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Nonselective Wet Oxidation of AlGaAs

Heterostructure Waveguides Through
Controlled Addition of Oxygen

Yong Luo and Douglas C. Hall, Member, IEEE

Abstract—We present data showing that the addition of trace
amounts of O, (<1% relative to N3) to No+H>O process gas
during the wet thermal oxidation of Al,Ga;_,As enhances the
oxidation rates of lower Al content (x < 0.8) alloys (a tenfold
increase for x = 0.3), while decreasing the oxidation rate selec-
tivity R(x = 0.8) /R(x = 0.3) by a factor of seven. An increase
in the refractive index from 1.49 to 1.68, and a fourfold decrease
in surface roughness, indicates the formation of a denser, higher
quality oxide for x = 0.3 AlGaAs. Oxides are characterized by
prism coupling, atomic force microscopy, and scanning electron
microscopy. Thermochemical calculations show a probable mech-
anism in the enhancement of the dry oxidation reactions of AlGaAs
for low levels of O, while there is still an adequate quantity of H
produced to reduce As oxides in the wet oxidation process. An
AlGaAs quantum well heterostructure p-n laser diode crystal is
nonselectively oxidized to create a deep oxide, high-index contrast
waveguide with potential applications in semiconductor photonic
integrated circuits that require small bend radius, high isolation,
low crosstalk optical waveguides.

Index Terms—Integrated optoelectronics, materials processing,
semiconductor films, semiconductor waveguides.

1. INTRODUCTION

HE 1990 discovery of the wet-thermal native oxides of

AlGaAs [1] has led to significant advances within the field
of optoelectronics. The much higher oxidation rate of AlAs rel-
ative to GaAs has enabled the selective oxidization of buried
Al,Ga;_xAs (x > 0.85) layers sandwiched between lower Al
content AlGaAs or GaAs cladding layers [2]-[4]. The embedded
oxide layer grown laterally inward from the exposed heterostruc-
ture edges of an etched mesa produces a useful current aperture,
now widely employed in vertical-cavity surface-emitting lasers
(VCSELs) with dramatic performance improvements [4]-[6]
and excellent reliability; see, e.g., [7].

In AlGaAs and several other III-V alloy systems (e.g., Alln-
GaP, AllnAs, and AlGaSb), these native oxides provide a low
refractive index (n ~ 1.6), insulating material useful in a vari-
ety of applications for both current and optical confinement [6],
and offer strong potential for advanced photonic integration.
However, in contrast to the ideal nature of selective lateral ox-
idation for the fabrication of VCSELSs, the dramatic rate se-
lectivity versus Al content in III-V alloys [6], [8]-[10] poses
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processing limitations for edge-emitting geometries. Here, oxi-
dation is generally restricted to high Al content (x > 0.8) upper
cladding layers, whereas lower Al content layers are preferable
for reliability reasons. Also, in fabricating oxide-confined index-
guided edge-emitting lasers in an AlGaAs—GaAs quantum well
heterostructure (QWH) [11], [12], the oxidation front cannot
penetrate downward through the lower Al content waveguide
region before the complete lateral oxidation of the higher Al
content upper cladding layer (inward, under the contact stripe
mask) pinches off the current path to the active region. Oxidiz-
ing only the upper cladding layer limits the maximum lateral
effective index contrast for waveguides to An ~ 0.05-0.1 [13],
limiting the minimum radius of curvature for bent waveguide
structures [14]-[16]. One demonstrated solution for achieving
“deep oxidation” through the active region for high index con-
trast waveguiding is a two-step process, in which Si impurity-
induced layer disordering (IILD) [17] is first used to intermix
the QWH, increasing the average Al content in the disordered
waveguide for subsequent, enhanced oxidation [18]-[20].

In this work, we demonstrate the utility of controlled oxy-
gen addition during wet oxidation to both greatly enhance the
oxidation rate of low Al content Al,Ga;_xAs (x < 0.6), while
also reducing the rate selectivity to Al content, thereby pro-
viding, in effect, a simple and essentially “nonselective” oxi-
dation technique. The detailed dependencies of oxidation rates
of Al,Ga;_,As (x = 0.3 and 0.8), oxide refractive index, and
surface roughness upon O2 content in the water vapor carrier
gas are studied, with a significant, favorable process modifi-
cation obtained (x = 0.3) with only trace amounts (<1%) of
added O- (Section III). Here, we also demonstrate the deep ox-
idation of an AlGaAs QWH laser crystal without the need for
IILD for applications requiring high index contrast waveguides
(Section IV-A). This “mixed carrier gas” technique has also
previously been employed to realize a substantial loss reduction
in fully-oxidized AlGaAs single heterostructure planar waveg-
uides [21], [22], potentially applicable in photonic integrated
circuits for broadly transparent passive sections (Section I'V-B).
Finally, thermochemical calculations are presented to help illu-
minate the role of additional O, in modifying the wet thermal
oxidation process chemistry for AlGaAs (Section V).

