 IBEE PHOTONICS TECHNOLOGY LETTERS, VOL. .8, NO. 4, APRIL 1996

Structures

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 consnstmg of '
arrays of holes etched within the photomc wire, novel micro-

- cavity lasers can be realized. We report the nanofabrication of
a photonic bandgap structure for 1.5 pm wavelength along a

lts electrodynamms. -

I INTRODUCTION

I-IERE has bcen much 1nterest in the modlﬁcatron of
spontaneous emission in artificial photomc structures,

- including photonic bandgap structures, microcavities, and low-
dimensional photonic structures Recently, low-dlmensmnal .
photonic structures such as microdisks [1] and photomc wires emission coupling efﬁClency as hrgh as 35%.
" [2] have been used to realize novel lasers with dimensions and
characteri st1cs much drfferent than lasers wrth conventlonal
. structures For example, the spontaneous emrssron couphng

efﬁc1ency ,8 of these lasers, defined as the fraction of sponta-

neous emlss1on ‘channeled 1nto the lasmg mode, can be larger

than 10% [3] In comparlson conventlonal semlconductor |
laser structures have B = 0.001%. Since spontaneous emission

rate and stimulated emission rate are related, a high B value

means hrgh garn It was shown that a hrgh-ﬂ value enables -
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Abstract-—A strongly-gmded one—drmensronal (l-D) wavegmde _

 refractive-index semiconductor core (n =
- InGaAsP photonic wire, and dlSCllSS numencal snnulatlons for

- ' SlOz (n =
- guided waveguide, the photonic density of states can be
o ' modified, leading toa s1gn1ﬁcant modlﬁcatron of spontaneous

~ emission in the wavegulde In partlcular 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 photomc wire laser has a

491

one to achleve low-lasmg thresholds and hrgh-modulatron
bandwidths. '

A photonrc wire structure s a strongly— guided
one—dimensional (1-D) waveguide having tightly-confined
" modes. Such a waveguide can be formed by a high-
3.4) surrounded

by low-rcfractlve—rndex claddmg such as air (n = 1) or
1.5). In [3], it was shown that in a strongly-

cavity mode volume as small as 0. 27 pm and a spontaneous

Concurrently, there has been much 1nterest in three-

dimensional (3-D) perrodlc ‘dielectric structures called
photomc bandgap structures or ‘photonic crystals [4]. It
~ was shown that by havmg air vords placed perrodlcally in
~a hi gh-rcfractlve index material, it is possrble to create a

bandgap (forbrddcn frequency band) for the propagatron of
the electromagnetlc field in all directions. Us1ng 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 asal-D photonic
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Recently, Ho et al and Meade et al suggested that 1-

D photomc bandgap reﬂectors could be fabricated along a
photonic wire to form a novel microcavity laser structure

- [5)- [7]. Thrs structure can be seen as a linear cavrty version
of the photomc w1re rmg laser and should also havc a hlgh-ﬁ

vﬂue ' - - _
" In this letter, we report our nanofabnc atron of the proposed
1-D photomc bandgap structure for opcratron at the infrared

W. G. Bi and C. W. Tu are wrth the Department of Electncal and Computer ,wavelength Of 1 5 “’m As Shown 111 Flg 1, the Strucmre 1S a

" t1ny photomc wire suspended in air and perforated with holes.

It was fabricated on eprtaxral layers of InGaAsP that have

1 5 um regron o

II 1-D PHOTONIC BANDGAP REFLECTOR ' . _
The 1- D photomc bandgap reﬂector dlffers from the Bragg

' reﬂectors used in vertical cavity surface-ermttlng lasers and

d1$tr1buted-feedback lasers malnly In 1ts geometry It con s1 sts '
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" Fi g. 1. Schematlc dlagram of the suspended photomc wire mirror - and the

corresponding microcavity. The holes were etched In the photomc wrre to
form a 1-D photonlc bandgap structure

of an ' array of holes etched mto a hlgh refractlve 1ndex

wire. - .
The gulded mode in the photomc wire expenences multlple

~ scattering by the pCI‘IOdlC 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 refractlve mdex contrast between the
holes and the wavegulde and the spacrng between adj acent

holes. S . o .
We have developed two—drmensmnal ﬁmte-dlfference tlme-

domain (FD-TD) numerical models for such photomc bandgap '
structures [8]. The reflection spectrum of the structure is
obtained by launching (computatlonally) a short femtosecond' -
pulse at one end of the waveguide toward the cavity region,
and then analyzmg the spectrum of the reflected pulse by
discrete Fourier transform. The photomc bandgap reflector
we considered in the model assumed a0. 3-p,m-w1de photomc -
wire with six rectangular holes The computatlon was done by

choosing a mesh with a umform spatlal resolutlon of 0. 0125
pm. The holes are 0. 25 x 0.1 pm?, and the spacmg between
them is 0.225 pm. This initial 2-D model assumes no spatial
variation in the direction perpendlcular to the srmulatron plane.
~ That is, the height of the holes is assumed to be unbounded

