
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 2, FEBRUARY 2000 199

Near-Infrared Refractive Index of Thick, Laterally
Oxidized AlGaAs Cladding Layers

F. Sfigakis, P. Paddon, V. Pacradouni, M. Adamcyk, C. Nicoll, A. R. Cowan, T. Tiedje, and Jeff F. Young

Abstract—The optical transmission in the range 900–1600 nm
was measured through thick ( 1 m) layers of Al0 98Ga0 02As
wet-oxidized at 375 C on GaAs. The spectra are fit well by ne-
glecting absorption, and using 1.61 for the refractive index.

Index Terms—Oxide-cladding, photonic crystals, refractive
index, semiconductor waveguides, wet-oxidation.

I. INTRODUCTION

T HE LATERAL oxidation of epitaxially grown layers of
Al-rich Al Ga As is already an important process

used in fabricating vertical-cavity surface emitting lasers
(VCSEL’s), index-guided, in-plane lasers, distributed Bragg
reflectors (DBR’s), asymmetric Fabry–Perot (ASFP’s) mod-
ulators, resonant cavity photodetectors, and resonant-cavity
light-emitting diodes (RCLED’s) [1]–[4]. Many studies on the
kinetics of the oxidation reaction and microstructure of the
oxide have been published [5]–[10]. However, the vast majority
of previous work has concentrated on relatively thin (<100
nm) layers, and there is little information about the optical
properties of these oxides in the 0.9–1.55-m wavelength
range. The index of refraction of oxidized AlGaAs or AlAs has
been reported [11]–[16], but most of this information is based
on single-wavelength ellipsometry (often done at a wavelength
of 633 nm).

Thicker layers of oxidized AlGaAs are of interest as
low-index cladding layers in waveguide-based “photonic
crystals” [17], [18]. It is important to know the complex
refractive index of the oxides over a wide (>100 nm) spectral
range, corresponding at least to the size of the optical gaps that
are opened up in these photonic crystals through the use of
periodic dielectric texture [17], [18]. In this paper we describe
the successful lateral oxidation of an∼1 µm thick layer of
Al Ga As that remains robustly attached to a GaAs
substrate. The normalized transmission spectra of broad-band
radiation through the oxidized cap layer and the substrate are
fit to obtain an estimate of the complex refractive index of the
oxide layer in the range 900–1600 nm. The spectra can be fit
using a refractive index of 1.61 and zero absorption.
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Fig. 1. Structure of the MBE-grown sample.

II. OXIDATION PROCESS

The sample used in this study was a passive waveguide
structure, grown by molecular beam epitaxy (MBE): its struc-
ture is shown in Fig. 1. The semi-insulating GaAs substrate
was ground and polished to a total thickness of 60m. The
epitaxial layer thicknesses shown in Fig. 1 were measured with
a scanning electron microscope (SEM), after oxidation. Two
layers of oxidized Al Ga As, one 430-nm -thick and the
other 425-nm thick, surround a 40-nm thick Al Ga As
core layer. A superlattice cap made up of ten alternating layers
of 4 nm GaAs and 4 nm Al Ga As (total cap layer
thickness of 42 nm) protected the top cladding layer from
exposure to the ambient atmosphere. The nominal aluminum
composition of the Al Ga As layers was confirmed by
X-ray diffraction (XRD), prior to oxidation. Ridges, 30 m
wide, were defined by selective wet etching in alternating steps
with solutions of HF : HO : 5000 and CH O : H O 50 : 1
(volume ratios); the CH O (citric acid) solution was prepared
by mixing C H O : H O 1 : 1 by mass. The total etch depth
was about 5 m. Since the epitaxial layers are∼1- m thick,
this means that the etched troughs extended approximately 4

m into the substrate. The oxidation process was carried out
for 90 min in a N /H O atmosphere at a temperature of 375
C. The oxidation reaction propagated laterally in the oxidized

layer via the exposed edges of the ridges.
SEM and AFM measurements show that the oxidized

Al Ga As layers contract by (5.4 0.9)%. Energy-dis-
persive X-ray spectroscopy indicated that the oxide layers are
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composed of aluminum oxide with a small amount of residual
gallium. Powder X-ray diffraction measurements show no
sign of crystalline structure. Based on these data and similar
published results [5]–[8], we hypothesize that our oxide films
are predominantly made up of amorphous aluminum oxide,
possibly hydrogenated, and possibly containing small, <10 nm,
Al O crystals.