II. THE WET OXIDATION CARRIER GAS
A. Background: Known Effects of Oxygen

It has been shown that using pure O as the carrier gas bub-
bled through H,O completely suppresses the lateral oxidization

1077-260X/$20.00 © 2005 IEEE



LUO AND HALL: NONSELECTIVE WET OXIDATION OF ALGAAS HETEROSTRUCTURE WAVEGUIDES

of Alg.gsGag g2As [6]. While this result may lead to the belief
that any added O will suppress oxidation rates of any com-
position AlGaAs, earlier reports have shown that the addition
of 0.1% (1000 parts per million, or ppm) O5 to a Ny carrier gas
significantly reduces the reaction-rate activation energy and
enhances oxidation rates for Aly ¢Gag 4As, while having very
little effect on Aly 77Gag.23As [9]. In a previous study of the
Al,Ga;_,As native oxide refractive index for varied Al com-
position x(0.3—-0.98) and oxidation temperatures, we observed
a much higher refractive index for x = 0.3-0.5 Al Ga;_xAs
oxides when oxidized with a small, unknown amount of O, con-
tamination in the N carrier gas from a malfunctioning ultrahigh
purity (UHP) Ny generator [21]. In this work, we report further
investigations into this effect, in which we have controllably
introduced Og to the No+H5O process gas during oxidation
of Al,Ga;_xAs (x = 0.3 and 0.8) to study the dependencies of
oxidation rate, refractive index, and surface roughness on O,
content.

B. Experimental Technique

The Al,Ga;_,As heterostructures employed in this work are
grown by metal organic chemical vapor deposition (MOCVD)
at a growth temperature of 750 °C. All layers are unintention-
ally doped. AlGaAs films oxidized in Section III studies have
a thickness of ~1 pum. After removal of a GaAs cap layer by
wet chemical etching, the AlGaAs layers are oxidized at ele-
vated temperatures (400-500 °C) in water vapor carried into
the 2-in tube furnace by bubbling Ny through H>O at 95 °C.
Maintaining our Ny flow bubbled through the heated water at
the 0.66 L/min, equivalent to the 1.4 scfh (sft*/hr) flow rate
used in the original wet oxidation experiments [1] and in our
previous studies [21], we now use an additional mass flow con-
troller (calibrated with 5 sccm (cm®/min) full scale) to precisely
mix UHP Os into the No+H5O process gas after the bubbler,
allowing O5/Ns ratios up to 0.005/0.66 or 0.76% (7600 ppm).
The effects of higher O, concentrations are investigated by us-
ing premixed custom gases (with 1, 2, or 5% O in N») passed
as a mixed carrier gas through the water bubbler. We use the
terminology “mixed carrier gas” whether the O is mixed into
the process gas stream before or after the H,O bubbler, and
despite the fact that the N24-O4 gas is not a carrier gas in the
conventional sense of being “inert,” as it clearly directly par-
ticipates in the oxidation reactions. The actual concentration
of Os relative to the total O2+Ny+H2O process gas would be
more difficult to determine or regulate, as the HoO flow rate
is a function of the HyO vapor pressure in the heated bubbler
and N carrier gas flow rate.

III. OXYGEN ADDITION TO CARRIER GAS:
EXPERIMENTAL RESULTS

A. The Effects of O2 Addition on the Oxidation Rate of AlGaAs

Prism coupling measurements of the refractive index and
thickness of the AlGaAs wet thermal native oxide films are
performed with a Metricon Model 2010 instrument [21]. Oxi-
dation times are varied to compensate for changing oxidation
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Fig. 1. Oxidation rates of (a) Alp.3Gagp.7As and (b) Alp.gGap.2As native
oxides formed by mixing Oz with the ultrahigh purity N2+H2O process gas.

rates to obtain films, where possible (up to ~7000 ppm O3),
with a thickness of ~0.8-0.9 pm while avoiding overoxidation
into the GaAs substrate. This ensures three optical modes in a
nominally homogeneous single film for optimal prism coupler
characterization. The index accuracy is +0.0001, and the error
of the thickness measurement is typically less than 0.3%. These
accurate thickness measurements are used to determine the ox-
idation rates reported as follows, assuming linear growth rate
dynamics [9], [10], [21].

