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Oxidized Al xGa12xAs heterostructure planar waveguides
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Waveguiding by total internal reflection is demonstrated within AlxGa12xAs semiconductor
heterostructures which have been fully oxidized in water vapor at;490 °C. Refractive index, mode
propagation constant, propagation loss (<3 cm21) at l051.3 and 1.55mm, secondary ion mass
spectrometry depth profile, and Fourier transform infrared transmission spectra measurements are
presented to characterize a multimode single-heterostructure oxide waveguide. An index contrast of
Dn50.06 is observed between oxidizedx50.4 andx50.8 AlxGa12xAs oxide layers. Absorption
loss at 1.55mm is observed due to OH groups. Near-field images are presented showing
waveguiding in a single-mode oxide double heterostructure. ©1999 American Institute of Physics.
@S0003-6951~99!05446-7#
-
a

s
s
ro

x
s,
to
ac

n
m
pl
te
id
n
io
ab
n
or
gh

re

ic
le

i-

rs,
re,

the

sur-

ing
on
ou-
of
ple

e-
Since its discovery in 1990,1 the wet thermal native ox
ide of the compound semiconductor AlGaAs has become
important material for optoelectronic and electronic device2

These stable oxides have a low refractive index, good in
lating properties, and are easily incorporated into hete
structures. AlGaAs oxides have previously been used
waveguiding applications for cladding layer inde
reduction,3 lateral confinement for buried strip waveguide4

or to introduce birefringence into a mostly semiconduc
core.5 In a recent study of the Al dependence of the refr
tive index in native oxides of AlxGa12xAs (x50.3– 0.97),6

we observed suitable index variations~e.g.,Dn>0.06 for x
50.4– 0.8! to enable waveguiding by total internal reflectio
within native oxide heterostructures. In this letter, we de
onstrate native oxide single- and double-heterostructure
nar waveguides fabricated by fully oxidizing appropria
AlGaAs semiconductor heterostructures. By internally gu
ing light in oxide films, substantially larger interactio
lengths allow the characterization of important absorpt
and scattering loss mechanisms not previously measur
via thin film transmission techniques. Understanding a
minimizing such optical losses is particularly important f
all applications in which the light directly passes throu
oxidized regions, as in birefringent waveguides,5 buried
microlenses,7 and photonic lattices.8 We present here prism
coupling characterization with fiber-probe loss measu
ments, secondary ion mass spectrometry~SIMS! depth pro-
files, and Fourier transform infrared~FTIR! transmission
spectra on a multimode single-heterostructure~two-layer!
waveguide. In addition, near-field images are shown wh
demonstrate waveguiding in a single-mode doub
heterostructure~three-layer! oxidized waveguide.

Metalorganic chemical vapor deposition~MOCVD! is

a!Electronic mail: yluo@nd.edu
b!Present address: EMCORE West, Albuquerque, New Mexico 87106.
3070003-6951/99/75(20)/3078/3/$15.00
Downloaded 20 Mar 2001 to 129.74.48.63. Redistribution subjec
n
.
u-
-

in

r
-

-
a-

-

n
le

d

-

h
-

used to grow two AlGaAs heterostructures on sem
insulating GaAs substrates:~1! a single heterostructure~SH!
consisting of 1mm of Al0.8Ga0.2As followed by 1.4mm of
Al0.4Ga0.6As; and ~2! a double heterostructure~DH! with 1
mm of Al0.8Ga0.2As, 0.4mm of Al0.4Ga0.6As, and 0.6mm of
Al0.8Ga0.2As. Both structures have 500 Å GaAs cap laye
and all layers are not intentionally doped. In each structu
the waveguide core is in the Al0.4Ga0.6As layer which main-
tains a higher Ga content and refractive index relative to
Al0.8Ga0.2As cladding layers after oxidation.6 The GaAs cap
layer is removed in a 4:1 citric acid:30% H2O2 selective etch,
and the heterostructures are thermally oxidized from the
face in water vapor as previously described6 at 493 °C for
262 min~SH!, and 492 °C for 98 min~DH!. The SH forms a
multimode asymmetric waveguide where an upper cladd
layer was omitted to allow prism coupling characterizati
of the indices and thicknesses of both layers. A prism c
pling mode profile in Fig. 1 shows dips in the intensity
light reflected from the prism surface contacting the sam

FIG. 1. Prism coupler mode profile for oxidized AlGaAs singl
heterostructure planar waveguide. Two modes~marked with arrows! propa-
gate in the upper, waveguiding layer. Inset shows measured indices (n1 and
n2) and thicknesses (T1 andT2) of layers 1 and 2, respectively.
8 © 1999 American Institute of Physics
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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when the varying prism angle allows coupling into modes
the oxide films.9 Two modes with effective indexneff5b/k0