The lateral oxidation of our thick Al Ga As layers fol-
lowed a linear growth law for temperatures between 375C–450
C, characteristic of a reaction rate-limited process. This is con-

sistent with the observations of others [10]. The simplest func-
tion that phenomenologically describes the oxidation rate is

(1)

linear oxidation rate;
prefactor;
Boltzmann constant;
activation energy of the reaction mechanism;
thickness of the unoxidized layer.

By fitting the rate constants measured over this range of temper-
atures to (1), we obtain an activation energy of

) eV and a value of 2.9 1.3 10 m/h (8 3 10
m/s) for . These results are consistent with those reported by
others, using thinner AlAs layers [9], [10]. Fig. 2 shows the
values obtained in the present work, together with those reported
by other groups, as a function of the AlAs layer thickness.

Although it is possible to oxidize the samples at temperatures
as high as 450C, delamination becomes more of a problem than
at lower temperatures. The lack of run-to-run reproducibility in
regard to delamination, also reported by Evanset al.[19], makes
it difficult to identify precise conditions under which it can be
reliably avoided. However, our experience indicates that the key
is to oxidize completely through the ridge in a single high-tem-
perature process, but to stop as soon as possible after the oxida-
tion fronts meet at the center of the ridge. If the oxidation rate
is not well characterized, it is difficult to avoid “over-oxidizing”
at higher temperatures, and hence we find that lower tempera-
tures usually produce more reliable results. SEM studies of par-
tially oxidized mesas may indicate why it is important to com-
pletely oxidize the ridges in a single process step, as also noted
by Evanset al. [19]. We find that cross-sections of partially ox-
idized ridges routinely show good quality interfaces behind the
oxidation fronts, but there is always some degree of local de-
lamination near the fronts. When two oxidation fronts collide
at elevated temperatures it seems that the single resulting oxide
layer can conform to the unoxidized substrate, whereas incom-
plete penetration leaves two locally delaminated fronts that can
nucleate more massive delamination if cooled too rapidly, or if
subject to further thermal processing.

III. OPTICAL TRANSMISSIONMEASUREMENTS

A halogen lamp filament was imaged into a single mode op-
tical fiber, and the output of the fiber was weakly focused on
the processed wafer surface, at normal incidence. A magnified
image of the ridges, obtained through the substrate, was pro-
jected onto the entrance aperture of a BOMEM DA8 Fourier

Fig. 2. Activation energies as a function of thickness from various research
institutions; the inset shows the prefactor as a function of layer thickness.

Fig. 3. Eight normalized, normal incidence transmission spectra. As discussed
in the text, the normalization consists of dividing the spectrum through a ridge
by the spectrum through the substrate.

transform interferometer. By adjusting the size and location of
the input aperture, it was possible to separately measure the
transmission spectrum of the light passing through the substrate
and the oxidized layers in the ridges, or through the substrate
alone. The spectra were obtained at a low resolution of 40 cm,
which served to remove the modulation due to Fabry–Perot ef-
fects in the substrate. The transmission spectra obtained through
the ridges were then normalized by spectra taken through the
adjacent substrate. This was a convenient normalization proce-
dure since the transmission spectrum through a single slab of
semi-insulating GaAs is easily modeled. All normalized trans-
mission spectra were generated in pairs: the first one would be
through a ridge, followed immediately by a scan through the
substrate between the ridges, without adjusting any of the op-
tics.

Fig. 3 shows eight normalized transmission spectra taken over
a period of several hours from different locations on more than
one ridge. Because none of the optical elements were adjusted
between the reference scan through the substrate and the scan
through the ridge, both the spectral positions of the features in
the transmission spectra, and their amplitudes could be used to
estimate the complex refractive index of the oxide layers. The
dashed lines in Fig. 4 show the uncertainty range about
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theaverageof the eight spectra shown in Fig. 3, whereis the
frequency-dependent standard error in the data.