Fig. 1 shows the effects of controlled Oy addition to the
process gas on the 450 °C oxidation rates of (a) Aly 3Gag.7As
[Fig. 1(a)] and (b) Alp.gGag2As [Fig. 1(b)]. The increasing
oxidation rates satisfy a linear relationship for O, concentrations
less than ~7000 ppm, as given by (1) and (2):

R =2.09 + 0.00229C (nm/min), (x=0.3) (1)

with a least squares fit correlation coefficient » = 0.999 for Oq
concentrations C' < 7000 (ppm), and

R =30.5+ 0.00227C (nm/min), (x=0.8) 2)
with a fit correlation coefficient r = 0.991 for O, concentra-
tions C' < 6000 (ppm). In Fig. 1(a), for the lower Al com-
position Aly 3Gag 7As, the oxidation rate (1) is dramatically
increased by almost one order of magnitude for an O2 con-
centration of 7000 ppm. In Fig. 1(b), for AlysGag 2As, the
oxidation rate (2) is also increased at the same rate, but be-
cause the oxidation rate in UHP N3 (C = 0) is much higher,
the relative change is less significant. It is thus clear that the
oxidation rate selectivity between high and low Al composi-
tion AlGaAs, drops dramatically for a properly selected ratio
of Oy to Ny in the wet thermal oxidation process. For example,
the rate selectivity R(x = 0.8)/R(x = 0.3) at 450 °C decreases
from (30.2 nm/min + 1.77 nm/min) = 17.1X in UHP N5 to
(43.2/17.9) = 2.4X with the addition of 7000 ppm O, relative
to Ns. At higher O, concentrations (>6000-7000 ppm), where
the oxidation rate begins to drop, the oxide growth may become
diffusion-limited by the formation of a denser oxide, such that
the plotted rates, determined from a linear growth assumption,
may no longer be strictly accurate. The behavior observed here
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is explained in Section V with the aid of thermochemical calcu-
lations for the wet and dry oxidation reactions involved.

We note that the slopes of the changing rates versus Oy con-
centration are very close: 0.00227 nm/(min-ppm) for x = 0.3
versus 0.00229 nm/(min-ppm) for x = 0.8. This suggests that
O, addition similarly influences specific reactions in the oxida-
tion of Al,Ga; As, independent of Al composition, x. Other
data (not shown) indicates that the slope of the oxygen-induced
rate enhancement (the coefficient to C in (1) and (2)) is tem-
perature dependent. For example, for Aly 4Gag ¢As oxidized at
475 °C, the slope is increased to 0.00323 nm/(min-ppm), and for
Alp.3Gag 7As oxidized at 500 °C, the slope is further increased
to 0.00398 nm/(min-ppm).

We have looked for a rate enhancement with O, added during
the lateral oxidation of a 50 nm Al 9sGag g2As layer of the
type widely employed in VCSEL structures, although in such
applications the decrease in rate selectivity to Al content would
generally be undesirable. No rate enhancement is detectable at
430 °C with 7000 ppm Os. The expected enhancement of ~10
nm/min at this O content and temperature (extrapolated from
enhancement slopes at 450-500 °C given preivously) is simply
immeasurable and negligible relative to the 1.17 ym/min rate
observed with O ppm Os.

While the use of O5 addition during wet oxidation may not be
beneficial for VCSEL structures, it is significant for its ability to
extend the use of wet thermal oxidation technology to—and po-
tentially enable new optoelectronics applications in—AlGaAs
heterolayers with lower Al content. While wet thermal oxida-
tion of an upper Al ¢Gag 4As cladding layer was used in [12]
to form high performance index-guided lasers, the slow oxida-
tion rate required utilization of a thinner (~0.5 ym) cladding
layer than is typically employed, and an undesirably high oxida-
tion temperature of 525 °C. With the enhanced oxidation rates
achieved through the controlled addition of O, not only can ox-
idation temperatures be reduced to more reasonable values, but
the reduced selectivity to Al composition makes it possible to ox-
idize deeply into, or through, AlGaAs heterostructures contain-
ing low Al composition (x < 0.6) layers, as are typically used
in semiconductor laser heterostructures, without the problems
otherwise encountered as mentioned in Section 1. Two applica-
tions for this nonselective oxidation of AlGaAs heterostructure
waveguides are discussed in Section IV.

B. The Effects of Oy Addition on the AlGaAs Oxide Quality:
Refractive Index and Surface Roughness

The dependencies of refractive index on the concentration of
O, relative to the N in the carrier gas are shown in Fig. 2(a)
for Aly.3Gag.7As and Fig. 2(b) for Aly.sGag.2As wet oxidized
at 450 °C. For the oxide of Aly 3Gag 7As, the index increases
from 1.49 to 1.65 with just 500 ppm Oy present, and remains
near 1.68, with only slight variations, for Oy concentrations
up to 1%. Such increases in index were observed and reported
in [21], though the exact O, concentration in the carrier gas was
unknown. Fig. 1 shows that for Aly §Gag 2As oxidized with less
than 8000 ppm O present, the oxide index remains relatively
constant at around 1.56. With more than 8000 ppm O, the oxide
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Fig. 2. Refractive indices of (a) Alp.3Gag.7As and (b) Alg.8Gag 2As native
oxides formed by mixing O2 with the ultrahigh purity No+H2O process gas.
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Fig. 3. Surface roughness dependencies on the O concentration for
(a) Alp.3Gag.7As, and (b) Alg.gGag 2As native oxides. The arrow on the Y
axis marks the rms value of the Alg 3Gag. 7As semiconductor surface roughness
after etching away the cap layer.