5np sinup5nf sinuf exceeding the cladding layer inde
~marked by the vertical dashed line in Fig. 1! are guided by
total internal reflection within the oxidized Al0.4Ga0.6As up-
per layer. Here, the mode propagation constantb5k sinuf ,
wherek52pnf /l05k0nf , np51.9646 is the prism index
nf5n1 is the top~guiding! film index, andup andu f are the
prism and film angles as defined in Fig. 3. Narrow dips
characteristic of guided modes, with broadening caused
propagation loss. The measured refractive indices (n1 ,n2)
and thicknesses (T1 ,T2) of both layers are accurately dete
mined from the relative mode positions, and are shown in
inset of Fig. 1. Index values are very close to those meas
on single-layer films.6

Figure 2 shows SIMS depth profiles for Al, Ga, O, A
and H on the oxide SH of Fig. 1. Constituent concentratio
are relative due to uncalibrated and matrix-dependent
yield efficiencies. The H profile is shifted down one deca
for clarity. The layer thicknesses and interface locations
approximate due to matrix-dependent sputtering rates
ion knock-in effects, and thus the actual interface abruptn
cannot be deduced from Fig. 2. The profiles do demonst
oxide uniformity and relative Al and Ga concentratio
which are preserved in the two distinct AlxGa12xAs hetero-
structure regions, with no obvious layer interdiffusion duri
the oxidation process. The mode pattern in Fig. 1 does
contain the mode depth anomalies seen in initial studie10

We attribute this to a more uniform distribution of As tha
observed previously,10 perhaps due to improved process co
trol. A more uniform H distribution than shown in Ref. 1
may be due to a more complete moisture saturation of
hygroscopic films6 at the time of SIMS measurement. Th
presence of H may also indicate the existence of a hydro
phase.6

Figure 3 shows propagation loss measurements al0

51.3 and 1.55mm for the first guided modes of the oxide S
of Figs. 1 and 2. The inset shows the prism coupling setup
scanning fiber bundle is used to probe the spatial depend
of the scattered light intensity~directly proportional to the
power propagating in the guided mode!. Exponential fits
over the range shown yield total attenuations of 3.0 cm21

FIG. 2. Secondary ion mass spectrometry depth profiles for the oxide w
guide of Fig. 1. The oxide films are uniform, and the relative Al and
concentrations of the original Al0.4Ga0.6As/Al0.8Ga0.2As single heterostruc-
ture are preserved after oxidation.
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~12.9 dB/cm! at l051.3mm and 2.5 cm21 ~10.7 dB/cm! at
1.55 mm. The exponential tails~beyond;0.7 cm! contain
random signal offsets due to stray background light and o
spurius effects and are discarded for more reliable fitti
Estimated loss measurement accuracy is620%. The attenu-
ation ratioa ~1.3 mm!/a ~1.55 mm! of 1.2 is less than the
value of 2 predicted by Rayleigh’s 1/l0

4 law for volume scat-
tering, or the value of 1.4 obtained by 1/l0

2 theories for in-
terface scattering.9 This suggests the presence of sligh
greater loss due to absorption at 1.55 than 1.3mm. This can
be attributed to the presence of hydroxyl~OH! groups re-
maining from the wet oxidation process, subsequent ads
tion of moisture, and possible hydroxide phase componen6

The presence of OH groups in the oxide SH of Figs. 1–3
confirmed by the FTIR transmission spectra shown in Fig
Measurement at normal incidence results in Fabry–P
resonances. A clear dip characteristic of OH vibration is o
served at 3406 cm21 (l052.94mm). Similar results have
been reported for oxidized AlAs.11 The weak harmonic
(2v0) of the OH mode is still a source of loss at short
wavelengths near 1.55mm. As seen by the marked position
of the 1.3 and 1.5mm subharmonics (231.3 and 2
31.55mm in Fig. 4!, the OH harmonic should result in los
in oxidized AlGaAs at 1.55, but not 1.3mm. The losses
measured on the waveguide in Fig. 3 would yield less th
0.1% absorption in normal incidence thin-film transmissi
measurements even on this relatively thick~2.3 mm! film,
and are thus not evident at 1.55mm (6452 cm21) and 1.3mm
(7692 cm21) in Fig. 4.

