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The wet oxidation of AlAs and AlGaAs has been limited to relatively small
lateral dimensions and relatively thin layers. Approaches are described to
extend the oxide dimensions both horizontally and vertically, creating large-
area and thick buried oxides. Two types of large-area structures are examined:
dielectric stacks with thin buried oxides and semiconductor-on-insulator
structures with thick buried oxides. Low Al-content AlGaAs layers with low
oxidation rates are used as the high-index layers in large-area dielectric-stack
structures. High Al-content AlGaAs layers with low volume contraction are
used to create stable, thick buried oxides with millimeter-scale areas.
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INTRODUCTION

The ability to transform AlAs and (Al,Ga)As with
high aluminum content into aluminum oxide using
a wet thermal-oxidation process has had many im-
portant and beneficial consequences. Previous work
focused on the use of oxidized Al-containing mate-
rials as the index-guiding layer in edge-emitting
lasers,! as current confinement layers in vertical-
cavity surface-emitting lasers,>® as low dielectric-
constant layers in distributed Bragg mirror
stacks,®® and as low index of refraction materials
suitable for optical confinement when integrated
with high-index materials.!®!! Electronic use of
oxidized Al-containing material was investigated as
a gate dielectric for GaAs-based transistor'?1*
structures similar to the well-studied Si/SiO, coun-
terpart. Furthermore, the high degree of etch selec-
tivity, created by combining the oxide with III-V
materials, presents new opportunities to use the
oxide as a sacrificial layer in micro-electro-mechani-
cal structures and nano-electro-mechanical struc-
tures.!>1® Recently, the use of low-index, oxidized
Al-containing material has been employed in pho-
tonic bandgap crystal structures that require high
dielectric contrast in their design.”'” In addition,
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broadband dielectric-stack structures that use oxi-
dized low-index layers can be monolithically inte-
grated with saturable absorbers for mode-locking
ultrashort pulse lasers.5!®

By increasing the dimensions of oxidized Al layers
to larger lateral dimensions and thicknesses, new
technological applications become possible. For ex-
ample, using large-area oxidized mirrors integrated
with an absorber in a solid-state laser allowed for
stable mode locking. The large area (500-um-diame-
ter circular mesa) lessened the effects of two photon
absorption.®1® In addition, creating thick buried ox-
ides can allow for sufficient index confinement over
large areas in III-V planar lightwave circuits, creat-
ing new possibilities for device integration. To our
knowledge, in the majority of the work that has been
reported to date, the oxidation of Al-based materials
has been limited to relatively small areas (tens of
um?) or to relatively thin (A/4) layers. Oxidation
areas may have been limited due to the fact that
the process of creating oxidized layers at larger
dimensions can easily be degraded by the effects of
structure delamination.

In this paper, various approaches are described
to increase oxidation dimensions in both the hori-
zontal and vertical directions, creating stable large-
area and thick buried oxides. Fabrication process
tradeoffs involve the oxidation times, the oxidation
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temperatures, and the composition of the Al-con-
taining layers, each of which influences the stability
and oxidation rate.

To illustrate both large-scale horizontal oxidation
and large-scale vertical oxidation, two structure
types are examined. The first structure is a 500-um-
diameter cylindrical dielectric stack composed of
thin (hundreds of nanometers) alternating layers of
high- and low-index material. The low-index layers
are oxide layers created through the wet oxidation
of Al-containing layers. The second structure is a
semiconductor-on-insulator structure with a very
thick, low-index oxide that is buried beneath a
thinner GaAs device layer. Such a GaAs/oxide struc-
ture is analogous to widely used Si/SiO, silicon-on-
insulator (SOI) structures.

