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Abstract—Photonic bandgap (PBG) waveguide microcavities  Photonic bandgap (PBG) materials, also known as photonic
with tightly confined resonant optical modes have been designed, crystals, offer a method of achieving strong photon confine-

fabricated using high-dielectric-contrast GaAs/AlL O, Ill-V com- o+ 5 volumes on the order ¢h\/2n)3, where A is the
pound semiconductor structures, and characterized optically. The

photonic crystal lattices are defined by one-dimensionai (1-D) Photon wavelength and is the refractive index of the host
arrays of holes in waveguides, and a controlled defect in the material [2], [3]. Highly confined optical states arise from the
spacing between two holes of an array defines a microcavity. introduction of local defects inside photonic crystals. In the

Waveguide microcavity resonances have been studied in both yigp.index-contrast material systems that are often necessary
monorail and suspended air-bridge geometries. Resonance statesf

with cavity @'s as high as 360 were measured at wavelengths pr achieving PBG's, the amplitude of the ele(?tromagnetic
near 1.55,m, with modal volumes as small as 0.026m?, which  fields falls off sharply away from the defect, resulting in strong

corresponds to only two times(\/2n)?. photon confinement [4].

Index Terms—Gallium alloys, nanotechnology, optical materi- _INfinite three-dimensional (3-D) photonic crystals have the
als, optical waveguide filters, optical waveguide theory, semicon- ability to completely isolate an optical mode from coupling
ductor waveguides. to its surroundings by opening a PBG along every direction

in space. The fabrication of three-dimensional crystals, how-
|. INTRODUCTION ever, poses a great technological challenge. Several different

] ) ] rgeometries have been suggested for the fabrication of three-
HE confinement of light to small volumes has importanyiyensional photonic crystals [5]-[9], and three-dimensional
consequences for the properties of optical emission Wit 5.5 have been measured in the near infrared [10], [11].
the reg!onlofhght C‘?”f'.”e”.‘e“.t:The densny'of electromagnetic Photonic crystals with one-dimensional (1-D) periodicity
states inside a cavity is significantly modified, and the spo fovide an attractive alternative for achieving strong pho-

o : . i 0
tan_eoqs_em|33|_on of atoms na c_awty can be either enhan grq confinement in dielectric structures [12]. Strong three-
or inhibited. Highly confined optical systems can therefor . ' ; .
imensional confinement can be provided in part by a one-

be used to reduce the size and power requirements of inte- . . . .
; : imensional photonic crystal and in part by the index con-
grated optical components, to generate single-mode operatfon

of light-emitting devices, to reduce the lasing threshold ? ement of a high-dielectric-contrast waveguide. Extending

semiconductor lasers, and to allow higher modulation spee g optical waveguide from both sides of the photonic crystal

of these devices [1] provides an efficient mechanism for optical coupling into the
' photonic crystal microcavity, as well as integration into a
microphotonics-based device. An active light-emitting struc-
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oy index Al,O, material, while in the air-bridge geometry, the
d ¥ Taans microcavity is suspended in air.
; A schematic of the supporting monorail waveguide, without
4.z @ any photonic crystal, and the guide’s dispersion relations are
) shown in Fig. 2(a) and (b). The solid lines correspond to the
a = guided modes. The modes are labeled TE-like (electric field
GaAs primarily parallel to the substrate) and TM-like (electric field
perpendicular to the substrate). This labeling convention was
ALO Toxide chosen despite the fact that TE and TM modes are not strictly
y defined in strip waveguides with strong field confinement.
GaAs Substrate Quantum wells located at the center of the waveguide could
be designed such that light from the wells would couple
(@) only to the TE-like modes. The shaded region represents the
continuum radiation modes. The slope of the light line is
determined by the refractive index of the underlying low-index
layer.

The band structure shown in Fig. 2(b) is continuous; there
is no upper bound on the wavevector. The introduction of a
periodic array of holes into the waveguide has the effect of
limiting the wavevector, folding the dispersion relation into the
first Brillouin zone, and splitting the guided-mode bands, as
shown in Fig. 2(c) and (d). These bands correspond to guided
modes, which exist in spite of the presence of holes.

When a defect is introduced in the periodic array of holes, as
in Fig. 1(a) and (b), a resonant state can be created inside the
() bandgap. This defect state, which is a superposition primarily
f guided modes, is strongly confined within the defect area.

