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Optical Filters from Photonic Band Gap Air Bridges
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Abstract— Surrounding waveguides by air reduces radiation
losses so the air bridge geometry can produce optical filters with
sharp transmission resonances and very wide stop bands.

I. INTRODUCTION

N recent years, photonic band gap materials have attracted

much attention. What makes such materials special are wide
band gaps or stop bands—ranges of frequencies where no
light can propagate. Waves incident on these materials will be
reflected if their frequency lies within the gap; the fields decay
exponentially inside the material. Possible applications of
these unique properties are laser cavities with low thresholds,
efficient radiation from planar antennae, and microbends with
low loss [1]-{5]. Imperfections in fabrication do not appear to
affect these photonic properties significantly [6].

Here we give quantitative description of the filter properties
of these structures. For simplicity we study a one dimensional
band gap. Conventional gratings may have index modulations
of only a few percent. In contrast, photonic band gap materials
have large index contrasts typically, as large as of 3:1. This
large index ratio or contrast leads to a wide stop band. But
as the index contrasts or grating strengths become larger, the
fields tend to radiate out of the waveguide. To confine the light,
we can surround the waveguide by a lower index material or by
a photonic band gap material. In this case, we use air, forming
an air bridge (Fig. 1). Since interfaces between air and high
dielectric material confine light well, we are able to design an
optical filter (Fig. 1) whose transmission resonance peaks at
91%. And since the index contrasts are so large, the stop band
width is about 40% of the carrier frequency! We also present a
second filter with a very sharp transmission resonance, whose
quality factor “Q)” exceeds 24 000. In this paper, we will first
describe how we model these filters, then present more details
on the characteristics of these novel filters.

II. METHOD

We calculate the transmission, reflection and radiation spec-
trum by a finite difference-time domain program. Such pro-
grams are reviewed by Miller [7]. Since the index contrasts
are so large, analytic methods like coupled mode theory are
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not as accurate. We need to turn to numerical techniques.
Specifically, we integrate Maxwell’s equations forward in time
over the two spatial dimensions:

oH
E=—nu—

v x Y
oF
H=¢—.

V x 6825

For accuracy, the electric £ and magnetic H fields are
separated by half steps in space and time, in a Yee lattice
[8]. This initial value problem is explicit; the fields at one
time step depend only on the fields at the previous time step.
As a result, such schemes can be run efficiently on parallel
computers [9].

In such programs, the boundary conditions tend to be the
most challenging part. The treatment of the outer boundary
(unbounded space) is of particular importance. The popular
absorbing boundary condition [10] suffers from reflections
from the computational border. These spurious reflections
become particularly severe in microstrip line simulations,
where the indexes of refraction changes along the border.
Over the years, many schemes have been devised to minimize
these reflections [11]-[13]. The recently reported Berenger’s
perfectly matched layer (PML) [14] gives low reflections, even
for microstrip lines [15]. To achieve such low reflections, re-
searchers [14] and [15] increase the conductivity or absorption
strength or the matching layers quadratically, with a power of
n = 2. However, Chen and Li [16] find that significant further
improvement can be achieved by using quartic gradations
(n = 4). Following this example, we choose our layer to be
§ = 12 grid points thick, which has a theoretical reflectivity
of R(§ = 0) = 107 in free space. Inside the diclectric, the
conductivity is multiplied by the dielectric constant [15]. These
low reflections eliminate the Fabry—Perot fringes that would
otherwise arise from the reflections at the grating region and
the computational boundary [16].

One can use a sine wave source to calculate the transmission
and reflection at one frequency [17]. However, pulsed sources
are more efficient for calculations over a range of frequencies.
In particular, one can send in a Gaussian source to the filter and
monitor the reflected and transmitted pulses. The fast Fourier
transform (FFT) of these pulses, normalized to the spectrum of
the input pulse, gives the reflection and transmission spectrum.
In our simulations, we send in a Gaussian pulse whose pulse
width equals the period 1/f.

sin (27 ft) exp [—(ft —4)%], ¢ >0.

This gives sufficient frequency range to model the filters.
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Fig. 1. (a) Schematic of air-bridge with six circular holes and (b) another bridge with 33 notches.
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We can also obtain physical insight about the transmission (0]
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where () = wo7/2 is the quality factor, wq is the resonance
frequency, and 7 is the decay constant. Using coupled mode 0.8
theory, Haus [18] calculated the transmitted power through a c
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where 7.; measures the decay of fields into the external world 0.0 T ; 7 ,/,&’
or waveguide from port 1. Since our filters have symmetry 1000 1200 1400 1600 1800 2000 2200
input and output ports, 7.; and 7., are equal and can be wavelength (nm)
combined into an overall external decay constant 7, = 7.1 /2. i ) ) )
This simplifies the transmission to Fig. 3. Power transmited, reflected and radiated as a function of wavelength.