EXPERIMENTAL

Two types of structures are discussed in this
paper: large-area dielectric stacks with thin, multiple
buried-oxide layers and large-area semiconductor-
on-insulator structures with a thick buried-oxide
layer. Both structure types were grown using gas-
source molecular beam epitaxy (MBE) on GaAs (100)
substrates. The growth temperature of the GaAs and
Al,Ga;_,As layers was approximately 600°C. Because
the MBE system contains only one Ga and Al cell, the
growth rate of the AlGaAs layers is dependent on
the desired Al content. For example, in the AlAs/
Aly 5Gag ;As dielectric stack, the growth rates were
0.4 um/h and 1.3 pm/h, respectively.

The Al-containing layers were oxidized in a tube
furnace in which nitrogen gas carries water vapor
from a heated bath to the sample located in a fur-
nace tube. Syphons are used to maintain relatively
constant water levels in the bath and bubbler dur-
ing long oxidations. For all oxidations reported, the
water bath temperature was maintained at an aver-
age temperature of 90°C. The furnace temperature
was varied between 380°C and 475°C as measured
by a thermocouple. The samples were prepared prior
to oxidation either by cleaving the wafer to expose an
edge facet, or by defining mesas using photolithogra-
phy and wet etchants: a (1:1) HCl:H3PO, solution to
etch InP-based epilayers and a (1:8:40) H,SO,:H,0,:
H,0 solution to etch arsenic-containing layers.

The structures were characterized using a num-
ber of optical and structural analytical tools. High-
resolution x-ray diffraction (400) rocking curves were
used to determine the layer thicknesses of the unoxi-
dized structures. After oxidation, plan view images
were taken using a Nomarski microscope and cross-
sectional images were taken using scanning electron
microscopy (SEM). The Nomarski images highlighted
the extent of the oxidation and any structural
deformation. The SEM micrographs illustrated the
oxidation front’s progression through the layered
structure and helped to identify any delaminated in-
terfaces. Complete oxidation of the dielectric-stack
structures was verified using reflectance measure-
ments obtained with Fourier-transform infrared

775

(FTIR) spectroscopy and a microspectrophotometer.
Both measurement techniques measure the relative
reflectance over a range of wavelengths using a refer-
ence metal mirror. Auger electron spectroscopy (AES)
profile analyses were used to verify complete oxida-
tion of the semiconductor-on-insulator structures.

RESULTS AND DISCUSSION
Dielectric Stacks

A number of dielectric-stack structures were
studied with the goal of creating large-area het-
erostructures with alternating layers of high and
low refractive-index material. In the simplest
design, a structure with alternating layers of GaAs
and AlAs was grown, and 500 um circular mesas
were fabricated and oxidized in an attempt to form
GaAs/AlOy dielectric stacks. With its fast oxidation
rate, AlAs was chosen as the oxidizing layer in order
to achieve large areas of aluminum oxide. Upon oxi-
dation, however, this type of structure can suffer
from severe deformation. For example, Fig. 1a shows
the deformation of one mesa after an oxidation at
435°C for 2 h. The cross section shown in Fig. 1b il-
lustrates that the distortion is due to delamination
between the GaAs (106-nm thick) and AlAs (240-nm
thick) layers. Partial oxidation of the same dielec-
tric-stack structure at 435°C for 45 min also showed
severe delamination for both the oxidized and unox-
idized regions of the structure. This illustrates that
delamination effects caused by the oxidation process
can propagate over the full area of the structure.
Similar delamination has been observed in a num-
ber of cases and may be explained by the weak bond-
ing between an interfacial GaAs oxide and Al O,
layers,'®2 in addition to the stress created by AlAs
volume contraction upon oxidation.?! These stresses
in the oxidized regions then allow the delamination
process to propagate throughout the whole mesa
structure as illustrated by Fig. 1a and b. Lowering
the oxidation temperature lessens the delamination
effects but with the tradeoff of increased oxidation
times. Figure 2a shows that by lowering the oxida-
tion temperature to 375°C, a 10-h oxidation only
partially oxidized the mesa (140 um from the edge)
but eliminated the delamination effects. At temper-
atures above 375°C, faster oxidation rates are
achieved but with increasing delamination effects.