GaAs Substrate

Fig. 1. Schematics of the waveguide microcavities. The GaAs wavegui

microcavity is either (a) supported on a low-refractive-index @}, material e modal volumeV,, is defined to be

(the monorail) or (b) suspended in air (the air-bridge). The 1-D photonic

prystal is defined‘by a pgriodic array of eight holes; a defect r_egion is .created cE* - Edr

in the crystal by increasing the distance between two holes in the middle of

the array. Vin = W (1)
(5 ’ )max

fut int i f acti tical devi Mi i wheree is the dielectric constant,E* - E is the energy density
uture integration of active optical devices. Microcavities arg, o gjectric field, andeE" - E)ma is the peak value of

made in both monorail and air-bridge geometries. Monoragl “ . E. Using this definition, the minimum modal volume

geometry devices, with an oxide layer remaining intact undgélculated is two timegA/2n)?

'the photonic crystal hole arrays, have been stud?ed pre\{ious Mwo competing decay mechanisms contribute to the overall
in the GaAs/ALO, material system [14] and with S/SiO decay rate of the defect state: coupling to guided modes in

[15] and are easier to fabricate than air-bridge structures. AfFfe waveguide (the desired decay mechanism) and coupling

grld_ge dfewces_are sho(\j/vr? tolhavebh|gi@?s th?:‘hmoﬁora" to, radiation modes. Controlling the coupling between the
evices for a given modal volume because of their Increas, gfect mode and the radiation continuum is necessary to allow
optical confinement. Optical transmission spectra through t

: " . . . flicient coupling into guided modes. The total quality factor
microcavities are numerically simulated and experimental the resonant modé@,., is a measure of the optical energy
studied. CavityQ's as high as 360 have been observed neax, fbred in the microcavity over the total cycle-average power
wavelength of 1.5%m, and a modal volume as small as 0.02 diated out of the cavity:. is defined as\/A\, whereAA

3 e : .
pm has_t_)een calculated. Qne Q|men5|onal PBG WavegUiR&ne width of the resonance ands the peak wavelength of
microcavities have been studied in other geometries [16], [1? e resonance, and obeys [18]

1 1 1

= +
A dielectric waveguide is used to confine light along two @rot Qwg  Qraa
dimensions, while a 1-D photonic crystal is used to confinghere 1/Q,, is a measure of the coupling to waveguide
light along the third. The photonic bandgap microcavitiemodes andl/Q..q is a measure of the coupling to radi-
are studied in two configurations, namely, the monorail [segion modes. A finite-difference time-domain computational
Fig. 1(a)] and the air-bridge [see Fig. 1(b)] structures. In botheme [19] was used to compufk,; and the transmission
cases, the photonic crystal is defined by an array of eight hotesough the structure. Typical results are shown in Fig. 3(a)
through the waveguide. A change of lattice spacing betwetar monorails and Fig 3(b) for air-bridge microcavities. In
the two center holes creates an optical microcavity. In thmth cases, the computation shows a wide bandgap from
monorail geometry, the microcavity resides on a low refractivie400 to 1700 nm and a sharp resonant peak near 1550 nm.

Il. THEORY

(2)
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Fig. 2. (a) Schematic diagram of a high-index strip wavegyide= 3.48) on a low-index layefn = 1.44). The waveguide has dimensions @4 1.2z and

is single mode over a wide frequency range. (b) Band diagram of the waveguide shown in (a). The solid lines correspond to the guided modes; thershaded reg
corresponds to the continuum of radiation modes. (c) Schematic diagram of a strip waveguide with a 1-D array of holes of radilise0g2Bameters of the
waveguide are identical to those in (a). (d) Band diagram for the waveguide shown in (c). Guided modes do not exist above the cutoff frequeniey of 0.35

Transmission outside the gap is large, which suggests that theachieve highl;,..., with small modal volume@..; can be
modes remain guided as they propagate through the holes, aratle greater with larger modal volume designs.

undergo little scattering. On resonance at 1550 nm, both theAltering the dimensions of the features in the microcavity
monorail and the air-bridge microcavity devices exhibit hightructure affects the positions of the band edges and the
transmission. The coupling from the waveguide mode to thesonant wavelengths in the transmission spectra. For exam-
cavity resonant mode occurs via the evanescent field throygk, lengthening the defect region will increase the resonant
the array of holes. By increasing the number of holes, theavelength of a microcavity, and an increase in the thickness
reflectivity of the hole array is increased. However, as thad the waveguide primarily shifts the band edges to longer
number of holes increases, the radiation losses also increaggyelengths. The high-index waveguide provides strong field
and thus the throughput of the microcavity decreases. The peakfinement in the vertical and lateral dimensions such that

transmission through the cavity is given by the guided modes extend only weakly outside the waveguide,
allowing a large fraction of the guided modes to interact with
T % 3) the photonic crystal. Strong field attenuation through the array
e 2 of holes is necessary to achieve small modal volumes.

