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Photonic stopbands and light transmission characteristics in GaAs-based
three dimensional waveguides with large index contrast
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A relatively simple technique to realize a IlI-V semiconductor based quasi-three-dimensional
photonic crystal material with a refractive index contrag is described. Fourier transform infrared
spectroscopy measurement reveals a stop band between 15 ana 20 a sample with scattering
center spacing of 6.am. Another narrow transmittance dip is observable in the wavelength range
of 1.1-1.58um, with an attenuation of 12 dB at 1.}18n. The relation between transmissidand
waveguide lengthL, as measured by 1.1mm wavelength light is eitherT—L"2 or T
—exp(—L/Ly), indicating photon localization in the weakly disordered system.1999 American
Institute of Physicg.S0003-695(199)03238-4

Coherent multiple scattering of light in a disordered pho-layer, and a 0.5um GaAs etch protection layer, the active
tonic medium can lead to light localizatida greatly reduced region is grown. It consists of a um thick layer of
photon transport velocijyand the propagation of light in an Alg odGa&y g,As followed by six periods of 0.18um of
ordered photonic crystal can lead to the formation of a phoAly GaAs and a multiquantum wellMQW) region. The
tonic band gap(PBG) characterized by stop and pass latter consists of 20 pairs of 20 A GaAs and 150 A
bandst=® Such photonic gaps have been observed in twoAl,gGa As layers. The total thickness of the active region
and three-dimension&BD) metallic, dielectric, and acoustic is 3.14 um. A protective 200 A GaAs cap layer is finally
structure$:” Most of these structures are at the macroscopigrown. The entire heterostructure is undoped.
level. Recently photonic gaps have been demonstrated in sili- A 0.1 um thick layer of S{N, is first deposited on the
con and GaAs-based nanometer scale “woodpile’surface of the grown heterostructure and patterned into cir-
structure$ 10 cular disks, to form a centered hexagonal pattern, by stan-

There are several seemingly insurmountable challengestard optical lithography. The center-to-center spaanis
first and foremost, it would be desirable to realize the pho6.3 um. The deep zinc diffusion step is carried out with a
tonic crystal with IlI-V direct band gap semiconductors, ZnAs, source in an evacuated quartz ampoule at 575 °C for
such as GaAs, AlGaAs, InP, InGaAsP, etc., in which the90 min. Impurity-induced layer disorderitigtakes place se-
radiative efficiency is high. It is also desirable to create 3Dlectively in the MQW regions through the openings between
medium. Second, the refractive index contrast needs to béde SiN, disks and converts it into a uniform §&JsGa ,As
large, and the spacing of the dielectric scatterers should be @floy. Ridges of width 3Qum and length varying in the range
the order of\/n in these materialéor kl=1, where\ isthe  of 600—1800um are formed by standard optical lithography
vacuum wavelength is the effective refractive index of the and a combination of wet and dry etching. The sample is
material,| is the photon mean free path, akds the wave
vector. Finally, for some applications, it may be desirable to
delineate waveguides on which contacts, or electrodes, can 200A_ GaAs cap layer
be formed. Above all, the processing technique should be 1.0t 1504 AlyosGaoooAs xzﬁ

) . : 20A _GaAs QW < xe |
relatively simple and reproducible. 0.18 im AlposGanaAs

We report here a relatively simple technique to realize a 208 1.0 um_AlyosGagnAs
[lI-V semiconductor based quasi-3D photonic crystal in g 0.5 um GaAs
which a single epitaxial growth, Zn diffusion, wet oxidation, = 06l 0.2 pm_AlgosGaooAs

: . e 0.1 um GaAs buffer layer

and conventional processing steps are used. Due to the na- & 5L (001) Gas sabsrate
ture of the diffusion process, the nonuniformity of the scat- g 04l
terer size introduces a weak disortlierthe crystal. We have 7@ '
fabricated waveguides with the photonic crystals and have S 02

made transmission and Fourier transform infrared spectros-
copy (FTIR) measurements on these samples.

The photonic crystal is made with the heterostructure,
shown in the inset of Fig. 1, grown by molecular beam epi-
taxy on a(001)-oriented GaAs substrate. After growing a 0.1 Wavelength (nm)
um GaAs buffer layer, a 0.2um Alg odGay g2AS etch stop
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FIG. 1. Low temperaturél?7 K) photoluminescence spectrum of the GaAs-
based heterostructure grown by molecular beam epitshxgwn in the inset
3E|ectronic mail: pkb@eecs.umich.edu and used to form the PBG material.
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FIG. 3. Transmission spectra show a stop band between 15 angm20
alongz direction for a PBG material with=6.3 um, r=0.15—-1.5um, and
index constrast of 2.36. Also shown are the stop bands aroynu inea-
(b) sured along thg andz directions and the calculated stop band.

