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Nanofabrication of 1-D Photonic Bandgap
Structures Along a Photonic Wire
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A. Taflove, Member, IEEE, C. W. Tu, Member, IEEE, and S. T. Ho, Member, IEEE

Abstract—A strongly-guided one—dimensional (1-D) waveguide
called a photonic wire has high spontaneous emission coupling
efficiency, enabling one to realize low-threshold lasers. Combined
with the use of 1-D photonic bandgap structures consisting of
arrays of holes etched within the photonic wire, novel micro-
cavity lasers can be realized. We report the nanofabrication of
a photonic bandgap structure for 1.5 ym wavelength along a
InGaAsP photonic wire, and discuss numerical simulations for
its electrodynamics.

I. INTRODUCTION

HERE has been much interest in the modification of

spontaneous emission in artificial photonic structures,
including photonic bandgap structures, rnicrocavities, and low-
dimensional photonic structures. Recently, low-dimensional
photonic structures such as microdisks [1] and photonic wires
[2] have been used to realize novel lasers with dimensions and
characteristics much different than lasers with conventional
structures. For example, the spontaneous emission coupling
efficiency (3 of these lasers, defined as the fraction of sponta-
neous emission channeled into the lasing mode, can be larger
than 10% [3]. In comparison, conventional semiconductor
laser structures have 3 = 0.001%. Since spontaneous emission
rate and stimulated emission rate are rclated, a high § value
means high gain. It was shown that a high-§ value enables
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one to achieve low-lasing thresholds and high-modulation
bandwidths.

A photonic wire structure is a strongly-guided
one—dimensional (1-D) waveguide having tightly-confined
modes. Such a waveguide can be formed by a high-
refractive-index semiconductor core (n = 3.4) surrounded
by low-refractive-index cladding such as air (n = 1) or
SiOy; (n = 1.5). In [3], it was shown that in a strongly-
guided waveguide, the photonic density of states can be
modified, leading to a significant modification of spontaneous
emission in the waveguide. In particular, a large percentage of
spontaneous emission can be channeled into the lowest-order
guided mode. Recently, a ring microcavity laser based on this
concept was demonstrated [2]. This photonic wire laser has a
cavity mode volume as small as 0.27 #m3 and a spontaneous
emission coupling efficiency as high as 35%.

Concurrently, there has been much interest in three-
dimensional (3-D) periodic dielectric structures called
photonic bandgap structures or photonic crystals [4]. It
was shown that by having air voids placed periodically in
a high-refractive index material, it is possible to create a
bandgap (forbidden frequency band) for the propagation of
the electromagnetic field in all directions. Using a similar
concept, one expects that a 1-D array of air holes placed
in a dielectric waveguide could realize a broad-band Bragg
reflector. We refer to such a hole structure as a 1-D photonic
bandgap reflector.

Recently, Ho et al. and Meade et al. suggested that 1-
D photonic bandgap reflectors could be fabricated along a
photonic wire to form a novel microcavity laser structure
[51-[7]. This structure can be seen as a linear cavity version
of the photonic wire ring laser and should also have a high-3
value.

In this letter, we report our nanofabrication of the proposed
1-D photonic bandgap structure for operation at the infrared
wavelength of 1.5 um. As shown in Fig. 1, the structure is a
tiny photonic wire suspended in air and perforated with holes.
It was fabricated on epitaxial layers of InGaAsP that have
active quantum-well structures emitting at a wavelength in the
1.5 pm region.

II. 1-D PHOTONIC BANDGAP REFLECTOR

The 1-D photonic bandgap reflector differs from the Bragg
reflectors used in vertical cavity surface-emitting lasers and
distributed-feedback lasers mainly in its geometry. It consists
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Fig. 1. Schematic diagram of the susgended photonic wire mirror and the
corresponding microcavity. The holes were etched in the photonic wire to
form a 1-D photonic bandgap structure.

of an array of holes etched into a high refractive index
dielectric. An example is shown in Fig. 1 that depicts six
holes etched periodically in a photonic wire, and a microcavity
formed by two arrays of six holes at each end of the photonic
wire.