index comes down to around 1.5. The effects of Oy addition
on oxide index are clearly stronger for low Al composition
Al,Ga;_,As. As the refractive index is an indirect measure of
the film density, the higher observed index indicates formation
of a denser, less porous oxide of low Al content AlGaAs, possi-
bly closer in stoichiometry to (AlyGa;_)20O3, and which could
reasonably be expected to have better insulating properties.

It has been reported that using air (~20% O-) as the wa-
ter vapor carrier gas during wet thermal oxidation of AlGaAs
results in very rough oxide films [9]. Measurements using a
Digital Instruments atomic force microscope (AFM) on the
samples shown in Figs. 1 and 2 were done to study how the
oxide surface roughness depends on O- concentration, and
to demonstrate the higher quality of the wet thermal oxides
grown here using much more dilute Oy concentrations. Fig.
3 shows the surface roughness dependencies of Aly 3Gag 7As
[Fig. 3(a)] and Alg gGag.2As [Fig. 3(b)] native oxides on O2
concentration. The arrow on the Y-axis marks the rms value of
0.35 nm for the Alg 3Gag. 7As semiconductor surface immedi-
ately after etching away the GaAs cap layer with a selective
citric peroxide etch (4:1 citric acid:H203) and before oxidation.
Unexpectedly, for Alp3Gag7As native oxides, the rms
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Fig. 4. Atomic force microscopy (AFM) image matrix showing the surface
roughness of four Alp 3Gag 7As oxide samples with different wet oxidation
conditions as follows: (a) oxidized at 450 °C for 54 min with UHP N5+H3O;
(b) oxidized at the same temperature for 54 min with 0.7% Oz present in UHP
N5 +H20; (¢) oxidized at 450 °C for 500 min with UHP N5 +H2O; and (d) oxi-
dized at 450 °C for 54 min with Ny + 0.7%02+H2O and then held at 450 °C an-
other 406 min in UHP N3 only. Each image represents a 2-sm-square scan field.

roughness decreases from 0.59—-0.15 nm while the O, concen-
tration increases to 7000 ppm. The rms roughness then increases
to 1.03 nm at 10000 ppm. The improvement in surface quality
of Aly gGag 2As oxides is not observed, and the rms roughness
remains around 0.29 nm.

The smoother surfaces of Aly 3Gag 7As native oxides formed
with O, added to the process gas are attributed to a shorter
oxidation time, denser oxide, and possibly different products in
the oxide film. An AFM image “matrix” of four Aly 3Gag 7As
oxide films is shown in Fig. 4 to compare the relative effects of
process time versus O» content on the surface quality. Sample (b)
oxidizes in only 54 min with the addition of 0.7% O (resulting
in the smoothest surface, dz = 0.15 nm), while sample (c) is
oxidized with a UHP Ny water vapor carrier gas (i.e., without
added O3) for 500 min to achieve the same ~0.9 pm oxide
thickness (resulting in the roughest surface, 6z = 0.58 nm). The
top two samples in Fig. 4 are both oxidized at 450 °C for 54
min with sample (a) UHP Ny and sample (b) with 0.7% O-
relative to Ny, such that the resulting oxide thickness in sample
(a) is much less than that of sample (b). By comparing the
rms roughness of sample (c) and (a) to sample (b), we see that
reduced oxidization time cannot be the only factor leading to the
much smoother surface of sample (a) relative to sample (c). Both
sample (a) and (b) are oxidized for 54 min, but the roughness
of (a) oxidized without added O5 is more than twice that of (b).
We believe that the greater density of the oxide grown with O9
addition (as evidenced by a higher refractive index) contributes
significantly to a reduction in the oxide surface roughness by
“capping” and suppressing dissociation of the III-V crystal.

Samples (c) and (d) at the bottom in Fig. 4 were both “pro-
cessed” for 500 min at 450 °C. While the sample in Fig. 4(c)
was wet oxidized at 450 °C for 500 min with a UHP N, car-
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rier gas, sample (d) was oxidized as in (b) for 54 min with
N5 + 0.7% O4 and then held at 450 °C another 406 min in UHP
Ns. The 4z = 0.40 nm roughness of sample (d) is much larger
than that of the similarly oxidized but unannealed sample of
(b), showing that at longer process times crystal dissociation
does increase roughness. Although the total process times of
samples (c) and (d) are the same and the oxide thicknesses com-
parable, sample (d) oxidized with 0.7% O still has a smoother
surface than that of sample (c). This further confirms that pro-
cess time is not the only source of roughness reduction between
~ 0.9-pm-oxide samples (c) and (b), but that with Oy added,
the formation of a denser oxide (with possibly different chem-
ical or structural composition), and its more rapid formation
(that quickly “seals” the sample more effectively against ongo-
ing dissociation effects), together serve to reduce the surface
roughness.