(%)

Ty = ——NTe/
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This transmission expression considers the input coupling be-
tween the waveguide and the resonator, the intrinsic radiation
losses of the resonator and the output coupling of power
to the waveguide. The maximum transmission is Tpuwr(w =
wo) = (72/7.)? = (Q%/Q.)? where Q, is the external quality
factor. The external quality factor measures the rate at which
energy is transferred from the resonator cavity to the external
waveguides. Specifically, Q. = w./2 is the number of cycles
needed for the resonator energy to decay to 1 /e¥™. The ratio

of the resonance frequency and the full width half maximum
(FWHM) of this transmission resonance is

wo

2

T
woT

2

= Qresonator .

Qrwam =

This suggests that from the transmission peak, one can predict
such resonator parameters as wg, @, and Q..

We calculate such parameters using the finite difference
time domain method. To extract the quality factors, we need
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Fig. 4. Top panel: Electric field component lying in the page and transverse to the propagation direction, at transmission resonance. Bottom panel: Magnetic

field normal to the page at transmission resonance.

to excite that resonator eigenmode. An arbitrary initial field
can be decomposed into many eigenmodes, each of which
decays exponentially with a rate w/@. A sufficiently long
propagation will yield the mode with the largest Q; the other
eigenmodes will be negligibly small {19]. Of course, this
calculation can be speeded up if the initial field resembles the
high @ eigenmodes. By monitoring the rate of energy decay,
we obtain the @ of the eigenmode. The resonance frequency
wg comes from the oscillation rate of the electric or magnetic
field.

So, by knowing the resonator properties, we can predict
some features of the transmission. There is good agreement
between the two.

III. RESULTS

The optical filters we wish to investigate are air bridges
(Fig. 1). The air surrounding the waveguide on all four
sides—top, bottom, left, and right—helps to confine the light
inside the bridge waveguide. This suppresses the radiation
losses, giving a high @ resonator and a narrow (transmission
resonance peak. To illustrate this point, let us examine what
happens if the air were replaced by another material on just
one side. We will perform a 2-D model of an air bridge,
by focusing only on its crossection. The air bridge shown
in Fig. 1(a) has six air holes, which are spaced 0.232 free-
space wavelengths A or (for A = 1.55 um) 0.360 um apart.
This hole-to-hole separation increases to 0.325A or 0.503 um
for the center two holes, giving rise to the quarter wave-

like phase shift that gives the transmission resonance. The
diameter of each hole is 0.167\ or 0.258 ym. The entire
structure is only 1.420\ or 2.20 um. This small size allows
for a compact integration of many wavelength filters on a
small chip. A slightly longer version of this structure—one
with more air holes—can act as a high @ microcavity [17],
[19], and [20]. Others have constructed microcavities using
whispering gallery modes [21]. Our waveguide has a rather
narrow width 0.281) or 0.435 um, so they are very difficult
to couple into. In practice, an adiabatic taper would be needed
to improve coupling efficiency. We choose the core index to
ben = 3.4 because it is close to the indexes for GaAs and
Si. Now, if we place AlAs next to the waveguide, about 80%
is radiated into the AlAs slab. So, even an index contrast of
3.4:2.8 is not enough to confine the light (Fig. 2). The radiation
loss drops dramatically as the index becomes lower. For air
(n = 1) the loss to that one side becomes almost negligible.
For more details on how this calculation is performed, see
[17].

Fig. 3 plots the transmitted and reflected power as a function
of wavelength. Notice the reflection is almost unity over a 600
nm range. This is about 40% of the carrier wavelength! The ¢
or ratio of the carrier wavelength to the transmission FWHM
is 264.7. The radiation loss is near 0, over most of the range.
At lower wavelengths, however, radiation increases as light
is coupled to higher order transverse modes. Fig. 4 shows the
electric field (pointing down) and the magnetic field (pointing
out of page) at transmission resonance. Coming in from the
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panel: Absolute value of magnetic field lying in

the page and transverse to the propagation direction, at transmission resonance.

left side of the figure, light is coupled to the resonator mode
in which most of the light is localized about the so-called
quarter wave phase shift or dielectric defect. Then over 91% is
transmitted to the other side! This air bridge geometry allows
a wide stopband and a large transmission. And most of the
light is confined to the waveguide.

