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High performance native-oxide-confined high-index-contrast �HIC� ridge waveguide �RWG� diode
lasers are fabricated in a strain-compensated In0.4Ga0.6As single quantum well structure by
employing a deep dry etch plus nonselective O2-enhanced wet thermal oxidation process. The
thermal native oxide grown on the etch-exposed RWG sidewalls of the Al0.74Ga0.26As waveguide
cladding layers and GaAs core with GaAsP–InGaAs quantum well provides both strong optical and
electrical confinements for the active region. Due to a smoothing of sidewall roughness by the
O2-enhanced oxidation, the lasers exhibit a low internal loss in �i=7.2 cm−1 for a w=7.2 �m
narrow stripe HIC RWG structure, only 53% larger than that of w=87.2 �m broad-area devices,
enabling their room temperature operation at a low 300 A /cm2 threshold current density. © 2008
American Institute of Physics. �DOI: 10.1063/1.3001587�

Highly strained InGaAs quantum well heterostructure
�QWH� active regions allow extremely low threshold current
density lasers �Jth�90 A /cm2� with wavelengths approach-
ing the 1.2 �m region.1 The high compressive strain of the
InGaAs can be effectively compensated by tensile-strained
GaAsP or InGaP strain compensation layers.2,3 We have pre-
viously demonstrated high performance high-index-contrast
�HIC� ridge waveguide �RWG� edge-emitting lasers fabri-
cated from �=808 nm of InAlGaAs and �=1.234 �m of
InGaAsN QW structures4 using a modified, O2-enhanced wet
thermal oxidation process,5 which enables the conversion of
low Al-content AlxGa1−xAs �x�0.6� and Al-free GaAs,
GaAsP, and InGaAsN into their native oxides. This nonse-
lective oxidation of the entire sidewall of a RWG, etched to
below the active region/heterostructure waveguide core,
yields a HIC ��n�1.7� structure that simultaneously pro-
vides electrical confinement with low interface recombina-
tion, the elimination of current spreading, and strong optical
mode confinement, thus resulting in significant edge-emitting
laser performance improvements.4,6

In this letter, we demonstrate the application of this non-
selective oxidation process5 to an Al-free In0.4Ga0.6As QWH
with GaAs0.85P0.15 strain-compensation layers and a GaAs
waveguide core. While we have previously reported the oxi-
dation of an Al-free InGaAsN/GaAsP active region within a
GaAs waveguide,6 the results in the present work further
confirm the capability of nonselective oxidation in forming
native oxides on various Al-free III-As compound semicon-
ductors �i.e., InGaAs, GaAs, and GaAsP�. This is because the
dimethylhydrazine �DMHy� source used for N incorporation
during InGaAsN growth is not used here and thus the pos-
sible interaction between DMHy and Al in the metal-organic
chemical vapor deposition �MOCVD� reactor, which may
have previously led to Al incorporation into these oxidized
layers, is therefore eliminated in this work. We also present
sidewall oxidation depth versus time data at various posi-
tions in the heterostructure to show the role of vertical oxi-

dation from heterointerfaces in achieving a relatively uni-
form oxide thickness up and down the ridge sidewall.
Finally, HIC RWG lasers are demonstrated with low thresh-
old current densities �82.6 A /cm2�Jth�287.3 A /cm2�,
high current injection efficiency �88.6%��i�77.4%�, and
low internal loss �4.7 cm−1��i�7.2 cm−1� over all broad-
area and narrow-stripe devices with a width range of
147 �m�w�7.2 �m, respectively. The narrowest lasers in
this work show a five to sixfold improvement in output
power and threshold current density over the InGaAsN QWH
lasers in Ref. 6, demonstrating that very high-performance
devices can be realized by this process. Kink-free operation
with the absence of thermal roll over is observed for un-
bonded, p-side up devices at injection currents up to 27.6�
and 10.3� threshold in pulsed �10 kHz� and fast-dc modes,
respectively.

The laser QWH in this work �Fig. 1 insert� is grown by
low-pressure MOCVD as in Ref. 1. The highly lattice mis-
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FIG. 1. SEM cross-section image of w=15 �m In0.4Ga0.6As SQW struc-
ture, wet etched and nonselectively oxidized at 450 °C with 7000 ppm O2

participation for 30 min, showing 116 nm oxide growth in In0.4Ga0.6As
active region. The inset conduction band schematic highlights the epitaxial
structure.
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matched 60 Å In0.4Ga0.6As single QW �SQW� is located 100
nm below a 1.1 �m p-Al0.74Ga0.26As upper cladding, asym-
metrically within a 300 nm unintentionally doped GaAs
waveguide layer. Two 75 Å GaAs0.85P0.15 tensile-strained
barriers on each side of the QW reduce the effective strain
from the In0.4Ga0.6As, and significantly improve the laser
performance, particularly in the presence of high Al-content
cladding layers.3,7 A 27 Å GaAs0.67P0.33 tensile strain buffer
is also inserted between the GaAs waveguide layer and the
1.1 �m n-Al0.74Ga0.26As lower cladding layer.3,7