By coupling an optical emitter to the microcavity resonance,
BecauseQ:.q is finite in the structures, it is not possible tahe spontaneous emission rate can be enhanced by a maximum
increase the mode confinement apg; independently. As the factor of / compared to the rate without a cavity. The
mode confinement increases, coupling to radiation modes ags@ression for is given as [20]
increases, and eventually dominates over coupling to guided
modes inside the waveguide. Moreover, the material upon Qior (A 3
which the microcavity rests provides a favorable escape route = dxV,, <_> @
for radiation loss. Radiation loss can therefore be minimized
in air-bridge microcavities compared to monorail microcavitiewhere A is the optical transition wavelength. A number of
by removing the underlying material. By increasing the modaleraging factors must be taken further into account to find
volume of the localized state, the coupling to radiation modéise actual spontaneous emission enhancement for a specific
reduces (i.e.(2..q increases) and, provided that the couplingmitter placed within the cavity [21]. For the air-bridge
to guided modes remains largely unchang@d,; as well as waveguide microcavity that has been measured, the maximum
T INCrease. Some reduction @, was tolerated in order enhancement is calculated to be 72, which is significantly

n
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difference in the index of refraction between the two materials
is approximately 1.6.

The process of thermally oxidizing high Al composition
0.8 AlGaAs layers into ALO, has been implemented in a variety
of devices [22]-[26]. For instance, incorporating,@, cur-
rent confinement layers into vertical cavity lasers has led to a
0.6 significant improvement in performance [24]-[26]. In the 1-D
PBG crystals fabricated, AD, was used to provide optical
mode confinement and to prevent the loss of light through the
GaAs substrate.

For the successful fabrication of photonic devices utilizing
0.2 7 Al;O,, the lateral and vertical oxidization rates as well as
index of refraction have been determined. By oxidizing three
Al 93Gay g7AS layers, each approximately;2n thick, for 10,
0.0 _ i . ' . . 20, and 30 min, respectively, the vertical oxidization rate was
1200 1300 1400 1500 1600 1700 1800 1900 determined to bew5 um/h. The lateral oxidation rate of a
1-um-thick Alp.oGay1As layer was measured to be approxi-
mately 4.m/h; the Ab.oGay 1 As layer was placed between a
@ 0.5-um-thick GaAs cap layer and the GaAs substrate. The
discrepancy in the vertical and lateral oxidization rates is
1.0+ attributed to the difference in the Al compositions of the
AlGaAs layers, as the AlGaAs oxidization rate is known
to be highly sensitive to the Al mole fraction [27]. In all
081 cases, the AlGaAs oxidization was performed in a single zone,
guartz tube furnace that was maintained at 435 Steam was
introduced into the furnace by flowing:Mit a rate o2 I/min
through a water bubbler that was maintained at°@) The
oxidization time was defined as the time that the sample was
exposed to the steam. Further details of the characterization
process for the thermal oxide are documented in [28].

The refractive index of AlIO, was determined from the
024 reflectance spectrum of a GaAs/8), distributed Bragg re-
flector (DBR). The DBR structure was created by thermally
oxidizing four pairs of 115-nm-thick GaAs and 388-nm-
0.0 thick Alg.92Gay osAs layers. The reflectance spectra were
measured using Fourier-transform infrared spectroscopy. By
fitting the reflectance spectra of the DBR prior to and after the
oxidization process, the inferred AD, index of refraction
(b) is 1.61, which is comparable to the values reported in the