By measuring the energy decay of the resonator, we find
the quality factor of 269.6. This compares favorably to the
Q = 264.7 obtained from the transmission width. Since
at resonance, the maximum transmitted power is Ty, =
0.911 74 and Ty, = (Q/Q.)?, then Q, = 1.0473Q = 282.3.
The estimated radiation quality factor is Q, = 1/(1/269.6 —
1/282.3) = 5993, using

1 1 + 1
Q Q Q.

We present another filter with an even larger “Q.” By
omitting the holes and by notching the sides of the air-
bridge instead [Fig. 1(b)], we reduce the index contrasts or
grating strengths. This reduces the stop band width. More
importantly, this also lowers the radiation losses. Specifically,
the stop band width falls to 70 nm. Note that for optical
communication purposes, this width is more than adequate,
being about double the gain bandwidth of erbium amplifiers.
The quality factor is much larger than before; @ exceeds
20000. The notches are 0.0356 free-space wavelengths deep
and 0.0888 wavelengths long. Notches are separated from each
other by 0.178 wavelengths. As before, we choose an index
of 3.4 for the bridge. It is 0.195 wavelengths wide and 11.812
wavelengths long. There are 33 notch pairs on each side of
the phase slip, which measures 0.178 wavelengths long. Fig. 5
shows the absolute values of the electric field (normal to page)
and the magnetic field (in the page but normal to propagation
direction). The transmitted, reflected, and radiated powers are
shown in Fig. 6. Note the sharpness of the transmission peak
at resonance. There are only a few data points in the center of
this resonance. Calculating more points would require much
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Fig. 6. Fraction of power transmitted, reflected, and radiated by notched
filter as a function of frequency.

computer time. From these points, the quality factor must
exceed 11000. From the energy decay, we find a “Q” of
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24 100. The highest transmitted power observed is 0.741. This
corresponds to a radiation “Q” of over 173 000! Moving off
resonance, the transmission falls by 40 dB. As a resuit, another
filter with a slightly different transmission resonance would
see very little crosstalk.

In conclusion, we have presented optical filters based on air
bridge geometries. The suppression of radiation leads a large
transmissions. The large index modulations give enormous
stop bands whose widths are about 40% of the carrier wave-
length. We can also achieve “Q”’s of over 24 000, resulting in
very sharp transmission resonances.

ACKNOWLEDGMENT

J. C. Chen would like to thank Dr. K. Li and Dr. R. Shin
for use of their FDTD code with PML boundaries. These
simulations ran on the NSF San Diego Supercomputer Center’s
Cray C90. J. C. Chen enjoyed discussions with K. Y. Lim and
P. S. Martin about fabrication issues.

REFERENCES

[1} E. Yablonovitch, “Photonic band-gap structures,” J. Opt. Soc. Amer. B,
vol. 10, pp. 283-295, Feb. 1993.

[2] J. W. Haus, “A brief review of theoretical results for photonic band
structure,” J. Mod. Optics, vol. 41, no. 2, pp. 195-207, 1994.

[3] R. D. Meade, A. Devenyi, J. D. Joannopoulos, O. L. Alherhand, D. A,
Smith, and K. Kash, “Novel applications of photonic band gap materials:
Low loss bends and high Q cavities,” J. Appl. Phys., vol. 75, p. 4753,
May 1994,

[4] P.R. Villeneuve and M. Piché, “Photonic bandgaps in periodic dielectric
structures,” Prog. Quantum Electron., vol. 18, no. 2, pp. 153-200, 1994.

[5] J. D. Joannopoulos, R. D. Meade, and J. N. Winn, Photonic Crystals:
Molding the Flow of Light. Princeton, NJ: Princeton University Press,
1995.

[6] S. Fan, P. R. Villeneuve, and J. D. Joannopoulos, “Theoretical inves-
tigation of fabrication-related disorder on the properties of photonic
crystals,” J. Appl. Phys., vol. 78, pp. 1415-1418, Aug. 1, 1995.

[71 E. K. Miller, “Time-domain modeling in electromagnetics,” J. Electro-
mag. Waves Appl., vol. 8, pp. 1125-1172, Sept. 1994.