The nonselective oxidation5 of the InGaAs SQW active
region and GaAs waveguide layer is first studied on wet-
etched ridges. The scanning electron microscope �SEM� im-
age in Fig. 1 shows the sidewall of a 15 �m wide plasma-
enhanced chemical vapor deposition SiNx-masked ridge
wet-etched in a H3PO4:H2O2:H2O solution for 90 s.
When wet oxidized for 30 min at 450 °C with the addition
of 7000 ppm O2 �relative to the N2 carrier gas bubbled
through 95 °C H2O�, approximately 116 nm of oxide
grows at the In0.4Ga0.6As QW position. The lateral oxidation
depth for times of 30, 35, 55, and 60 min is plotted in Fig. 2
at the positions of �a� the InGaAs QW, �b� the center of the
p-AlGaAs layer, and �c� the GaAs core/p-AlGaAs cladding
layer interface. Comparing the SEM images at 30 min �Fig.
1� and at 55 min �Fig. 2 inset�, we observe the formation of
an anisotropic “spike” in the oxidation front at the GaAs WG
core/p-AlGaAs cladding interface, growing exponentially
with time. This effect has been attributed to an anodic charg-
ing effect due to blackbody radiation-induced photogenera-
tion of electron-hole pairs, separated by the built-in field of
the p-n heterojunction.8 Vertical oxidation subsequently pro-
ceeds isotropically from the porous native oxide spike form-
ing at the interface, resulting in an effective enhancement in
the lateral oxidation rate of the adjoining material, which
lessens at increased distance from the interface. The oxida-
tion spike at the top interface between the upper p-AlGaAs
cladding and the p+-GaAs cap may also be explained by the
anodic charging effect,8 with carriers separated by the
built-in field existing due to heterointerface band realign-
ment.

Figure 2�c� shows that the oxide growth is most rapid at
the GaAs / p-AlGaAs interface, and subsequently enhances
the apparent lateral oxidation rate at both �a� the InGaAs QW
active region and �b� the middle of the upper AlGaAs clad-
ding. Due to its closer vicinity to the GaAs / p-AlGaAs inter-
face, the oxide thickness at the InGaAs active region exceeds
that at the p-AlGaAs cladding center after 51.2 min accord-
ing to the crossing point of exponential fits to the data in Fig.
2. The above mechanism clearly plays an important role in
making O2-enhanced oxidation of heterostructures5 effec-
tively “nonselective” so that a relatively uniform thickness
oxide can be grown on the RWG sidewall.

Deeply etched HIC RWG laser diodes with mask stripe
widths w varying from 10 to 150 �m are fabricated using
Cl-based reactive ion etching as in Ref. 6 in order to achieve
better dimensional control. After a 1 h nonselective wet oxi-
dation with the addition of 7000 ppm O2, a 1.4 �m thick
native oxide is formed at the QW active region �Fig. 2�a��.
All devices are unbonded �i.e., with no heatsinking em-
ployed� and are probe tested p-side up in pulsed �1 �s and
1% duty cycle�, fast-dc �typically 0.4 s dc sweep�, and
continuous-wave �CW� modes at 300 K. Figure 3 shows the
pulsed, 300 K Jth versus w for a set of HIC RWG lasers from
the same L=981.8 �m bar. Notably, Jth at w=7.2 �m is
just 3.5� higher than that of a w=147.2 �m broad-area de-
vice, indicating excellent electrical and optical confinements,
with low nonradiative recombination even with a III–V na-
tive oxide grown in direct contact with the active region.
Conventional w=5 �m weak-index-contrast RWG lasers, in
which a shallow etch stops above the active region in the
upper cladding layer, show a 2.3� higher Jth than oxide-
confined HIC devices due to severe lateral current
spreading.6 Despite possible nonradiative current leakage at
the oxide-semiconductor interface, the HIC RWG structure
results in the best overall narrow stripe laser performance
because of its strong optical and electrical confinement.

The left inset of Fig. 3 shows total light output power
versus current �L-I� characteristics of two representative,
w=7.2 and 87.2 �m, devices from a L=982 �m bar. For
the w=7.2 �m device, no thermally induced roll over is
observed up to an output power of 276 mW at 600 mA �27.5

FIG. 2. �Color online� Native oxide thickness at �a� InGaAs active region,
�b� p-AlGaAs, and �c� AlGaAs/GaAs interface vs oxidation time with expo-
nential fit. Inset: SEM cross-sectional image of a wet-etched stripe oxidized
55 min at 450 °C with 7000 ppm O2, with oxidation front highlighted by
dashed line.