IV. REFRACTIVE INDEX DETERMINATION

The normalized transmission spectra were simulated using a
simple multilayer solution of the Maxwell equations at normal
incidence. Two simulations were done for each spectrum, one
for the reference transmission through the uniform slab of semi-
insulating GaAs, and the other for the actual ridge data. The
simulated spectra were filtered (in position space) to simulate
the 40 cm resolution of the interferometer. The known dis-
persion of the refractive indexes of GaAs and AlGa As
layers were included [20]. The thicknesses of the layers were
determined by SEM measurements, but the fitting procedure al-
lowed their values to vary within the uncertainty shown in Fig. 1.
Thus, allowing for the uncertainties in the layer thickness, the
only remaining “free” parameter is the aluminum oxide’s re-
fractive index.

Fig. 4 shows the simulated spectrum that is closest to falling
within the uncertainty range of the experimental data
shown in Fig. 3.

This fit was obtained by neglecting dispersion in the oxide’s
refractive index, so no attempt was made to include it (note
that the refractive index of -alumina varies only from 1.755
to 1.746 between 1033–1550 nm [21]). The best fits were gen-
erated with indexes of refraction varying from 1.59 to 1.63 for
the oxidized Al Ga As layers. Both layers have the same
index of refraction; this was not enforced, but came naturally out
of the fitting process. Even though the SEM images indicated
that the thicknesses of both Al Ga As layers were similar
(within 5 nm), the fits were optimum with asymmetric thick-
nesses (consistent with SEM uncertainties). For each different
value of the oxide’s index of refraction in the range 1.59–1.63,
the difference between the thicknesses of the oxide layers re-
mained consistently in the40 nm range. Table I gives the pa-
rameters associated with the best fits obtained using indexes of
refraction of 1.59, 1.61, and 1.63, along with the thicknesses
measured using the SEM.

Fig. 5 shows a plot of the sum-of-squared differences between
the simulated spectra and the furthest 3bounded experimental
curve as a function of the oxide’s refractive index, using values
for the layer thicknesses listed for in Table I.

From Fig. 5 we deduce that the refractive index of the oxide is
, but we are unable to accurately estimate its absorption

coefficient. We note, however, that any narrow-band (linewidth
between 20–500 cm ) absorption dips would be readily ob-
served in the experiment if the associated absorption coefficient
(2 ) was greater than∼1000 cm .

Table II lists values of the refractive index for oxidized
Al Ga As reported in the associated references. For
comparison, the refractive index of–Al O and gibbsite
[ –Al(OH) ] are also listed. Our results are at the high range
of those reported for other wet-oxidized AlGaAs layers. All
of these results show that the refractive index of the converted
semiconductor layers is significantly lower than that of crys-
talline –Al O , and quite close to that of –Al(OH) . If
hydrogen is a significant component in the wet-oxidized layers,

Fig. 4. Simulated versus experimental normalized transmission spectra
for n = 1:610; the solid line corresponds to the simulation with the
parameters listed above, and the dashed lines represent the uncertainty range
(within �3�) of the average experimental transmission spectrum.

Fig. 5. Sum-of-squared deviations between simulated and experimentally
bounded transmission spectra as a function of the simulated index of refraction
of the oxide.

TABLE I
COMPARISON OF MEASURED THICKNESSES

(SEM) WITH THOSE FROM THESIMULATIONS

the variations in the measured refractive indexes might be
explained by small differences in the oxidation recipes used by
different groups.

V. CONCLUSION

The optical constant of thick oxidized layers of
Al Ga As has been determined by fitting broad-band
transmission spectra in the 900–1600 nm wavelength range.
At a sensitivity of ∼1000 cm , the oxide exhibited no
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TABLE II
LISTS OFREPORTEDVALUES FOR THEINDEX OF REFRACTION OFOXIDIZED

Al Ga As. THE STARTING MATERIAL FOR REFERENCE16 IS ACTUALLY A

DIGITAL ALLOY OF PERIOD 6 nm (5.5 nm AlAs, 0.5 nm Al Ga As)

narrow-band absorption, and its refractive index is 1.61 $\pm$
0.02 over this range of wavelengths.
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