Instead of varying the oxidation temperature
to stabilize the structures, variations in material
composition were considered as an alternative. To
strengthen the bonding between the high-index lay-
ers and the oxide layers, aluminum was added to the
high-index GaAs layer of the dielectric-stack struc-
ture. Because AlGaAs has a substantially lower
oxidation rate than AlAs,'® an Al,,Ga, ;As layer was
initially considered for the high-index layer. Figure 2b
shows a 500-um-diameter mesa with an Al ;Gag3As
(130 nm)/AlAs (240 nm) stacked structure that was
completely oxidized in 2 h at 435°C with no deforma-
tion of the layered structure. (The slight edge delami-
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Fig. 1. (a) Nomarski micrograph showing the plan view of a GaAs/AlAs dielectric stack deformed because of stresses introduced by oxidation at
435°C for 2 h. (b) An SEM image showing the cross section of the stack with delaminated layers.
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Fig. 2. Nomarski micrographs showing the plan views of three different seven-pair dielectric-stack structures after oxidation: (a) a GaAs/AlAs
structure oxidized at 375°C for 10 h, (b) an Aly;Gay 3As/AlAs structure oxidized at 435°C for 2 h, and (c) an Al 3Gag 7As/AlAs structure oxidized

at 420°C for 4.25 h.

nation that is observed is at the interface between the
uppermost oxide layer and a highly strained, InP top
layer.) The SEM images suggested, however, that
although the dielectric-stack structure successfully
endured the stresses of oxidation, oxidation of the
Aly ;,Ga, sAs layers was significant—especially toward
the edges of the mesa where complete oxidation of all
the AlAs and AlGaAs layers had occurred.

To slow the oxidation rate of the Al,Ga; As layer
so as to retain its high refractive index after oxida-
tion, the aluminum content was decreased to 30%.
Figure 2¢ shows that an oxidation at 420°C for 4.25 h
resulted in the complete oxidation of the mesa with
no delamination of the Aly3Gag;As (92 nm)/AlAs
(200 nm) layered structure. The SEM images also
suggested no significant oxidation of the AlGaAs
layer.

Reflectivity measurements taken using FTIR spec-
troscopy and a microspectrophotometer were used to
characterize the performance of the dielectric stack

as a mirror. The reflectance measurements, shown in
Fig. 3, contrast the reflectivities of the oxidized and
unoxidized Alj 5Gag 7As (92 nm)/AlAs (200 nm) struc-
tures. The high dielectric contrast between layers in
the oxidized structure creates a mirror with high re-
flectivity over a broad wavelength range. This mea-
surement verifies that after the oxidation process,
high dielectric contrast stacks were created without
noticeable oxidation of the high-index layers. There-
fore, low Al-content AlGaAs layers can be used as the
high-index layer of a dielectric stack to help stabilize
the structure during large-area oxidations.

Thick Oxides

The large-scale oxidation of AlAs layers was also
considered for the creation of thick buried-oxide lay-
ers for semiconductor-on-insulator structures. As an
initial experiment, an oxidation was performed on a
GaAs-based structure consisting of a 450-nm-thick
GaAs layer on a 3,000-nm-thick AlAs layer. Two
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Fig. 3. Reflectance measurements of the oxidized and unoxidized
Alo.3Gag 7As/AlAs dielectric-stack structures.

50-nm Al 50Gag 50As layers were grown at both inter-
faces of the AlAs layer. The goal was to completely ox-
idize the 3,000-nm-thick AlAs layer, creating a thick
buried oxide using 50-nm intermediary Al 50Gag 50As
layers to reduce the strain between the oxide and the
GaAs epilayer and underlying substrate. Three oxi-
dation runs were performed on cleaved samples of
the above structure at temperatures of 470°C, 430°C,
and 400°C for 1 h. All three runs resulted in severe
deformation of the structure. This deformation was
likely caused by the lattice contraction of the very
thick AlAs layer, which strained the AlGaAs interme-
diary layers and the GaAs top layer. With a 3,000-nm
AlAs layer, a 12% linear contraction?! would result in
a 360-nm contraction approaching the layer thick-
ness of the 450-nm GaAs top layer.