FIG. 3. �Color online� Pulsed Jth vs effective laser aperture width w for HIC
RWG lasers with L=982 �m Left inset: Total �2-facet� output power vs
current of L=982 �m devices with w=7.2 �m �pulsed �“pls”� and fast dc�
and w=87.2 �m �pulsed�. Right inset: Logarithmic scale single longitudinal
mode spectrum of w=7.2 �m laser at I=53 mA CW.
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times above the Ith=21.8 mA threshold� in pulsed mode and
up to 149 mW at 300 mA �10.3 times above the Ith
=29.0 mA threshold� in fast-dc mode, both with a slope ef-
ficiency of 0.54 W/A. The w=87.2 �m device shows a
threshold of 75 mA and an initial slope efficiency of 0.83
W/A with pulsed operation up to 340 mW at 600 mA �8�
threshold and only slight thermal rollover�. The close prox-
imity of the active region and the Ti+Au metalized oxidized
ridge sidewalls provides excellent heat dissipation for these
unbonded lasers. Operation at higher injection levels was
avoided to protect the uncoated device facets. The uniform
distribution of injected carriers in the HIC RWG structure,
where current spreading is eliminated, leads to the uniform
simultaneous excitation of all supported waveguide modes
regardless of the stripe width, suppressing mode competition
and resulting in clean kink-free operation to high drive cur-
rents. The log scale output spectrum �right inset in Fig. 3� for
a w=7.2 �m device measured at 53 mA CW shows a peak
emission wavelength of 1.1507 �m. Further investigation is
needed to understand the origin of the observed single lon-
gitudinal mode operation with high side-mode suppression
ratio �SMSR� of 31.7 dB, unusual for a Fabry–Pérot resona-
tor, and to fully characterize output beam and spectral prop-
erties for heatsunk lasers under CW conditions. Single spa-
tial mode operation of up to 40 mW CW has been reported
elsewhere for similar unbonded 808 nm HIC RWG lasers.4

The device internal loss �i and internal �injection� effi-
ciency �i are extracted from a linear regression fitting of the
inverse external quantum efficiency versus cavity length data
for 3–5 cavity lengths at each width. Figure 4 shows the �i
and �i versus laser aperture size w, where �i,	7.3 cm−1 and
�i�77.4% is achieved on all devices. While increased non-
radiative sidewall recombination can reduce �i if the carrier
density outside the QW active region remains unclamped
above threshold,9 the decrease in �i as w decreases is not
necessarily indicative of such. Rather, the inverse relation-
ship between the �i and �i versus w data may suggest a
reduced efficiency in the injection and collection of carriers

by the QW as the higher �i requires higher gains and, thus,
higher carrier densities. At these higher pumping levels, the
scattering of higher-energy carriers into the well becomes
less efficient and/or carriers may overflow into other higher-
energy leakage paths. The HIC waveguide scattering loss
increases exponentially with the reduction in w due to
strong field interactions with the etched + oxidized sidewall
roughness.10 In these lasers, absorption of the field by the
electrode metals deposited on top of the native oxide is con-
sidered negligible as the 1.4 �m oxide thickness is �23
times thicker than the simulated 1 /e skin depth of �60 nm
for the evanescent field within the oxide. One of the most
significant benefits of the HIC RWG process utilized here is
the concomitant sidewall roughness smoothing provided by
the oxygen-enhanced wet thermal oxidation process.11,12

Though the total laser loss is comprised not only of sidewall
scattering, but also free carrier absorption, interface scatter-
ing, and other losses, the increase in loss here from �i=4.7 to
only 7.2 cm−1 �just �53%� when scaling the ridge width
from w=87.2 to 7.2 �m is notable. This result suggests that
the oxidation smoothing of the dry-etched sidewall �defined
via nonoptimized contact lithography as in Refs. 11 and 12�
indeed substantially reduces the impact of sidewall scattering
in the total waveguide loss and contributes to the high per-
formance of these lasers.

We have demonstrated that the oxidation of Al-free
In0.4Ga0.6As QW, GaAsP barrier, and GaAs waveguide layers
can be achieved through a modified O2-enhanced wet ther-
mal process. Apparent anodic charging-enhanced oxidation
at nearby heterojunctions and interfaces is shown to impact
the nonselectivity of heterostructure sidewall oxidation and
corresponding ability to grow a relatively uniform oxide
film. The resulting high-quality native oxide enables the re-
alization of high-performance �=1.15 �m HIC RWG lasers
with low threshold current density, low internal loss, high
efficiency, a large SMSR, and kink-free operation to high
output powers.
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FIG. 4. �Color online� Internal loss �i and injection efficiency �i vs laser
aperture width w.
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