Fig. 3. Theoretical transmission through a PBG (a) monorail and (bferature [29], [30].
air-bridge microcavity. At the resonance wavelength, a maximum of 72% of
the input intensity is transmitted for the monorail microcavity with a cavity

ot Of 200. The air-bridge microcavity exhibits 94% peak transmission
gr;dtan of 320. rondee m v e 0P oS! IV. DEVICE DESIGN
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The monorail and air-bridge microcavity devices use a GaAs

larger than any enhancement yet measured. This large spom veguide residing on a layer of £, as shown schemat-

neous emission enhancement could lead to faster modulaﬁ%%ly in Fig. 1(a) and (b). To provide mode confinement

of optical devices and to the development of zero-threshd the GaAs waveguide and t.o prevent optlca] losses into
lasers. the substrate, the AD, layer thickness was designed to be

~2.5 ym. To improve the stability of the oxide, the AlGaAs
composition was chosen to beAlGa, 1 As as opposed to pure
IIl. MATERIAL [SSUES AlAs [31]. The GaAs waveguide dimensions wet&50 nm
High-dielectric constant waveguide systems allow light tawide and~200 nm thick to obtain a single-mode waveguide.
be tightly confined and enable photonic crystals to be madbe dimensions depended upon the exact nature of the desired
with large PBG's. Furthermore, in high-dielectric contraghhotonic crystal. The waveguides extend 0.5-0.75 mm on both
systems, cavity modes with small modal volumes can Isé&des of the photonic crystal for efficient coupling into and out
created. The thermal oxidization of AlGaAs layers with higlof the microcavity, and the waveguides’ widths were flared to 3
Al content into Al,O, provides the necessary dielectric conzm over a distance of 100m near the input facet to improve
trast for the operation of GaAs-based photonic crystals; theupling of light into the waveguides. The photonic crystal
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TABLE |
Device DIMENSIONS FOR THEMEASURED MONORAIL AND AIR-BRIDGE DEVICES
Monorail Devices Airbridge Devices

1 2 3 1 2 3 4
Al content of the AlGaAs® (%) X 93 93 93 94 94 94 93
ALO, thickness® (um) Toxige | 2.9 2.9 29 26 26 | 26| 3.0
GaAs waveguide  thickness’ | Tgaas | 181 181 181 | 214 | 214 | 214 | 185
(nm)
GaAs waveguide width (nm) w 615* | 605* | 590* | 593 | 593 | 525 | 522
Hole Spacing (nm) a 420* | 420* | 410* | 500 | 500 | 439 | 439
Hole Diameter (nm) d 175% | 150* | 165*% | 230 | 230 | 189 | 201
Defect Size (nm) aq 605* | 635% | 645% | 632 | 703 | 610 | 615
(Hole center to Hole center)
Measured Qi 136 | 142 | 117 | 310 | 336 | NA | 230
Resonance Wavelength (nm) 1522 | 1536 | 1566 | 1521 | 1576 | NA | 1512

*  Values measured by scanning electron micrograph (SEM).
*  Values measured by ex-situ variable angle spectroscopic ellipsometry.
All other dimensions are design parameters, and have not actually been measured.

Monorail
dimensions were varied from device to device to control Mierocavity
the PBG and resonance wavelengths while maintaining small (d) (e) ®

modal volumes and high peak transmission. These constraiS 4. Fabrication process of the 1-D PBG monorail and air-bridge mi-
set a limit on the@’s of the devices. Table | shows thecrocavities. (a) Starting material. (b) After image reversal of patterns that

; ; ; ; ere generated by direct-write electron-beam lithography. (c) After reactive
dimensions and layer thicknesses of the monorail and a:fcﬁ etching of the GaAs/Alg3Gay.o7As heterostructure. (d) Completion of

bridge microcavity devices discussed in this paper. fabrication process for the monorail microcavity after the thermal oxidation

of Alg.93Ga.o7As material and facets cleavage. (e) After removal of trench
material by reactive ion etching; trench pattern is defined by photolithography.
V. DEVICE FABRICATION (f) Completion of fabrication process for the air-bridge microcavity after

L . . . . thermal oxidation of Ad 93Ga .o7As, photolithographic patterning of the
_ The _fabncauon of the monorail and air-bridge MICroCaViench area, sacrificial etch of AD,, and facets cleavage.
ity devices consisted of gas source molecular beam epitaxy
(GSMBE) deposition of the IlI-V materials, electron-beam
lithography, reactive ion etching (RIE), a plasma-enhanc

chemical vapor deposition (PECVD) of SiQAIGaAs thermal

Air-bridge Microcavity

d
%—JaAs/Ab,ggGagmAs heterostructure [Fig. 4(c)]. The RIE

oxidization, and wet chemical etching. A schematic depicti ocess eiches through the top GaAs layer and about 400
the fabrication process sequence is shown in Fig 4. m into the Ab.g3G&.orAs layer. The process sequences for