18] K. S. Yee, “Numerical solution of initial boundary value problems in-
volving Maxwell’s equations in isotropic media,” IEEE Trans. Antennas
Propagat., vol. AP-14, pp. 302-307, May 1966.

[9] J. C. Chen, “A parallel approach for modeling optical waveguides,” in

Proc. 1994 MIT Student Workshop on Scalable Computing, Cape Cod,

MA, July 21-22, 1994, Paper 17.

B. Engquist and A. Majda, “Absorbing boundary conditions for the

numerical simulation of waves,” Math. Computat., vol. 31, no. 139, pp.

629-651, 1977.

7. Bi, K. Wu, C. Wu, and J. Litva, “A dispersive boundary condition for

microstrip component analysis using the FD-TD method,” IEEE Trans.

Microwave Theory Tech., vol. 40, pp. 774-7717, Apr. 1992.

C. J. Railton, E. M. Daniel, D.-L. Paul, and J. P. McGeehan, “Optimized

absorbing boundary conditions for the analysis of planar circuits using

the finite difference time domain method,” IEEE Trans. Microwave

Theory Tech., vol. 41, pp. 290-297, Feb. 1993.

K. Naishadham and X. P. Lin, “Application of spectral domain Prony’s

method to the FDTD analysis of planar microstrip circuits,” IEEE Trans.

Microwave Theory Tech., vol. 42, pp. 2391-2398, Dec. 1994,

J.-P. Berenger, “A perfectly matched layer for the absorption of elec-

tromagnetic waves,” J. Computat. Phys., vol. 114, pp. 185200, Oct.

1994.

C. E. Reuter, R. M. Joseph, E. T. Thiele, D. S. Katz, and A. Taflove,

“Ultrawideband absorbing boundary condition for termination of waveg-

uiding structures in FD-TD simulations,” JEEE Microwave Guided Wave

Lett., vol. 4, pp. 344-346, Oct. 1994,

J. C. Chen and K. Li, “Quartic perfectly matched layers for dielectric

waveguides and gratings,” Microwave Opt. Tech. Lett., Dec. 20, 1995.

J. C. Chen, H. A. Haus, J. N. Winn, S. Fan, and J. D. Joannopoulos,

“Wide stop band optical filters from photonic band gap air bridges,”

in Guided Wave Optoelectronics: Device Characterization, Analysis and

{10]

(1]

[12]

113}

[14]

[15]

[16]

{171

2579

Design, T. Tamir, H. Bertoni, and G. Griffel, Eds.
1995, pp. 477-483.

H. A. Haus, “Distributed feedback structures,” in Waves and Fields in
Optoelectronics. Englewood Cliffs, NJ: Prentice-Hall, 1984.

S. Fan, J. N. Winn, A. Devenyi, J. C. Chen, R. D. Meade, and
J. D. Joannopoulos, “Guided and defect modes in periodic dielectric
waveguides,” J. Opt. Soc. Amer. B, vol. 12, pp. 1267-1272, July 1995.
P.R. Villeneuve, S. Fan, J. D. Joannopoulos, K. Y. Lim, G. S. Petrich, L.
A. Kolodziejski, and L. R. Reif, “Air-bridge microcavity,” Appl. Phys.
Lett., vol. 67, pp. 167169, July 1995.

S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, and R. A.
Logan, “Whispering-gallery mode microdisk lasers,” Appl. Phys. Lett.,
vol. 60, pp. 289-291, Jan. 20, 1992.

New York: Plenum,
[18]

[19]

{20)

[21]

Jerry C. Chen (S5’88) was born in Troy, NY, on
August 8, 1967, He graduated highest honors with
the B.S.E. degree in electrical engineering and a
certificate in engineering physics from Princeton
University, Princeton, NJ, in 1989. From 1989 to
1992, he was an Office of Naval Research Fellow
where he received the S.M. degree in electrical
engineering from Massachusetts Institute of Tech-
nology (M.I.T.), Cambridge in 1991. He is currently
pursuing the Ph.D. degree in electrical engineering
at M.I.T. His master’s thesis under Prof. E. P. Ippen
involved both theoretical and experimental work on femtosecond lasers.

Along with his Ph.D. Advisors Prof. H. A. Haus and Prof. J. D. Joannopou-
los, he has studied optical filters, waveguide eigenmodes, and photonic
bandgaps. Curently, he is with Bell Laboratories, Lucent Technologies,
Holmdel, NJ, working on the design of wavelength grating routers.