IV. NONSELECTIVE OXIDATION OF AlGaAs
HETEROSTRUCTURE WAVEGUIDES

A. High Index Contrast Oxide Confined Waveguides

As described in Section I, a large lateral index contrast is de-
sirable in two-dimensional waveguide structures for integrated
optoelectronic devices such as semiconductor heterostructure
lasers, and particularly to fabricate curved ring resonators or
routing waveguides in photonic integrated circuits having low
bend loss, good optical isolation, and low crosstalk between
adjacent guides [19].

In the two-step process demonstrated by Krames et al.
[18]-[20], Si impurity-induced layer disordering (IILD) [17]
is employed before oxidation. The oxidation front can then pen-
etrate downward through the IILD-intermixed (Al-composition
averaged) waveguide region to form a “deep oxide” with an
index of n ~1.6 that is much lower than that of the unoxidized
AlyGa;_yAs (n ~ 3.5, depending on x), resulting in a real lat-
eral index contrast of An ~ 1.7-1.9. The lateral index step con-
trolling waveguiding, however, might effectively be the lower
index step (An ~0.3-0.4) that the guided wave first encounters
at the Si diffusion interface where the heterostructure provid-
ing vertical waveguiding i.e., largely obliterated by heavy layer
intermixing. “Deep-oxide” s-bend waveguides with 100 pm oft-
sets have exhibited low excess bend losses with a 3 dB transition
distance less than 140 pm, significantly lower than those mea-
sured for oxide-only and disordered-only guides [19]. The IILD
step adds complexity to the process by requiring an As overpres-
sure and process temperatures of ~850 °C for 7 h or longer [19].
The Si diffusion employed also introduces doping impurities,
which may have undesirable implications for the device elec-
trical performance and can cause increased optical free carrier
absorption loss. We demonstrate here a new process for deep
oxidation of an AlGaAs QWH laser crystal, without the need for
IILD, achieved with only a simple modification of the wet ther-
mal oxidation process gas by exploiting the Oy enhancement
effect shown in Section III-B, to provide a greatly reduced oxi-
dation rate selectivity to Al composition. The approach is much
simpler than the two-step combined IILD and oxidation process,
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(@) UHP N,,, 451 °

Fig. 5. Quantum well heterostructure (QWH) p-n laser diode crystal oxidized
laterally (a) in UHP Ng at 451 °C for 33 min, and (b) with mixed 7000 ppm
O2+N3y at 451 °C for 30 min. In (a), only the Alp gGag 2As cladding layers are
oxidized, to a depth of ~0.55 pm, while the Alg 2Gag gAs waveguide layers
with GaAs QW remain unoxidized. In (b), the oxidation rate selectivity with
Al content is clearly reduced and both the GaAs cap and waveguide layers are
oxidized in addition to the Alp s Gag.2As, with lateral oxidation depths ranging
from 1.1-1.5 pm. No anisotropic oxide spike along the doped cladding/undoped
waveguide interfaces, as seen in [37], is observed here.

and may provide a new means for realizing practical (i.e., easily
manufacturable) and truly high-index-contrast waveguides for
future photonic integrated circuits.

The application of this reduced rate selectivity to deep ox-
idation is explored using a conventional single quantum well
heterostructure (QWH) p-n laser diode wafer custom grown
via MOCVD by Epitaxial Products Inc. (now IQE Inc.). The
structure consists of an undoped 10 nm GaAs QW sandwiched
between two undoped 75 nm Alg 20Gag goAs epilayers form-
ing the waveguide. The waveguide is surrounded by ~1 pm
thick Alg goGag.20As upper and lower current confining lay-
ers doped p-type (Zn, Na ~ 9.5 x 107 cm~3) and n-type (Si,
Np ~ 1.8 x 10'8 cm~3), respectively. The n-type substrate and
500 nm GaAs buffer layer are doped with 1-4 x 10'® cm~3 Si,
and the 50 nm p-type GaAs cap is heavily doped with >1 x
10 cm™3 Zn.