This experiment illustrates that even by lowering
the oxidation temperature, oxidizing a thick buried
layer of AlAs will not result in a stable structure.
Varying the aluminum composition of the het-
erostructure was again considered as an alternative.
Oxidations performed on the dielectric stacks illus-
trated that GaAs/AlAs structures are not suitable
for large-scale oxidations and that the use of AlGaAs
instead of GaAs stabilized these structures. Low Al-
content AlGaAs stabilized the structure without sig-
nificant oxidation, whereas high Al-content AlGaAs
stabilized the structure with significant oxidation.

Using these results, the semiconductor-on-insulator
structure was modified to reduce the volume contrac-
tion of the oxidizing layer while allowing for reason-
able oxidation times. The approach uses alternating
layers of AlAs and high Al-content AlGaAs to create a
thick aluminum layer that can be completely oxidized
as in the dielectric-stack case that was presented
in Fig. 2b. By using the layered structure, the high
oxidation rates of AlAs layers can be combined with
the lower volume contraction of AlGaAs layers?!
to create thick buried oxides over a large area.
A schematic of the structure is shown in Fig. 4. To
stabilize the structure even further, the interfaces be-
tween each AlAs and AlGaAs layer were continuously
graded during the MBE growth to reduce interfacial
stresses upon oxidation.
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Fig. 4. Schematic illustrating the cross section of the structure used
to create a thick buried oxide with a plot of the designed aluminum
content as a function of structure thickness.

Figure 5a—d illustrates the oxidation results of
a cleaved sample from the structure illustrated in
Fig. 4 after steam oxidation at 420°C for 11 h. A se-
quence of SEM images, obtained along the path of
the oxidation front, shows how the thick layered
structure becomes fully oxidized. After 11 h, the oxi-
dation front advanced ~500 pm from the sample
edge. Figure 5a shows a cross-sectional profile at the
oxide terminus. The oxide terminus of two of the ox-
idized AlAs layers is clearly shown because of the
contrast between AlAs and Al,O,. The AlGaAs layers,
between the oxidized AlAs layers, remain unoxi-
dized. Figure 5b shows a cross-sectional image fur-
ther away from the oxide terminus, approximately
400 um from the sample edge. Three oxidized AlAs
layers are shown between the AlGaAs layers that
are now partially oxidized in the vertical direction.
The oxidized AlGaAs appears brighter and with
more contrast than the oxidized AlAs. Figure 5c,
which is an image approximately 300 um from the
sample edge, shows how the vertical oxidation of the
AlGaAs layers has progressed even further, leaving
only thin, unoxidized AlGaAs layers surrounded by
thicker oxide layers. In Fig. 5d, the cross-sectional
image at an area closest to the sample edge shows a
completely oxidized structure.

Though the lateral oxidation rate of AlGaAs is slow,
the AlAs layers, which oxidize more quickly, allow for
subsequent vertical oxidation of the adjacent AlGaAs
layers. Thus, the effective rate of oxidation of the
AlGaAs layers is increased. In addition, because the
AlAs layers experience a greater contraction than the
AlGaAs layers, the overall lattice contraction in this
structure has decreased relative to the pure AlAs
case, resulting in a stable, thick buried-oxide layer.