Loss measurements were also attempted atl05633 and
830 nm, but the attenuation was too rapid for the techniq
of Fig. 3 which cannot reliably measure losses above ab
7 cm21 ~30 dB/cm!. We calculate that some of the loss
these wavelengths (;0.5 and;2.6 cm21, respectively! is
attributed to absorption of the evanescent wave in the G
substrate, and could be avoided by use of a slightly thic
bottom cladding layer. Assuming no absorption loss at
mm according to the FTIR data of Fig. 4, the scattering lo
at 830 nm should lie between 7.4 and 17.9 cm21, as pro-
jected using interface scattering theory9 and Rayleigh’s law,
respectively. It is well known that at a rough interface, sc
tering loss is higher for higher index contrasts. Lower sc

e-FIG. 3. Propagation loss atl051.3 and 1.55mm for oxide waveguide of
Figs. 1 and 2. The inset shows the prism coupler setup. The exponen
decaying guided mode power is directly proportional to the scattered l
intensity collected by the scanned fiber-bundle probe.
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tering losses should result from the addition of an oxide
per cladding layer.

We have also studied oxidization of an AlxGa12xAs DH
waveguide, described above, designed to have a single m
both before and after oxidation. It might be desirable to
tegrate a transparent oxide waveguide with an active se
conductor laser or amplifier for integrated optics applic
tions. One motivation is the possibility of realizing
monolithically pumped Er31-doped native oxide source o
amplifier for 1.55mm telecommunications applications, a
AlGaAs native oxides appear to be better hosts than un
dized semiconductors for optically active rare-ea
dopants.12 The TE-polarization near-field intensity profile
imaged on a linear charge-coupled device~CCD! array are
shown in Fig. 5, demonstrating waveguiding in the DH b
fore and after complete oxidation. The measured full wid
at half maximum~FWHM! at l051.0mm is 0.9mm before
and 2.1 mm after oxidation. For our imaging optic@f
53.1 mm, 5 mm diameter~D! molded aspheric lens#, the
Airy diffraction ‘‘blur’’ radius at l051.0mm is r
51.22l0f /D50.76mm at the first zero ~0.32 mm at
FWHM!; diffraction effects thus prevent direct measurem

FIG. 4. Normal incidence Fourier transform infrared~FTIR! transmission
spectrum of oxide waveguide of Figs. 1–3. Dip at 3406 cm21 indicates
absorption by OH groups. The dashed line indicates the interpolatio
Fabry–Perot resonances.

FIG. 5. Measured near-field intensity distributions for AlxGa12xAs DH
single-mode waveguide before and after complete oxidation. The struc
~shown in inset! was oxidized at 492 °C for 98 min. An inset plot is show
of the relative oxide waveguide transmission near 900 nm.
Downloaded 20 Mar 2001 to 129.74.48.63. Redistribution subjec
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of the actual mode dimensions. Simulated intensity FWH
at l051.0mm are 0.34 and 0.73mm using respective core
cladding indices for the semiconductor and oxide DH
3.369/3.125 and 1.607/1.543. The inset in Fig. 5 shows
the transmission through the 1.8 mm long oxidized wa
guide ~measured using a tunable Ti:sapphire laser! abruptly
cuts off below around 900 nm, the approximate start of
GaAs band edge absorption tail,13 indicating an inadequate
lower cladding layer thickness to prevent substrate abs
tion. In comparison, the unoxidized waveguide has adequ
mode confinement and is transparent to,810 nm~the limits
of our tuning range!.

We have recently shown that a;23 larger index con-
trast (Dn>0.12) results if a small amount of oxyge
(>300 ppm) is present in the water vapor carrier gas~ultra-
high purity N2! during oxidation.6 This behavior is attributed
to a transition from a hydroxide to a denser, more sta
(Al xGa12x)2O3 oxide phase, and promises to yield low
loss, higher confinement native oxide waveguides. Fina
we note that even with their rather large thicknesses~up to
2.3 mm!, our oxide films appear uniform, specular, and m
chanically stable. Cleaving facets in the amorphous ox
DH is problematic, but large regions of apparently go
facet quality are achieved by standard cleaving techniqu
Cleaving after oxidation may be avoidable with an approp
ate integration process.

In conclusion, we have demonstrated waveguid
within oxidized AlGaAs heterostructures and shown th
utility for characterizing loss mechanisms not measurable
thin film transmission techniques. A slight absorption lo
due to OH groups is present at 1.55mm. With further reduc-
tions in scattering and substrate absorption losses, prac
transparent oxide waveguides, integratable with active se
conductor heterostructure devices, may potentially be r
ized.

This work was supported by NSF CAREER Award N
ECS-9502705.
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