The guided mode in the photonic wire experiences muliiple
scattering by the periodic holes, which opens up a frequency
bandgap for the propagation of the mode. The center frequency
and width of the forbidden band are determined by the size and
shape of the holes, the refractive index contrast between the
holes and the waveguide, and the spacing between adjacent
holes.

We have developed two-dimensional finite-difference time-
domain (FD-TD) numerical models for such photonic bandgap
structures [8]. The reflection spectrum of the structure- is
obtained by launching (computationally) a short femtosecond
pulse at one end of the waveguide toward the cavity region,
and then analyzing the spectrum of the reflected pulse by
discrete Fourier transform. The photonic bandgap reflector
we considered in the model assumed a 0.3-pm-wide photonic
wire with six rectangular holes. The computation was done by
choosing a mesh with a uniform spatial resolution of 0.0125
pm. The holes are 0.25 x 0.1 um?, and the spacing between
them is 0.225 pm. This initial 2-D model assumes no spatial
variation in the direction perpendicular to the simulation plane.
That is, the height of the holes is assumed to be unbounded.

Fig. 2 graphs (dashed line) the computed reflectivity of
the six-hole photonic bandgap structure as a function of
wavelength. We see that this photonic bandgap structure is
a broad-band reflector with about 450-nm bandwidth, and
reflectivity as high as 0.98.

We found that the Bragg center wavelength Ap is given
approximately by Ap/2 = niegdi + noegds, Where dq and
do are the lengths of the solid section and the hole section,
respectively (see the inset of Fig. 2). The effective index njcg
is defined by nieg = n., where n, is the effective refractive
index for the waveguide mode defined by k., = wn,/c, and
k. is the wavevector along the propagation direction. nges is
defined by noer = (N, * Agolid + Mhole * Anote)/(Asolia +
Apole)s Where Agog and Apoe are the areas occupied by
the solid material and holes in the hole section, and 7l
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Fig. 2. Calculated reflection spectra of a 0.3 pm photonic wire mirror with
six rectangular holes (dashed line) and the corresponding photonic wire
microcavity (solid line). The insets show the geometry and field distribution
in the microcavity. The cavity length is 0.775 pum, and six (0.225 x 0.1 pm?y
holes are on either side to form a Fabry—Perot cavity.

is the refractive index in the holes. For our calculated ex-
ample, Agoiia and Apee are 0.005 pm? and 0.025 pm?,
respectively; ninole 18 1; and n, is 2.869 for the fundamental
mode in the waveguide. With the above formula, this gives
Ap =~ 1.55 pm.

In the limit where the hole width A is equal to the waveguide
width W, the structure degenerates to the usual multilayer
Bragg reflector. In this limit, njer/Naes has the largest value,
and we expect the bandgap to be widest. Let us call this
bandgap the maximum bandgap. For our calculated example,
the gap shrinks to about 60% of this maximum bandgap.
Hence, more holes are needed to reach high reflectivity com-
pared with the limiting case.

Fig. 2 also graphs (solid line) the FD-TD calculated re-
flection spectrum for the photonic wire microcavity structure
shown in Fig. 1 with a 0.79-p-thick waveguide. In the calcu-
lation, the effect of the waveguide thickness is accounted for
by computing the effective index of propagation in a 0.79 um
thick planar waveguide and using it as the bulk material index
in the 2-D model. The reflectors are made up of six holes on
either side of the wire with the same parameters as those used
in simulating reflectors. The physical cavity length is chosen
to be 0.875 um, representing the distance between the centers
of the two beginning holes on each side of the cavity. From
the width of the resonance dip in Fig. 2, we estimate the cavity
Q to be around 500. This value agrees approximately with the
Q@ value obtained from the cavity field decay time observed
computationally. By varying the structural parameters, we can
adjust the number of resonant modes in the gap, the center
frequency of the gap, and the gap bandwidth. We assume the
operating wavelength to be 1.55 pm and the material to be an
InGaAs—InGaAsP system. The calculated electric field of the
resonant mode is also shown in the inset of Fig. 2.