Mr. Chen is a member of the Optical Society of America, Photonics Society
of Chinese-Americans, Phi Beta Kappa, Sigma Xi, and Tau Beta Pi.

Hermann A. Haus (5°50-A’55-SM’58-F’62—
LF’'91) was born in Ljubljana, Slovenia, in 1925.
He attended the Technische Hochschule, Graz, and
the Technische Hochschule, Vienna, Austria. He
received the B.Sc. degree from Union College,
Schenectady, NY, in 1949, the M.S. degree from
Rensselaer Polytechnic Institute, Troy, NY, in
1951, and the Sc.D. degree from the Massachusetts
Institute of Technology (M.LT.), Cambridge in
1954.

: He joined the Faculty of Electrical Engineering
at M.L.T. in 1954, where he is an Institute Professor. He is engaged in research
in electromagnetic theory and lasers. He is the author or coauthor of five
books and more than 260 journal articles.

Dr. Haus is a member of Sigma Xi, Eta Kappa Nu, Tau Beta Pi, the
American Physical Society, the National Academy of Engineering, the
National Academy of Sciences, and a Fellow of the American Academy
of Arts and Sciences. He is the recipient of the 1984 Award of the IEEE
Quantum Electronics and Applications Society, the 1987 Charles Hard Townes
Prize of the Optical Society of America, the 1990 Outstanding Paper Award
of the JEEE TRANSACTIONS ON EDUCATION, the 1991 IEEE Education Medal
of the Institute of Electrical and Electronics Engineers, the 1994 Frederic Ives
Medal of the Optical Society of America, and the President’s 1995 National
Science Medal. He holds honorary doctor’s degrees from Union College,
Schenectady, New York, the Technical University of Vienna, Austria, and
the University of Ghent, Belgium.

Shanhui Fan was born in Zhengzhou, China, in 1972. He was an undergradu-
ate at the University of Science and Technology of China from 1988 to 1992.
He is currently pursuing the Ph.D. degree in the Department of Physics at
Massachusetts Institute of Technology, Cambridge graduating in June 1997.

Since 1993, he has been in Prof. J. D. Joannopoulos® group working on
theory and device applications of photonic crystals. He holds three U.S. patents
and has authored 10 journal papers on photonic crystals.

Mr. Fan is a member of the American Physical Society.



2580

Pierre R. Villeneuve was born in Hull, P.Q., Canada, in 1966. He received the
B.Sc. degree from the University of Ottawa in 1988, and the M.Sc. and Ph.D.
degrees from Université Laval, Québec City, in 1990 and 1993, respectively.

In 1993, he was awarded a postdoctoral fellowship from the Canadian
government which he held at the Massachusetts Institute of Technology
(M.LT.), Cambridge. He was appointed Research Scientist in 1996 at the
Research Laboratory of Electronics at M.I.T. He is engaged in research in
electromagnetic theory and quantum optics. He has been investigating the
properties of photonic bandgap materials and their applications to the design
of integrated photonic devices and semiconductor lasers. He is the author
or coauthor of 30 publications and three U.S. patents. In addition to his
appointment at M.I.'T., he will be teaching, in 1997, a course on lasers and
electro-optics at Brown University, Providence, RI.

Dr. Villeneuve is a member of the Optical Society of America and the
American Physical Society.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 14, NO. 11, NOVEMBER 1996

John D. Joannopoulos was born in New York, NY, on April 26, 1947.
He received the B.A. and Ph.D. degrees from the University of California,
Berkeley in 1968 and 1974, respectively.

He joined the Faculty of Physics at the Massachusetts Institute of Technology,
Cambridge in 1974. His research interests have been in theoretical condensed
matter physics and he is responsible for the development of numerous
calculational schemes and techniques for the study of complex solid systems.
His interests span a wide range of topics including the electronic and
vibrational structure of crystalline and amorphous bulk solids, their surfaces,
interfaces, and defects; localization in disordered systems; phase transitions
and critical phenomena; and most recently, the theory of photonic bandgap
crystals. He is the author or coauthor of more than 275 journal articles and
one textbook and holds six U.S. patents.

Dr. Joannopoulos is a member of the American Association for the
Advancement of Science, the Materials Research Society, and a Fellow of the
American Physcical Society. He is the recipient of the 1991 School of Science
Graduate Teaching Award, the 1996 William Buechner Teaching Prize, and
the 1997 David Adler Award. He is a Divisional Associate Editor of Physical
Review Letters, and Member of the Editorial Board of Reviews of Modern
Physics.