FIG. 2. () Schematic, angb) SEM image of GaAs-based PBG waveguide .
made by Zn diffusion, wet oxidation, and etching techniques. The MQWFTIR was performed at room temperature, in the wavelength

scattering regions are faintly visible in the SEM imaggNgidisks(reduced  range of 2.5—-2%m on samples in which the GaAs substrate
in size during processingire seen on the top surface. was thinned down to 10@m and polished. Since the beam
size (~5 mm) is much larger than the waveguide width,

then inserted in an open-tube quartz furnace and wet oxid&amples with several parallel waveguides were used and nor-
tion is performed at 450 °C for 15 h by flowing,Maturated ~mal incidence(from the top was employed. The measured
with water vapor by bubbling it through a water bath held atspectrum is shown in Fig. 3. The spectrum is normalized by
95 °C. Both epitaxially grown AlogGay o,As and intermixed the measured spectra of the GaAs substrate an®,Abdf
Al -dGay ,,As regions are uniformly oxidized to form the thicknesses identical to those in the photonic crystals. A
insulator ALO,.*? It may be noted that under the hydrolysis transmittance dip between 15 and 20 is observed, which
conditions used, the thin 150 A AlGa, ,As layers within ~ fits reasonably well with the resulfsof a 2D crystal scaled
the nonintermixed MQW regions are not oxidized, becausdrom the microwave measurements, with the parameters of
the oxidation rat® is negligible for this thickness. We have our structure, using a simple scaling factor of 11é ratio
now created a photonic crystal in which small MQW regionsof center-to-center spacing of high index scattgrersis is
of average refractive index3.55 are embedded in an &,  also shown in Fig. 3. The smaller and wider transmission dip
medium of refractive index~1.51* The index contrast is in our measured data compared to the reference results, could
therefore>2.0. A disadvantage of this process is the considbe due to the scatterer size nonuniformity in our crystal.
erable lateral diffusion of zinc during the deep diffusion step.Transmission spectroscopies on both surface nofoditec-
It is estimated that the scattering center radivaries in the tion) and waveguide(y direction were also done in the
range of 0.15-1.5um. The GaAs substrate is finally re- wavelength range of 0.9-1m with a photomultiplier or a
moved by selective wet etching and the waveguides ar&e detector. Again, the measured data were normalized with
mounted on glass substrates. Similar processing steps hawgspect to GaAs and £D,. The measured spectra are also
been uset? to form a 2D photonic lattice. The scanning shown in Fig. 3, with a 12 dB attenuation at 1.4 along
electron microscop€SEM) image of the waveguide along thez direction. A transmission peak is also noted within the
with a schematic is shown in Fig. 2. stop band in the direction. The exact origin of the second

It is important to understand the nature of the fabricatedyap at the lower wavelength is not fully understood, but its
crystal. If the diffusion was perfedino lateral spreading presence is confirmed with measurement in two orthogonal
then the structure would be a set of centered hexagonal higlglirections. Similar gaps have been theoretically calculated by
index rods, with periodic gaps, immersed in the low indexMaystre et al. in photonic crystals composed of dielectric
Al,O, . However, because of the considerable lateral diffu+ods in air or air holes in dielectric medidfrand have been
sion of Zn with depth, there is a variation in the size of attributed to grating effects due to Wood’'s anomalies. These
MQW regions with depth. We therefore choose to describeauthors® also observed the introduction of doping, or de-
our structure as a quasi-3D, or weakly disordered crystal. Itects, in the lattice produced states in the gap, like the one
may not have true 3D photonic band gaps but should demebserved by us. It must be remembered that we are present-
onstrate stops bands. ing a technigue which could potentially be useful for realiz-

Low-temperature photoluminescence spectrum of the ashg semiconductor-based 3D photonic crystals. In the crystal
grown heterostructure reveals a peak at 702 (fig. 1), reported here, the perfect periodicity is destroyed by process-
which originates from the MQW regions and confirms theinduced nonuniformity of the scatterer size. These aspects
high quality of the sample. Surface norm@ direction are under investigation.
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10 velocity for this device, derived from a geometrical optics
estimation with a fill factor of 0.26, is about 1.54
x 10*%cm/s. Therefore, it can be said with some caution that
light localization occurs in our samples, possibly due to the
localized defect states, observed in the transmission experi-
ments.

We demonstrate here a processing technique with which
we have created a quasi-3D photonic crystal. Work is in

Transmittance (%)
—

T ~ exp(-L/Lioc) - . . .
04 progress to improve the size uniformity and scale down the
0.5 1 1.5 2 scatterer spacing by using electron-beam lithography and
Waveguide length L (mm) better controlled disordering techniques. Although it may not
@ be immediately possible to produce symmetric fcc or
2 diamond-like lattices, other lattice types such as simple cubic
or hexagonal can be realized after eliminating the process-
A5 induced size nonuniformity.
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