfectly
circular and identical holes (Figs. 11 and 12). Therefore, it
can be concluded that scattering loss from imperfections
does not affect the transmission spectra greatly, or that the
effect is small compared with absorption loss.

E. Resonance symmetry and coupling: Discussion

The purpose of this section is to explain an observation
made on the experimental data, namely that there are two
distinct patterns of behavior in the strength of coupling to a
resonance as the illumination angle is varied. For some reso-
nances, the coupling to the resonance is very strong at nor-
mal incidence, as evidenced by a strong dip in transmission.
For other resonances, the coupling is very weak at normal
incidence, as evidenced by a small dip is transmission. We
show that this behavior is determined by the symmetry of the
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resonance. This phenomenon has been previously predicted
theoretically.!®!-12 It has been observed experimentally for
two-dimensional AlGaAs photonic crystals® although, un-
like our devices, these photonic crystals were not air bridged,
but fabricated on substrates. We previously identified® fea-
tures in the normal incidence transmission spectrum of an
air-bridged silicon photonic crystal slab as singly degenerate
modes, but in that investigation we did not vary the incident
angle. Here, we experimentally observe the variation in the
coupling to different resonances as a function of incident
angle.

Both the experimental data and numerical simulations ex-
hibit two distinct patterns of behavior as the incident angle is
varied, as discussed above. For some resonances (e.g., reso-
nance of Fig. 9 with A=763 nm at normal incidence), the dip
in transmission becomes large as the angle of incidence ap-
proaches zero. On the other hand, for some resonances (e.g.,
resonance of Fig. 9 approaching A=789 nm at normal inci-
dence), the dip in transmission becomes very small as the
angle of incidence approaches zero. In other words, some
resonances (e.g., A=763 nm resonance) are strongly coupled
to at normal incidence (resulting in a large dip in transmis-
sion), whereas other resonances (e.g., A=789 nm resonance)
are very weakly coupled to at normal incidence.

These two distinct patterns of behavior can be understood
by considering the symmetries in the field patterns of these
resonances. In Fig. 13, the electric field distributions in the
mirror plane parallel to the slab are plotted for several
modes. The plots are of the instantaneous values of the in-
plane electric fields, with the field amplitude denoted by a
color scale, and the direction of the field given by the arrow
direction. The field distributions are found using the plane-
wave expansion method.3® This method assumes periodicity
in all three dimensions. The photonic crystal slabs in this
paper, however, are periodic in two dimensions only, with
free space above and below the slab. Nevertheless, the fields
in the slab may be accurately computed using this method
provided that the slab separation (given by the periodicity in
the direction normal to the plane of the slab) is sufficiently
large. When this is the case, the field distribution in the slab
is largely unaffected by the presence of slabs above and be-
low it, as the slabs are in the far field of each other.

In Figs. 13(a) and 13(b), the electric field distributions of
the degenerate modes with frequency 0.5835 (2wc/a) are
plotted. In Fig. 13(c), the field distributions of the singly
degenerate mode with frequency 0.5572 (27c/a) is plotted.
In these calculations, the slab parameters are: thickness
0.434a, period a, and hole diameter 0.420a. The slab refrac-
tive index is 2.282. The slab parameters are almost identical
to the slab of Fig. 3. The modes of Fig. 13 therefore appear
in the band structure of Fig. 3, and are even modes.

The degenerate modes of Figs. 13(a) and 13(b) appear in
the experimental data as pronounced dips in transmission at
N~763 nm. The singly degenerate mode of Fig. 13(c) ap-
pears in the experimental data as the mode at A ~789 nm
that is very weakly coupled to, as evidenced by the weak dip
in transmission. Examination of the symmetries of the distri-
butions of Fig. 13 explains the observed behavior. Because
the photonic crystal structure is symmetric for reflection
about the x, y, and z axes, the field components must have
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FIG. 13. (Color online) Electric field distributions (in-plane
components) in the symmetry plane of a photonic crystal slab. Slab
parameters: thickness=0.434qa, diameter=0.420a, where a is pe-
riod. Slab refractive index is 2.282. (a) and (b) Degenerate modes
with frequency 0.5835, (c) singly degenerate mode with frequency
0.5572. Circumference of hole is shown as a solid line.
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odd or even symmetries for reflections about these planes.
For example, the mode shown as Fig. 13(a) possesses even
parity for reflections about the x axis, and odd parity for
reflection about the y axis. This mode is therefore able to
couple to a plane wave propagating normal to the slab that
has its electric fields polarized in the x direction, as such a
plane wave has the same parity as the mode. Similarly, the
mode shown as Fig. 13(b) possesses even parity for reflec-
tions about the y axis and odd parity about the x axis. It is
therefore able to couple to a plane wave propagating normal
to the slab that has its electric field polarized in the y direc-
tion, as such a plane wave has the same parity as the mode.
On the other hand, the singly degenerate mode shown as Fig.
13(c) has even parity about both x and y axes. It is therefore
unable to couple to plane waves propagating normal to the
slab. It is therefore expected that there be zero coupling to
this mode, and that it should not appear in the normal-
incidence transmission spectrum. In the experimental data,
this mode is very weakly coupled to, as evidenced by the
small dip in the transmission spectrum at A ~789 nm. This
nonzero coupling is likely to be due to the finite angular
spread of the illuminating beam, which leads to illumination
of the photonic crystal slab at nonnormal incidence. The sin-
gly degenerate modes can be excited by free-space radiation
when the illumination is not at normal incidence. In this
case, the in-plane wave vector of the mode is finite, and there
is no longer a symmetry mismatch between it and a plane
wave. Imperfections of the crystal may also contribute to the
finite coupling that we observe. Nevertheless, it is clear that
the coupling to this mode is very weak, especially by com-
parison to the modes at A ~763 nm, and that the coupling
becomes progressively weaker as the angle of incidence ap-
proaches zero. It can be therefore concluded that the two
distinct patterns of coupling behavior result from the differ-
ences between modes in their field symmetries.