 Fig. 2 graphs (dashed line) the computed reﬂect1v1ty of
- the six-hole photonic bandgap structure as a function of

wavelength We see that this photomc bandgap structure 1S

a broad-band reflector with about 450—nm bandwrdth and

reflectivity as high as 0.98. . -
- We found that the Bragg center wavelength )\ B is glven

do are the lengths of the solid section and the hole section,

respectively (see the inset of Fig. 2). The effectlve index nieg

‘is defined by ni.s = n,, where n, is the effectlve refractive
will 1mplement 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 electromagnetlc '

index for the waveguide mode defined by k, = ‘wn;/c, and

k. is the wavevector along the propagatlon direction. TN2eff 1S

defined by noeg = (1, * Asolia + Phole * Ahole) /(Asotia +
Ahole) where A, ;.4 and Apole are the areas occupled by |

the solid matenal and holes 1n the hole sectlon and nhole

dielectric. An example 18 shown in Flg 1 that deplcts six
‘holes etched perlodlcally in a photomc wire, and a microcavity
formed by two arrays of 31x holes at each end of the photomc

is the refractive index in the holes.
‘ample, Asolid and Ahole are 0.005 pm? and 0.025 um?,
respectlvely, Nhole 18 1; and n, is 2.869 for the fundamental
- mode in the wavegmde Wlth the above formula thlS glves

g ~

' approximately by AB [2 = ’nleﬂ‘dl -+ n2eﬁd2, where d1 and i
' InGaAs—-InGaAsP system The calculated electnc field of the
_resonant mode is also shown in the 1nset of Fig. 2.

 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 8, NO. 4, APRIL 1996

Reflectivity

Wavelength (;.tm)

Flg 2. Calculated reﬂectlon spectra of a O 3 um photomc wire mirror wrth '

- six rectangular holes (dashed line) and the corresponding photonic wire
- nncrocaV1ty (sohd hne) The insets show the geometry and field distribution
~ in the microcavity. The cavity length is 0.775 pm, and six (O 225 x 0.1 umg)
i holes are on elther srde to form a Fabry--Perot cav1ty -

For our calculated ex-—

' 1.55 pm.
In the hmlt where the hole wrdth h 1s equal to the wavegulde '

wrdth W, the structure de generates to the usual ‘multilayer
Bragg reﬂector In thls llmlt Nief /1 ngeﬁ ‘has the largest value,
and we eXpect the bandgap to be wrdest Let us call this
bandgap the maximum bandgap ‘For our calculated example,

the gap shri .
Hence, more holes are needed to reach h1 gh reﬂectmty com-

pared w1th the lmutmg casc ' o

s to about 60% of this maximum ‘bandgap.

ﬂectlon spectrum for the photomc wire microc aV1ty structure
' -_'shown in Frg 1 with a 0. 79-—;1,-thlck wavegurde In the calcu-

latlon the effect of the wave gulde thickness is accounted for
by computmg the effective index of propaganon in a 0.79 pm

thick planar wavegulde and usmg it as the bulk materral index
in the 2-D model. The reflectors are made up of six holes on
Lelther srde of the wire with the same parameters as those used
~ in simulating reflectors. The physical cavity length is chosen
~ to be 0.875 pm, representmg the distance between the centers
~ of the two begmmng holes on each side of the cav1ty ‘From
~ the width of the resonance d1p in Fig. 2, we estimate the cavity

Q to be around 500. This value a grees appro)umately with the

Q value obtamed from the cavity field decay time observed
computatlonally 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

‘Future numerical modelmg aimed at 1mproved accuracy

ﬁeld penetrates 1nto the hole re glon the small vertlc al 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-um-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 S102 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;3; as the etchant gas
under 31 mtorr pressure and 60 W plasma power. The PMMA

was then removed. The pattern on SiO5 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 HCl 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 gm in length, 0.45 um 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 1n the fabrication of the suspended structure is
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Fig. 3. (a) Scanning electron microscope (SEM) image of the microcavity
before selective etching. (b) SEM 1mage of a 0.45 pum 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 reflector and a photonic
wire. Our numerical simulations show that this type of reflector
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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