The AlGaAs and GaAs layers were deposited on a Ga’&@g monorail and the f';ur-l_)rldge r.nlcrocaw.nes diverged at this
substrate by GSMBE at 670 and 60C and at rates of point. For the monorail microcavity, the Sj@ﬂgsk layer was _
1 and 0.3um/h, respectively. Usingx-situ variable-angle thgn removed by RIE, and the sample was oxidized for 30 min
spectroscopic ellipsometry, the thickness and Al content YFing the fumace and procedure described above. The holes
the AlGaAs layer were measured to be:® and 93+ 1%, &€ thought to_extend into the oxidized layer. The extension
respectively. The GaAs layer thickness was similarly measurP the AL:O, is not thought to affect the measurel.:.
to be 185+ 1 nm for the monorail structure and 1841 nm For the air-bridge microcavity, a photolithography step was
for the air-bridge structure. performed to define a 1@m-wide trench pattern with the

A 100-nm-thick SiQ layer was deposited on thePhotonic crystal in the center of the trench. An RIE step then
GaAs/Al 03Ga o7As  heterostructure at 250°C  using ©tches an additional 800 nm into the,AbGay o7As layer in
PECVD and was followed by spinning on a 200-nm-thicRrder to define the trench region and remove the bulk of the
layer of positive electron-beam resist, polymethylmethacrylag@crificial material. The resist and the Si@ask were then
(PMMA). The devices were then patterned in the PMMAemMoved using RIE [Fig. 4(e)]. Thereafter, the)sGay.orAs
using direct-write electron-beam lithography. Sixteen electrolyer was oxidized using the same procedure as for the mono-
beam exposure fields, each approximately 2000 pm?, rail structure. Another photolithography step was performed
were stitched end-to-end in order to form the overall devide redefine the same L@m-wide trench pattern. The sample
structure. After the exposed resist was developed in a 2was then dipped into a diluted hydrofluoric acid (HF) solution
mixture of 2-propanol and methyl isobutyl ketone at 20 of 10 ml HF:250 ml deionized water that selectively etched
for 90 s, a 30-nm-thick layer of nickel was deposited on tH&e Al.O, beneath the photonic crystal, hence suspending the
sample by electron-beam evaporation. A subsequent liftoff af-bridge structure [Fig. 4(f)]. The sample was immediately
the nickel film resulted in the image reversal of the electrofinsed in a sequence of water, methanol, acetone, and methanol
beam written patterns [Fig. 4(b)]. Thereafter, the nickel filito remove the resist. Methanol was used as the final rinsing
acted as a mask for the etching of the Sifayer by RIE liquid to prevent the occurrence of stiction by virtue of the
using a CHRE/O, plasma. After the RIE process, the nickelower surface tension of methanol as compared to water.
mask was stripped off with a commercial etchant, and thelast, the facets to the input and output waveguides in
sample was backside-lapped down to approximately, A0 both the monorail and air-bridge structures were cleaved to

An RIE process using a B@ISICl,; plasma trans- facilitate the coupling of light into the devices during optical
ferred the device patterns in the SiOmask into the characterization. Scanning electron micrographs of both the
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Fig. 6. Schematic diagram showing the experimental setup used to study
optical transmission spectra.
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Fig. 5. Scanning electron micrograph of (a) a monorail microcavity and (Fjg- 7. Transmission spectra through three monorail devices. Each mono-
an air-bridge microcavity. Both geometries have eight holes in the centerfdfl has a different defect length, resulting in different transmission peak
the waveguides forming the photonic crystal lattices. (b) Three waveguidégvelengths. The maximum transmission of each peak is normalized to unity.
are shown running from left to right; the center waveguide is in focus, and
the waveguides in the foreground and background are out of focus. The
waveguides are suspended over ayt@-wide trench of ALO, material.