V. TRANSMISSION SPECTRA OF AIR-BRIDGED
PHOTONIC CRYSTAL SLABS WITH FOCUSED
ILLUMINATION

A. Organization of section

In this section, we present experimental results and a the-
oretical method for calculating the transmission spectra of
air-bridged photonic crystal slabs that are illuminated with
focused beams. To the best of our knowledge, this has not
been previously reported for air-bridged photonic crystal
slabs. Theoretical studies have been carried out on the per-
formance of guided-mode filters as a function of beam width
and device size.’’3® These devices consist of one-
dimensional gratings. As discussed in Sec. I, a number of
filter and displacement sensor devices have been proposed
that employ air-bridged photonic crystal slabs, but these de-
signs have assumed plane-wave illumination. As illustrated
in Fig. 14, a focused beam has a finite angular spread, and
therefore illuminates the photonic crystal with a distribution
of plane waves of different angles of incidence and polariza-
tion states. It is therefore important to determine the influ-
ence of this finite angular spread upon the performance of the
photonic crystal. In Sec. V B, we present experimental re-
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FIG. 14. (Color online) Illustration of converging-beam illumi-
nation of photonic crystal. E, H, k—electric field, magnetic field,
and propagation vectors of a ray incident on the photonic crystal at
(6,0).

sults on the transmission spectra of air-bridged photonic
crystal slabs with focused illumination. In Sec. V C, we
present a method for calculating the photonic crystal slab
transmission with focused beam illumination. The experi-
mental results and theoretical predictions are found to be in
good agreement.

B. Transmission spectrum with focused illumination:
Experimental results

The experimental setup used is shown as Fig. 15. It is
similar to that of Fig. 7, but with an additional pair of lenses
and an adjustable iris that allow the photonic crystal to be
illuminated by a beam with an adjustable convergence angle.
Light from a xenon lamp is collimated (L1), filtered (FL) and
focused (L2) into an optical fiber (O.F.1). The light from the
optical fiber is then collected by a microscope objective
(M.O.1) and then forms a waist at the tube length. The beam
expanding away from the tube length is then passed through
an adjustable iris (A.I.) and through a second microscope
objective (M.O. 2), which focuses it onto the photonic crys-
tal (Ph.C.). The light transmitted through the photonic crystal
is then collected by a third microscope objective (M.0.3) and
then focused by a fourth objective (M.O.4) into an optical

O.8A.

]

OF.2

M.O4

M.0.2

M.O.3

FIG. 15. (Color online) Experimental setup for transmission
measurements of photonic crystal slab where convergence angle of
focused illumination beam on the photonic crystal can be adjusted.
Xe—xenon lamp, L1—lamp collimation lens, FL—filter, L2—fiber
coupling lens, O.F. 1 and 2—optical fibers, M.O. 1-4—microscope
objectives, A.l.—adjustable iris aperture, Ph.C.—photonic crystal,
0O.S.A—optical spectrum analyzer.
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FIG. 16. (Color online) Transmission spectra under converging-beam illumination of a photonic crystal slab. Black solid line—measured
transmission spectra. Red dashed line—calculated transmission spectra. Transmission spectra with (a) narrowest convergence angle, (b)
medium convergence angle, (c) widest convergence angle. (d) Normalized power vs angle for the three different beams used in measure-

ments of parts (a)—(c).

fiber (O.F.2). The output of the optical fiber is input to an
optical spectrum analyzer (O.S.A). The adjustable iris allows
control of the convergence angle of the beam illuminating
the photonic crystal.

