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Measurement of spontaneous emission from a two-dimensional
photonic band gap defined microcavity at near-infrared wavelengths
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An active, photonic band gap-based microcavity emitter in the near infrared is demonstrated. We
present direct measurement of the spontaneous emission power and spectrum from a microcavity
formed using a two-dimensional photonic band gap structure in a half wavelength thick slab
waveguide. The appearance of cavity resonance peaks in the spectrum correspond to the photonic
band gap energy. For detuned band gaps, no resonances are observed. For devices with correctly
tuned band gaps, a two-time enhancement of the extraction efficiency was demonstrated compared
to detuned band gaps and unpatterned material 1989 American Institute of Physics.
[S0003-695(199)01611-3

Photonic crystals have been predicted to be able to funplane localization. The calculated band structure for this pho-
damentally modify spontaneous emission properties of lightonic crystal, taking into account the finite third dimension
emitting materials:? High Q optical cavities are considered shows a TE band gap from/\ =0.276 toa/\ =0.362. De-
to be useful for high efficiency, low power and high modu- tails of this calculation have been previously describ&tt*
lation speed light sources. One dimensional photonic structhe cavities were designed with the photonic band gap cen-
tures have been used successfully in light emitting diodetered around the peak emission wavelength at a normalized
(LEDs) to enhance efficiency and to enhance spontaneousequency of approximatelg/\ =0.32 (lattice spacing of
emissior Recently, two-dimensional2D) structures have =500nm for\ =1550 nm). In this letter, cavities approxi-
attracted a great deal of attentfofidue to the simpler ge- mately 15um across were examined. At the emission wave-
ometry, in terms of both fabrication complexity and devicelength of 1.55um this structure forms a multimode cavity. A
design as compared to three-dimensional structures. Sudganning electron micrograph of a typical device is shown in
structures have been considered as a means of controlliffigg. 1(a). A variety of devices were fabricated with lattice
in-plane spontaneous emission, a significant loss mechanisapacings from 300 nm to Jum while maintainingr/a
in vertical-emitting structureb. However, experimental ~0.31, thereby lithographically tuning the band Gagcross
evidencé’ has indicated that finite hole depth and wave-the emission spectrum. The membrane consists of 6 InGaAs
guide geometry can lead to strong scattering of light into thequantum wells with InGaAsP barriers grown by organome-
substrate which would limit the confinement possible with atallic vapor phase epitaxYOMVPE) on an InP substrate.
2D photonic crystal due to scattering out of the photonicThe total waveguide thickness was 150 nm. The InGaAsP
crystal plane. Passive reflection, diffraction and transmissiosystem was chosen due to its relatively low surface recom-
measurements have recently been carried out in twobination velocity. Fabrication of these devices has been pre-
dimensional photonic crystal structufesMartorell and  Vviously described® These devices are, in essence, microdisk
Lawandy? and subsequently Petraat al’® have observed lasers’ bounded by PBG material so that the total internal
inhibited spontaneous emission from low-index contrasteflection of the microdisk is replaced by Bragg reflection
three-dimensional periodic structures, £ 1.45). Berggren from the photonic crystal. A finite difference time domain
et al™ have also made active devices by including a lowcalculatiot® of the resonant mode in this structufEig.
index contrast two-dimensional periodicity. However, al(b)]is reminiscent of a microdisk whispering gallery mode
complete band gap in two or three dimensions requires &ven though the cavity is hexagonal rather than circular.
relatively strong index of refraction contrast, & 10).12

We have designed and fabricated two-dimensional pho-
tonic crystals in a thin semiconductor membrane bounded
above and below by air. The optical cavity consists of/2
thick dielectric slab waveguide suspended in air. The strong
confinement provided by the index contrast between the
semiconductor membrane and air helps to reduce the scatter-
ing out of the plane of the waveguide by the photonic crystal.
The membrane is patterned with a hexagonal two-
dimensional array of air holes. A number of holes can be (a) (b)

omitted to form cavities of different shapes, providing in-

FIG. 1. (a) Scanning electron microgragtop view) of a hexagonal mem-
brane cavity bounded by 2D photonic band gap cry¢talCalculated field
3E|ectronic mail: leereg@cco.caltech.edu distribution.
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FIG. 2. Spectrum showing enhanced emission from hexagonal membrane% - !
cavity. Peak power from the membrane device shows & Z6hancement. S 3 : : 1
Pumping configuration schematic is shown in the inset. g Al e ]
©
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Other types of modes also exist in this structure in addition A ; : ; ; .
to the whispering gallery-like modes. These are primarily 1400 1450 1500 1550 1600 1650
modes which reflect between opposing faces of the hexagon. A (nm)