The effects of UHP Ny+H50 and mixed Os+Ny+H5O pro-
cess gas on the oxidation of this QWH have been investigated
for both etched ridge and buried (planar structure) 2-D wave-
guide geometries. After patterned by standard photolithographic
techniques with photoresist, a stripe mesa is etched using non-
selective sulfuric peroxide (1:8:80 HySO4:H5045:H50) to an
arbitrary point below the lower confining layer. The isotropic
wet etch results in lateral etching of up to 2 um from both
sides beneath the edges of the masked stripes. For the scanning
electron microscope (SEM) cross sectional images shown in
this section, the oxidized samples are first stained using 1:4:40
HC1:H202:H50 for ~15 s. The SEM cross sections in Fig. 5
show the ridge waveguide wet oxidized sample [Fig. 5(a)] using
UHP Ny carrier gas at 451 °C for 33 min, and [Fig. 5(b)] with
mixed carrier gas of 7000 ppm Os relative to Ny at 451 °C for
30 min. Ordinarily, the mesa would be protected with a SigNy
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cap layer to prevent oxidation of the contact region when fab-
ricating a laser diode device, but in this experiment, the nitride
layer is omitted on both samples shown in Fig. 5(a) and (b) in
order to observe whether the GaAs cap layer alone can prevent
oxidation through the surface. The difference is dramatic, as
shown in Fig. 5(b), which demonstrates clearly that the mixed
02+Nj, carrier gas promotes a much stronger oxidation effect
for both low Al-content AlGaAs (x = 0.2) and the p™ GaAs
cap. In Fig. 2(a), the GaAs cap layer protects the underlying
Alp.g0Gag.20As layer from oxidation, and the high rate selec-
tivity to Al content results in 0.6 ym of lateral oxidation of the
Al g0Gag.20As confining layers while no lateral oxidation of the
Alg.20Gag goAs waveguide plus GaAs QW region is evident. In
marked contrast, Fig. 5(b) shows that with O5 added to the pro-
cess gas the GaAs cap layer cannot prevent oxidation from the
surface, and that both the Al g0Gag.20As confining layers and
the Alg 20Gag.sAs+GaAs QW waveguide are clearly laterally
oxidized ~1-1.25 pm with very little selectivity. For fabrication
of devices, oxidation of the GaAs cap can be prevented by using
a SigN4 mask. After oxidation, the SigNy layer stripe mask can
be removed via reactive ion etching in a CF,4 plasma, which does
not attack the AlGaAs native oxide [22]. High-index contrast
ring resonator lasers recently fabricated using this process have
been reported elsewhere [23].

From the result shown in Fig. 5(a), it appears that useful
etched mesa-geometry ridge waveguide lasers with strong lat-
eral effective index contrast could also be realized from selec-
tive lateral oxidization of only the upper and lower cladding
layers with a UHP Ny carrier gas, similar to the undoped, top
and bottom native oxide embedded photopumped laser of [2].
We note that previous attempts to realize deep oxidation in an
etched ridge waveguide [as shown in Fig. 5(a)], or to achieve
deep oxidation (i.e., through the waveguide layers and below
the p-n transition) from a planar (non-etched) geometry on
similar p-n doped QWH laser crystals, revealed an apparent
photon-induced anodic oxidation reaction at the p-side waveg-
uide/confining layer interface [24]. This phenomenon was ob-
served to cause the formation of an anisotropic oxide “spike”
protruding laterally to pinch off the current path [24]. From the
SEM figures presented in Fig. 5, we see no evidence of a pro-
nounced anodic oxidation reaction and anisotropic oxide spike
formation at the boundary between the p-type Alg.s0Gag.20As
upper confining layer and the undoped waveguide. While the
effect may be doping dependent, the doping of the QWH used
in this work is typical of standard p-n junction diode structures.
The discrepancy between the results observed here and previous
reports [24] suggests that the anisotropic oxidation effect is a
growth-related issue, and not a fundamental limitation for the
formation of deep-oxide waveguides.

B. Fully-Oxidized AlGaAs Heterostructure Waveguides

We have elsewhere demonstrated that with the large refrac-
tive index variation of wet-thermally oxidized Al,Ga;_,As with
Al composition (x) [21], fully-oxidized AlGaAs heterostruc-
tures can support waveguiding within the oxide itself [25]. With
the addition of O, during wet thermal oxidation, the higher
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resulting refractive index contrast between oxides of different
Al content AlGaAs (Section III-A) leads to better optical
mode confinement, which in turns reduces absorption of higher
photon energy light in the underlying GaAs substrate. When
an Oy concentration around 7000 ppm is used in the fabrica-
tion of an oxide heterostructure waveguide with a 1.5 yum lower
cladding layer (x = 0.85),a 1.5 yum core layer (x = 0.3), and no
top cladding layer, a substantial reduction in surface roughness
for the lower Al content guiding layer material (Section III-B)
leads to reduced interface scattering and a substantial reduction
in the propagation loss is achieved. Compared to 10.9 dB/cm at
1.55 pm and >30 dB/cm (detection limit) at 633 and 830 nm
in [25], loss is reduced to values of 4.0 dB/cm at 1.55 um,
3.6 dB/cm at 1.3 um, 4.3 dB/cm at 830 nm, and 5.0 dB/cm at
633 nm (data not shown) [26], [27]. In effect, we have demon-
strated that an absorbing semiconductor waveguide can be con-
verted to a wide bandgap (F, ~ 4-5 eV) oxide waveguide that
is relatively transparent for photons of wavelengths well beyond
the absorption edge of both GaAs or Alg 3Gag 7As. These val-
ues compare favorably to the 8.5 dB/cm losses reported in pas-
sive bandgap-tuned AlGaAs/GaAs waveguides fabricated via
quantum-well intermixing at the lasing wavelength of 860 nm of
the as-grown material [28]. One potential application of fully ox-
idized AlGaAs heterostructure waveguides is a GaAs-based Er-
doped native oxide waveguide amplifier in which pump and/or
signal lasers could be monolithically integrated. We have else-
where demonstrated the suitability of AlGaAs native oxides as
a host for optically active Er*t [29], [30].