The center-to-center separation between the middle two holes is different from 1.0+
sample to sample to form microcavities with different resonance wavelengths. J
. N : . w084 Q~336
monorail and air-bridge microcavity structures are shown in -=
Fig. 5(a) and (b), respectively. =
£ 0.6
VI. OPTICAL CHARACTERIZATION < .
. . . . =
Transmission spectra of the devices were studied using theS 0.4
continuous-wave output of an NaCl:OHlaser. The laser

wavelength was tuned with a birefringent plate on a rotary
stepper stage, which provided a tuning range from 1500 to
1680 nm and a linewidth of approximately 0.1 nm. The
maximum average power was250 mW. Wavelength tuning

Transmiss
[}
)
1

0.0 1 e A
techniques were used to average owérscans/min, with-45 — 17
data points/nm of tuning. The laser light was coupled into an 1480 1500 1520 1540 1560 1580 1600 1620 1640
optical fiber, and 3% of that was coupled to a power detector to Wavelength (nm)

monitor the laser power. The remaining light was coupled into

awaveguide device through a fiber-lens assembly. PoIarizatﬁi?l 8. Transmission spectra measured through two different PBG air-bridge
microcavities. The long and short wavelength resonances have defect cen-

was controlled with a polarizing beam splitter cube, a halfer-to-center lengths of 632 and 703 nm, respectively. The maxima of the
wave plate, and a quarter-wave plate, all placed before tigeonance peaks are normalized to unity.
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(b)

Fig. 9. Top view of an illuminated air-bridge microcavity resonator. (a) Off resonance and within the bandgap; the photonic crystal reflects the light
(b) On resonance; light is transmitted through the microcavity resonator. The light is scattered out of the waveguides primarily from surfass roughn
and is viewed with an infrared camera.

fiber-lens assembly. All measurements were taken with Tdstimated loss, waveguide input coupling efficiencies-8%6
polarization, as TM light was not guided. The output of thevere calculated.
waveguide was imaged with either a microscope objective orOptical transmission through several monorail and air-
an aspheric lens through a 10@a pinhole in order to suppressbridge microcavity devices has been measured. Transmission
substrate-guided light. A photodetector was placed after thpectra of three different monorail microcavities (monorail
pinhole to monitor the output power, and the wavelength wagvices 1-3 in Table I) are shown in Fig. 7. Each device
recorded using an optical spectrum analyzer. Both the infhad a different defect length (defined as the distance between
and output power were measured with lock-in detection. #the centers of the holes neighboring the defect region). As
schematic of the experimental setup is shown in Fig. 6.  expected, larger defect lengths support longer wavelength
The losses through straight waveguides without a photomisonant modes. The cavity modes had cavitg of 136,
crystal were estimated to be 3-6 dB/mm by imaging thkB42, and 117, respectively. The slight increase in transmission
top of the waveguide with an infrared camera. The intensigt the long wavelength edge may be the beginning of the
of the light scattered out of the waveguide as a functidong wavelength band edge. Due to the lack of a precise
of position can be used to estimate the linear loss. Thess measurement and the lack of a full band edge within
dominant loss mechanisms appeared to be scattering frtima experimental window, the maxima of the peaks in Fig. 7
sidewall roughness and the GaAs/@), interface, which were normalized to unity rather than to the absolute transmis-
are both accentuated by the tight optical confinement gon.
the high-dielectric-contrast waveguide system. The sidewallThe normalized experimental transmissions through two
roughness resulted from the roughness on the mask tHatinct air-bridge microcavities (air-bridge devices 1 and 2
was transferred to the GaAs waveguide. The GaAsDyl in Table ), having defect center-to-center lengths of 632 and
interface roughness results from the AlGaAs layer growffD3 nm, respectively, are shown in Fig. 8. The resonance
and oxidation. Other possible loss mechanisms include thimtes had)'s of 310 and 336, respectively. Resonarngs
error in aligning two successive electron-beam lithograplas high as 360 have been recorded in air bridge device 2. As
fields together and the intrinsic material loss of the wavéa the case of the monorail waveguides, the resonance shifted
guide material at 1.5pm. At high input powers, two-photon to longer wavelengths as the microcavity size was increased.
absorption has also been observed. Two-photon absorpt®ecause the PBG was calculated to be over 300 nm wide,
excited photoluminescence from the GaAs waveguide wtdee band edges were not visible within the 180-nm tuning
observed by an Si-CCD array camera. Based on the totahge of the laser. The plots in Fig. 8 were normalized by



RIPIN et al: ONE-DIMENSIONAL PHOTONIC BANDGAP MICROCAVITIES 2159

' 1.0

0.8
2 2
£ =

& Z 0.4
2 2
Yt $—
= =

0.01 -5 0.2

0.0 1

T T S — T T T  — — T T T v T T T
1560 1580 1600 1620 1640 1660 1680 1500 1550 1600 1650
Wavelength (nm) Wavelength (nm)