In these devices, it is possible to design the cavity modes bMG. 3. Normalized vertical emission from hexagonal membrane cavities.
engineering the photonic band gap energy and by controllinghe lattice parameter for each spectrum is shéwmm) to the left of each
the cavity shape. curve decreasing fronie) to (g). The resonances only appear for lattice
The membrane microcavity was optically pumped byparameters where the emission is tuned to the photonic band gap.
200 nsec pulses from a semiconductor lases= 080 nm)
focused to a spot size of approximately81. Photolumines-  similar to measured emission from unpatterned material.
cence from the quantum wells &t=1.55um was collected  Cavity resonances can be seen in Fith)3lattice spacing
normal to the membrangFig. 2 inse}. Figure 2 shows the a~682nm) and aa~617 nm[Fig. 3c)]. For larger lattice
spectrum from unpatterned material and from a cavity showspacings[Fig. 3(a), a~760nni no cavity resonances are
ing strong resonances superimposed on the broader quantyident. For shorter lattice spacings the resonances are barely
well emission. The emission peak from the hexagonal cavityisihle ata~563 nm[Fig. Xd)] and then disappear for sub-
has been redshifted approximately 70 nm due to heating Qfequent lattice size&igs. 36)-3(g)]. This result is consis-
the membrane by the pumpllgght, corresponding o & MeéMgant \with a cavity resonance reflecting from the photonic
brane temperature of375K.™ The emission spectrum is g gap crystal. If the reflection were a simple Fresnel re-
significantly broadened and redshifted due to the high peale tion from the air interface or an effective index-type
pumping density {-10kW/crrf) as well as the poor thermal pocnol refiection, the cavity resonance spacing would be

conduction path resulting from the membrane being SUSzaen to tune only with the cavity sizproportional toa) and

pended in air. Al dey|ces were fat_)r!ca_ted in close IorOXImIFyresonances would be expected for all lattice sizes. The cavity
on the same wafer in order to minimize temperature varia-

tions in the measurements. The emission redshift was used {cefsonances n F|g.(§) (a~§82 nm) appear with a spacing
. . o . of AN~26.4nm. Using a simple Fabry-R¢ approximation
estimate the active layer temperature. Negligible d|fferencesnd a material index afi= 3.6, this gives an effective cavity

were observed between devices at a given pumping leve]. _ . .
This is an important consideration since heating can accoun?nr?tr;zzzg_ 1?"5{“ n;.n']rhls c;ar;es pondir\]/:lsll V\:'tht:hﬁ :ﬁxf'
for significant shift in the refractive index as well as changego sizetface lo face measured by sca g electro cro

the spontaneous emission efficiency of the active layer magr_aph [Fig. L(a)J of approximately 14um. For thls.dewce
terial. The peak emission power from the hexagonal cavit;}"”th strong cavity resonances, the normalized emitted power
has been enhanced by approximately>2.8s compared to can als_o be seen to be Iarger.than for detun.ed pand gaps
the unpatterned material as shown in Fig. 2. This enhancd®-9- Figs. &) and 3c)). The cavity resonances in Fig. 3 are
ment is largely due to the fact that these structures are urs€en 0 be strongest near a hole spacingef682nm as
dercut, leaving an air gap beneath the membrane. This agreg8MPpared to the calculated band gap center for this structure
quite well with a predicted normal direction emission powerfor @ whole spacing of 500 nm as mentioned previously.
enhancement of 1.84 for dipole emission in this slab wave- However, due to strong heating in the device, the emission
guide structure suspended in air as compared to the sanf@ak was redshifted significantly as compared to the original
waveguide on an InP substrate even though this measurd550 emission wavelength. Also because of the dramatic
ment only gives the enhancement into the collection conéemperature change the material index and structure(dize
defined by the optic§numerical aperturdéNA=0.6). This to thermal expansignare also slightly shifted which could
spontaneous emission enhancement calculation has been pagcount for the difference between the calculated design and
viously described?® the measured resonances.

The emission spectra from various hexagonal membrane Figures 4a)—4(d) show variations in the cavity reso-
cavities is shown in Fig. 3. Figure(® corresponds to a nances as the photonic crystal hole size is increased with a

relatively large lattice spacing ci=760nm and is very constant lattice spacing, thereby varyin@ around the de-
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cavities show promise as highly efficient light emitters and to
observe fundamental changes in the spontaneous emission

@ r

ql) r properties in a semiconductor light emitting device.
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