V. OXYGEN ADDITION TO CARRIER GAS:
THERMOCHEMICAL CALCULATIONS

The use of thermochemical calculations to illuminate the
wet thermal oxidation process for AlAs was first presented
by Ashby [31]. The role of added O, in wet thermal oxida-
tion is elucidated here by considering the thermochemistry of
the following dry and wet oxidation reactions of AlAs versus
GaAs.

1 Dry oxidation reactions:

2A1AS(S) + 305 (g) — Al,O3 (S) + ASQOg(l)

AGY® = 1729 kJ /mol 3)
2A1As(s) 4+ 405(g) — Als03(s) + AseO5(s)
AGY% = 1821 kJ/mol )
2GaAs(s) + 302(g) — Gaz03(s) + As203(1)
AGY® = 1246 kJ /mol 6)
2GaAs(s) + 402(g) — Gaz03(s) + AsyOs5(s)
AG® = —1338 kJ/mol (6)

2 Wet oxidation reactions:

QAIAS(S) + GHQO(g) — AlgOg (S) + A8203 (1) + 6H2 (g)
AGS® = 473 kJ /mol (7)
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Fig. 6. Comparison of Gibbs free energy at T' = 698 K = 425 °C, AG%98,
for wet and dry oxidation reactions for AlAs and GaAs. Thermodynamic favor-
ability increases upward as AG698 becomes more negative.

2A1As(s) + 8H20(g) — AlzOg3(s) + AseOs(s) + 8Ha(g)

AGS® = —149 kJ /mol ®)
2GaAs(s) + 6Hy0(g) — Gag03(s) + Ase03(1) + 6Ho(g)
AG5® = 410 kJ/mol )

2GaAs(s) + 8Hy0(g) — Gag03(s) + AsaO5(s) + 8Ha(g)
AG® = 1334 kJ/mol (10)

Fig. 6 plots the Gibbs free energies AG5%8 (the measurement
of thermodynamic favorability of the reaction, which increases
as AG5%8 becomes more negative) at the oxidation temperature
of T'=698 K (425 °C) for dry oxidation reactions of AlAs
(3) and GaAs (5) and the wet oxidation reactions of AlAs (7)
and GaAs (9), calculated using the material data and procedures
outlined in [32]. It is clear that the dry oxidation reactions pro-
duce more energy, and are thus more favorable than those of
wet thermal oxid ation. It is, then, not surprising that added
O, increases oxidation rates by driving the more favorable dry
reactions. The dashed lines in Fig. 6 are linear interpolations
to guide the eye and suggest the approximate values expected
for the AlGaAs ternary alloys. It can be seen that, in contrast to
the thermodynamically unfavorable wet oxidation reactions of
GaAs in (9) or (10), that the decrease in favorability as the Al
content in an AlGaAs alloy is decreased is expected to be rel-
atively less significant for the dry oxidation reactions, offering
insight into why the oxidation rate selectivity between high and
low Al content AlGaAs could be reduced with the introduction
of O5, which enhances the dry O5 reactions in conjunction with
the wet thermal oxidation process.

The preceding thermochemical calculations of AG%?® give
only thermodynamic favorabilities of individual reactions.
Clearly, other dynamics must be considered to understand why
too much Os suppresses oxidation, and why GaAs and AlAs
oxidize much more readily in wet (Ny+H>O) rather than dry
(O4 only) thermal oxidation environments. This other dynamic
is the removal of As from the matrix. The important work by
Ashby et al. [30] has shown that hydrogen liberated during wet
thermal oxidations (7) is necessary for the dry oxidation product
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As,03 to be converted to the more volatile elemental As

ASQO3(Z) + 3H, (g) — 2As + 3H20(g)

AGS® = 131 kJ /mol (11)
ASQOg,(l) + 6H — 2As + 3H20(g)
AG®® = —1226 kJ /mol (12)

These reactions allow the removal of As from the reacting
layer, and reduce the thickness of the denser As,O3 oxide layer
at the oxidation front that can block the diffusion of reactants
and byproducts when too thick. Twesten et al. have shown with
TEM studies that at the progressing oxidation front in laterally
oxidized AlAs, there is a dense, amorphous region with a steady
state thickness of ~17 nm [33], [34]. This region is believed
to be rich in As oxide, the intermediate product, subsequently
reduced as in (11) and (12), leaving behind a porous AlsOg
matrix through which oxidants and As readily diffuse.