Fig. 10. Transmission spectrum of a PBG air-bridge sample where the lonig- 11. Transmission spectrum of an air-bridge microcavity exhibiting both
wavelength band edge has been shifted into the experimentally accessilgsonance and a band edge within the experimentally accessible wavelength
wavelength range. The band edge is shown on a log plot and exhibit§a@ge. Transmission outside the bandgap is normalized to unity, revealing
27-dB suppression of transmission within the bandgap compared to outsid®® relative transmission on resonance, with a cagitpf 230.

the bandgap.

A second device (air-bridge device 4 in Table I) exhibited
hgth a band edge and the resonance within the laser tuning

the same method as the monorail structures in Fig. 7. Both 'O )
the transmission spectra in Fig. 8 were averages of ten scifigdow (Fig. 11). Because the band edge and the resonance

taken back-to-back and had a wavelength resolution close'{§re both fully visible at the same time, it is possible to deter-
the laser bandwidth. Air-bridge device had a modal volurd@ine the transmission of the microcavity resonance relative to
of 0.031 zm?. Smaller modal volumes are predicted to lealat Outside of the bandgap. This yielded a maximum relative
to increased loss due to radiation modes in waveguide-bad§iSmission of 72% on resonance, wit} &f 230. T?E]e modal
devices. However, the air-bridge microcavities have highgplume of dewcge 4 was calculated to be 0.028", which

s than monorail microcavities of the same modal volumi§ NIy 2 (A/2n)°. The lower@ is a result of the resonances
because of the increased isolation of the resonance mode fidR'9 shifted closer to the band edge.

substrate radiation modes. Using a modal volume of 0.031

pm3, a @ of 310, and a peak wavelength of 1521 nm, the VIlI. CONCLUSION

maximum enhancement factor for spontaneous emission fromy . inensional photonic bandgap crystals have the poten-

such a defect is computed to e= 72. tial to control the propagation and spontaneous emission of

. A_top-wew_ 'mage of an |I|um|nateq microcavity 1S ShOWnIight and have applications for efficient, submicrometer scale
in Fig. 9. This picture was taken with an infrared camerg,

S f the liaht bei tted by th ” )pto-electronics. Resonant microcavities with small modal
ome of the light being transmitted Dy t 1€ Wavegulde Wawumes will serve as the basis of a low-threshold laser cavity
scattered by surface roughness and was visible to the camg;

off he liah d at the oh X T fast modulation rates. Air-bridge and monorail geometry
) resonance, the lig ts_toppe at the photonic crystal locatgge . avities with modal volumes as low as 0.026n3
in the center of the guide and was reflected as shown

. - - N Bve been designed, fabricated, and measured in 1-D PBG

Fig. 9(a). On_ resonance, the |r_10|dent light was tra_nsmltte ructures. The structures were designed to have high

and Fne portlog of thhe Wa\(eglg|de9atf)ter the photonic crys king into account the tradeoff between increased optical con-

was | “m'”"?‘te as shown in =1g. ( ): . finement and increased radiation loss. Waveguide microcavity
By changing the photonic crystal dimensions, a full photong:[ructures were measured to hages as high as 360 in the

(tj)an_d edgea Was ogse(rjved wiir;igothe Iasgrbtg(r;ing dran_ge.s .%Sﬂm regime. Furthermore, the photonic crystals have been
evice with a band edge at 1620 nm (air-bridge device 3y jcated in the GaAs/AD, IlI-V compound semiconductor
Table I), is shown in Fig. 10. This spectrum was an average

stem, which provides the potential for fabrication of active
ten scans taken back-to-back and had a wavelength resolu % b P

. ices and allows integration of photonic crystal and active

close to the laser bandwidth. The bumpy features on the b ; or P 4
. iconductor technologies.

edge trace are real and repeatable. This band edge, plotte
logarithmically, had~27 dB attenuation of transmission for
wavelengths within the bandgap compared to outside of the
bandgap. The transmission floor within the bandgap was aThe authors gratefully acknowledge the contributions of B.
true feature of the device measured and was consistent wiailey, H. Haus, S. Hoyt, M. Mondol, H. Smith, and G.
theoretical simulations. Steinmeyer.
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