Future numerical modeling aimed at improved accuracy
will implement full-wave 3-D FD-TD simulations taking
into account the finite height of the holes in the photonic
wire. The major difference we expect will be the vertical
diffraction effect in the hole region. As the electromagnetic
field penetrates into the hole region, the small vertical extent
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of the field defined by the waveguide height will likely lead to
a substantial vertical diffraction, thereby contributing to loss.
In order to minimize this effect, the ratio of waveguide height
to hole length must be large.

III. FABRICATION PROCESS

As a step toward the realization of the proposed lasers, we
have successfully fabricated suspended photonic wire struc-
tures with a multiquantum-well InGaAsP-InGaAs material
system, which was grown by molecular beam epitaxy (MBE).
Such suspended structures can be fabricated via a selective
etching technique in a way analogous to the suspended bridge-
like vertical mirror structure fabricated by Ho er al. with an
AlGaAs-GaAs material system [9]. '

The waveguide structure was grown in the following man-
ner. A 0.2-pm-thick InP buffer layer was first grown on the InP
substrate, followed by the waveguide layer. The waveguide
layer is comprised of eight 100-A quantum wells separated
by 100-A barriers and sandwiched by two 0.32-um-thick
InGaAsP cladding. The total waveguide layer thickness is 0.79
pm.

Nanofabrication techniques were used in this process.
First, an 800-A-thick SiO, layer was deposited on the
InGaAsP-InGaAs wafer using plasma enhanced chemical
vapor deposition (PECVD). PMMA was then spun on top of
the SiO; to act as an electron-beam resist. The microcavity
pattern was written in the PMMA with the JEOL JBX 5DII
electron-beam (E-Beam) writer. After that, the pattern was
transferred down to the SiO, layer using reactive ion etching
(RIE), which was performed with CHF; as the etchant gas
under 31 mtorr pressure and 60 W plasma power. The PMMA
was then removed. The pattern on SiC, formed the mask for
subsequent etching of the InGaAsP layer. RIE was again used
to etch the photonic wire and holes down vertically through
the 0.79-pm-thick epitaxial layer into the InP substrate. In this
RIE step, we used a gas mixture of methane, hydrogen, and
argon with a ratio of 10:34:10 under 45 mtorr pressure and
90 W plasma power. Finally, the suspended structures were
formed using highly selective HCI etchant to remove the InP
material beneath the epitaxial layer.

Fig. 3 shows scanning electron microscope (SEM) photos of
the suspended photonic wire microcavities. Fig. 3(a) is a view
before selective etching. Here, the bottom can be seen clearly.
After selective etching, the material under the microcavity
was removed, resulting in the structure shown in Fig. 3(b).
The suspended microcavity is 11 pm in length, 0.45 pm in
width, and 0.79 pm in thickness. In order to provide potentially
high reflectivity, 20 holes were etched in the photonic wire.
The success in the fabrication of the suspended structure is

(@ (b

Fig. 3. (a) Scanning electron microscope (SEM) image of the microcavity
before selective etching. (b) SEM image of a 0.45 pm suspended photonic
wire microcavity.

an important step toward the realization of microcavity lasers
based on photonic bandgap structures.

In summary, we have discussed a novel microcavity struc-
ture that combines a photonic bandgap refiector and a photonic
wire. Our numerical simulations show that this type of refiector
is broad-band (450 nm) and has high reflectivity (0.98) with
only six rectangular holes. While the cavity ) can be as
high as 500 for this case, vertical diffraction loss in the holes
may place a limit on how thin the structure can be. We have
successfully demonstrated the nanofabrication of a suspended
structure of this type, which is an important step toward the
realization of the corresponding microcavity lasers.
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