In Ashby’s work, only As,;O3 was discussed as the arsenic ox-
ide byproduct in wet-thermal oxidation reactions [24]. Because
AssOp has also been recently identified in oxidized Al,Ga; _As
(x =0.96) [35], we have included the reactions with this
byproduct as well. Our thermochemical calculations for the
wet oxidation of AlAs indicate that the formation of As,Oj
is also thermodynamically favorable (AG%?® = —149 kJ/mol,
(8)), though less so than that for As; O3 (AG598 = —473kJ/mol,
(7)). However, for dry oxidation reactions (3)—(6), the reactions
producing As,O5 from AlAs (AG%® = —1821 kJ/mol, (4)) and
GaAs (AGY® = —1338 kJ/mol, (6)) are slightly more favor-
able than their AsO3 producing counterparts (AGS%® = —1729
kJ/mol, (3) and AGS?® = —1246 kJ/mol, (5), respectively).
The wet thermal oxidation reactions of GaAs producing both
Asy03 (AGY?® = +10 kJ/mol, (9)) and Asy05 (AGS® =
4334 kJ/mol, (10)) have positive Gibbs free energies and are,
therefore, not thermodynamically favorable. However, these re-
actions can also occur to some degree through the absorption of
heat released from other reactions or from the furnace.

Having discussed the important role of H in As removal [31],
the declining oxidation rate with further increases in Oy content
beyond ~7000 ppm in Fig. 1 is easily understood. As more and
more O, is added into the process gas, the stronger dry oxidation
reaction begins displacing the wet oxidation reaction, such that
more and more As;O3z and As;Os at the oxidation front is
produced without the accompanying production of Hs (released
only in the wet reaction) needed to reduce the As oxides to the
more volatile As for removal from the crystal, (6), (7). While
the As oxides are volatile at the oxidation temperatures, they
are much larger molecules than As or Asy, and apparently not
easily transported through the porous oxide microstructure. As
the dense As2O3/As205 intermediate product region formed at
the oxidation front becomes thicker, the diffusion of reactants
and byproducts slows down, reducing the oxidation rate, and
the oxidation kinetics may transition from linear (reaction rate
limited) to parabolic (diffusion limited) behavior [36]. With
a high enough O concentration, the oxidation is eventually
suppressed altogether, with a terminus formed [9]. At 2% O»
concentration, we have observed that the thickness of oxidized
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Alg sGap 2As appears to saturate or terminate at a depth of
about 350 nm, consistent with diffusion limited oxide growth.
For Aly.3Gag 7As, an oxide terminus appears to be formed with
a very rough surface when the O concentration is >5%. In the
case of purely dry oxidation with O,, the oxidation rate is much
lower than that of wet oxidation with UHP Ny or mixed carrier
gas because of the complete absence of hydrogen necessary for
the removal of As from the oxide film.

VI. CONCLUSION

We have presented data showing that the addition of trace
amounts of Os (< 1% relative to N3) to the No+H5O process gas
during the wet thermal oxidation of Al,Ga;_yAs enhances the
oxidation rate of lower Al content alloys (x < 0.8), decreases
the oxidation rate selectivity to Al content and, for x = 0.3,
increases the oxide refractive index and decreases its surface
roughness. Thermochemical calculations of relevant oxidation
reactions are presented to show that the enhancement of the
dry oxidation reactions of AlGaAs is a probable mechanism
responsible for the observed rate enhancement and selectivity
modification. The resulting higher index contrast and reduced
scattering achieved through O, addition enables a significant
reduction in propagation loss in fully-oxidized AlGaAs het-
erostructure planar waveguides, with losses as low as 3.6 dB/cm
at 1.3 pum, and 5.0 dB/cm above the GaAs bandgap at 633
nm, achieved. The capability for nonselective oxidation of Al-
GaAs waveguide heterostructures realized by this simple pro-
cess gas modification makes possible a new technique for the
deep oxidation of a QWH laser diode crystal, eliminating the
requirement for an additional impurity-induced layer disorder-
ing (IILD) step before oxidation. The process may offer a vi-
able approach for the development of high-confinement, small
bend radius, low-loss waveguides for semiconductor photonic
integrated circuits.
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