The AES analysis verified complete oxidation of
the structure, as shown in Fig. 6. Because Auger-
electron energies carry a unique signature of the el-
ement from which they were emitted, compositional
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Fig. 5. The SEM micrographs at different locations from the sample edge show lateral oxidation of AlAs layers with subsequent vertical oxida-

tion of the AlGaAs layers. (Schematic of the structure is shown in Fig. 4.)

analysis was performed to detect the presence of
aluminum, arsenic, gallium, and oxygen at different
depths in the layered structure. Cycles of ion
sputtering followed by analysis steps with a 3-keV
electron beam were used to obtain compositional
information versus depth. In Fig. 6, the relative
elemental concentrations after each sputtering cycle
are demonstrated using a plot of the Auger-electron
intensity versus energy. The native gallium oxide
is detected through the presence of oxygen and
gallium Auger-electron intensities in the first two
analysis cycles. The top GaAs layer is identified
through the gallium and arsenic Auger-electron in-
tensities of cycles 3 through 19. After analysis cycle
19, the arsenic Auger-electron intensity rapidly
decreases, and the aluminum and oxygen intensities
increase. The grading of the gallium content in the
oxidized AlGaAs layer is also visible at cycles 19 and
54 through the slight increase in the gallium Auger-
electron intensities. The oxygen content remains
approximately flat until completion of the AES scan
in cycle 60 verifying the complete oxidation of the
top AlAs/AlGaAs layers in the structure.

This experiment shows that thick, buried Al,O,
layers can be created without delamination by oxi-
dizing a stacked AlAs/AlGaAs structure. In addition,
this oxidation shows that such layers can be created
over millimeter-scale areas. The preceding oxidation
at 420°C for 11 h was performed for a sample with a
cleaved facet and resulted in an oxidation rate of
about 0.8 um/min for the AlAs layers. Oxidations per-
formed on large-area square-shaped mesas defined
with photolithography and wet etchants resulted in
similar oxidation rates. Faster oxidation rates were
observed for circular-shaped mesas. For example, the
oxidation front progressed approximately 160 um
from the edge of a 500-um circular mesa after a 2-h
oxidation at 420°C. This implies an oxidation rate of
1.3 um/min. Therefore, temperature, time, and geom-
etry must be considered to maximize the oxidation
rates to create millimeter-scale oxide areas. However,
long oxidation times at higher temperatures can also
result in the oxidation of GaAs layers. The SEM im-
ages and an AES scan verified significant oxidation
of the top GaAs surface after only 1 h of oxidation at
470°C. Lower temperatures slow this oxidation rate
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Fig. 6. The AES profile verifying complete oxidation of the layered
structure. The presence of each element is detected through the peaks
in detected intensity at the characteristic Auger-electron energies.

significantly. A cap layer of SiOy has been shown to
protect the GaAs layer during oxidation.

SUMMARY

By engineering the aluminum content of hetero-
structures, the wet oxidation of Al-based structures
can be successfully accomplished at large dimen-
sions in the vertical and horizontal directions. This
was demonstrated using two types of structures:
large-area dielectric-stack structures with multiple
layers of thin buried oxides and semiconductor-
on-insulator structures with a thick buried oxide.
Creating a large-area oxide structure requires
the design of a heterostructure that can oxidize
quickly while remaining stable during the oxidation
process. AlAs is used as the main oxidizing layer for
both structure types because it has the fastest oxi-
dation rate. In the dielectric-stack structures, using
GaAs as the high-index layer leads to delamination
at the oxide interfaces because of weak bonding. As
an alternative, low Al-content AlGaAs layers with
very low oxidation rates are used as substitutes for
GaAs layers. The result is an increase in the stabil-
ity of the structure after oxidation, allowing for the
creation of large-area dielectric stacks. In semicon-
ductor-on-insulator structures with a thick buried
oxide, using thick AlAs as the oxidizing layer leads
to deformation of the structure caused by volume
contraction. Alternatively, high Al-content AlGaAs
layers are inserted between AlAs layers to lower the
overall volume contraction of the structure with oxi-
dation occurring in the vertical and horizontal direc-
tions. The result is the creation of stable structures
that can be successfully oxidized over millimeter-
scale areas.
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