Transmission spectra are shown as Fig. 16. Experimental
spectra are plotted as solid black lines, and calculated spectra
are shown as dashed red lines. The experimental transmis-
sion spectrum of Fig. 16(a) is obtained for a beam with a
convergence angle of approximately 2°. Compared to the
results shown previously, it can be seen that the depths of the
resonances are slightly shallower, due to the increased angu-
lar spread of the illumination. In Fig. 16(b), the convergence
angle of the illumination is increased to approximately 3°.
From the experimental data, it can be seen that the depths of
the resonances are markedly reduced. In Fig. 16(c), the con-
vergence angle is increased to approximately 11°. The ex-
perimental transmission spectrum is significantly altered due
to this increased angular spread, with the depths of the reso-
nances being much less than before. In Fig. 16(d), the mea-
sured angular distributions of the power in the illuminating
beams used in parts (a)—(c) are shown. These are obtained by

measuring the power transmitted by a pinhole scanned in a
direction transverse to the beam propagation direction, in the
far field of the beam (away from the beam focus). This al-
lows the normalized power as a function of angle to be
found.

C. Transmission spectrum with focused illumination:
Theoretical model

As discussed, it is expected that increasing the conver-
gence angle of the beam decreases the depth of the reso-
nances and broadens them, as it is equivalent to illuminating
the photonic crystal with plane waves at a number of differ-
ent incident angles and polarization states and averaging the
response. The resonance wavelength will be in general dif-
ferent for each of these angles, so we expect that the sum-
mation of the waves at these angles will decrease the depth
of the resonance. In order to study this, numerical calcula-
tions are made of the transmission spectra for beams with
convergence angles approximating those used in the experi-
ments. As discussed, the results are shown as dashed red
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curves in Figs. 16(a)-16(c). As shown in Fig. 16(d), the an-
gular distributions of the beams used in the experiments are
not symmetric or smooth. For the calculations of Fig. 16, the
angular distributions are approximated as top-hat functions,
with unity normalized power for 0 < ¢$<<360° and < 6,,,,.
The maximum illumination angle 6,,,, is taken as 2°, 3° and
11° for the calculations of Figs. 16(a)-16(c), respectively.
The transmission spectra are found by calculating the power
transmission of plane waves at a number of angles over the
range 0 < $<<360° (¢=0°,10°,20°,...,80°) and 6< O,
(6=0°,1°,..., 6.y, and then averaging these spectra.

The theoretical calculations of Figs. 16(a)-16(c) are in
good agreement with the experimental data. As before, the
depths of the resonances decrease as the convergence angle
of the beam is increased. The calculated and measured spec-
tra of Figs. 16(a) and 16(b) are in good agreement. The wid-
est convergence angle illumination of Fig. 16(c) exhibits the
expected reduction in the resonance depth, though the match
with the experimental data is not as good as for the two cases
with the beams with smaller convergence angle. This may be
due to the simplified angular distribution taken for the calcu-
lations. The real beam for this case was clearly nonuniform
and not symmetric, as shown in Fig. 16(d). The good agree-
ment between theory and experiment confirms that the trans-
fer matrix method may be used to predict the photonic crys-
tal slab response under converging-beam illumination.

The theory and experiments with converging-beam illu-
mination allow us to estimate the minimum size required of
the photonic crystal. If the illumination is a Gaussian beam,
then the angular divergence of the beam is given by?°

bo=—50 " )

where N\ is the wavelength and 2W,, is the waist diameter,
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also called the spot size. Taking a wavelength of 633 nm and
a divergence angle of 1° gives a spot size of ~23 um.
Therefore, the photonic crystal needs to be only approxi-
mately this size to achieve a filtering function at least as
good as the results of Fig. 16(a) (which were measured for
illumination with a convergence angle of 2°). This confirms
that photonic crystal slab devices can be very compact and
still achieve useful functionality as free-space optical com-
ponents.

VI. CONCLUSIONS

This work provides the experimental demonstration of
Fano resonances in air-bridged photonic crystal slabs at vis-
ible wavelengths. Being able to operate in this spectral range
is of critical importance to applications in spectroscopy, mi-
croscopy, imaging and displays. We provide the experimental
measurements of the transmission spectra of air-bridged pho-
tonic crystal slabs with the incident illumination angle var-
ied. The results clearly demonstrate that the transfer matrix
method can be used to determine the transmission of the
photonic crystal slab under varying angle of illumination and
polarization state. Last, we provide the experimental and the-
oretical studies of the optical properties of air-bridged pho-
tonic crystal slabs with focused illumination. The results
show that air-bridged photonic crystal slab devices can be
very compact, making them useful as free-space filters, mir-
rors, and sensors.
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