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Ridge waveguide InGaAsN triple-quantum-well strain-compensated lasers grown by metal-organic
chemical vapor deposition were fabricated with pulsed anodic oxidation. Laser output power
reached 962 mW in cw mode at room temperature from 100-mm stripe lasers with a wavelength of
1297 nm. The threshold-current density was 256 A/cm2. The characteristic temperature of the
lasers was 138 K in the linear regions20–80 °Cd. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1828596]

Semiconductor lasers at wavelengths around 1.3mm are
widely used for fiber optic communications. It has been re-
ported that the incorporation of nitrogen in InGaAs can re-
duce the band-gap energy and allows emission wavelengths
as long as 1.3mm to be reached.1–10 However, high-
performance 1.3-mm InGaAsN quantum-well(QW) lasers
exhibit low characteristic temperature coefficients of
threshold-current density, with only a slight improvement in
T0 values over those achieved by the conventional InP
system.1,2 By introducing a strain-compensated barrier to this
system, it is possible to grow a highly strained InGaAsN well
free of misfit dislocations to improve the carrier confinement
and increase the numbers of QWs in the laser structure.10–13

There have been several works investigating the growth of
InGaAsN QWs with GaAsN as the direct barrier,4,6,8,10,13,14

which, however, is a smaller band-gap material system than
GaAs. The utilization of larger band-gap barrier materials
will lead to a suppression of thermionic carrier leakage,
which will, in turn, lead to a reduction in the temperature
sensitivity of the threshold-current density of the lasers, in
particular, at high-temperature operation.15 The strain com-
pensation of InGaAsN QW lasers using larger band-gap
GaAsP tensile-strained barriers has been reported by Tansuet
al.7,9,12,16and W. Li et al.11

In general, wafers for InGaAsN lasers are grown either
by molecular beam epitaxy(MBE)4,5 or by metal-organic
chemical vapor deposition(MOCVD).2,9,10Very high output
power operations have been demonstrated in InGaAsN
broad-area lasers grown by both MBE(,4.2 W at a heatsink
temperature of 10 °C and with facet coating)3 and MOCVD
(1.8 W at a heatsink temperature of 20 °C and with
facet coating).9 A very low threshold-current density
s,210 A/cm2d has been obtained in MOCVD broad-area
single-quantum-well lasers.7

In this letter, we report on 100-mm stripe width ridge
waveguide lasers grown by MOCVD and fabricated with
pulsed anodic oxidation(PAO). Light output power reached
962 mW in cw mode at room temperature. The threshold
current density was 256 A/cm2.

In the fabrication of semiconductor lasers, a uniform and
high-quality, current blocking layer is a critical component.

This layer is usually formed by the deposition of oxides by
plasma-enhanced chemical vapor deposition. This is costly
and the fabrication process is relatively complicated. Pulsed
anodic oxidation is a simple and cost-effective method for
the fabrication of optoelectronic devices.17 Previously pulsed
anodic oxidation has been applied to QW intermixing in
GaAs/AlGaAs and InGaAs/GaAs QW and quantum wire
structures.18 We have recently shown a significant reduction
of threshold-current density in AlGaInP/GaInP lasers with
pulsed anodic oxidation.19

The wafer used in this work was grown by MOCVD by
IQE (Europe) Ltd. The active region consists of three
In0.35Ga0.65As0.985N0.015 QWs (TQWs), each 6.4 nm thick,
separated by 7-nm GaAs and 8-nm GaAs0.82P0.18 barriers.
The active region is symmetrically embedded in a
35-nm-thick undoped GaAs waveguide. A 1.2-mm Si-doped
s631017 cm−3d n-type AlxGa1−xAs sx=0–0.5d cladding
layer was grown between then-substrate and active layer,
and a 1.2-mm C-dopeds531017 cm−3d p-type AlxGa1−xAs
sx=0–0.5d cladding layer followed the active layer. A
20-nmP+ s131019 cm−3d GaAs cap layer was grown for
contacting. After wafer cleaning, 100-mm-wide photoresist
stripes with a pitch of 300mm were first made on the surface
by standard photolithography, and the top contact GaAs and
top cladding AlGaAs between the photoresist stripes were
etched by standard selective wet etching(resulting in an etch
depth of 1.23mm). The oxide film was formed on the wafer
by pulsed anodic oxidation. A vacuum tube was used as the
vacuum tweezers to hold the sample and conduct current.
The electrolyte was made of ethylene glycol: phosphoric
acid: de-ionized water(40:20:1 by volume). The pulsed
width was 1 ms, while the pulsed period was 12 ms. The
total anodization time was 4 min. After anodization, samples
were rinsed with de-ionized water, followed by a rinse with a
resist stripper to remove the photoresist, then by de-ionized
water, and was finally nitrogen blow dried.20 The wafer was
then thinned and contact metals were deposited by electron
beam evaporation. The laser chips werep-side-down bonded
onto copper heatsinks with indium. The details of the bond-
ing were published elsewhere.21 Figure 1 shows a scanning
electronic microscope(SEM) image of the InGaAsN laser
fabricated with pulsed anodic oxidation.

The lasers were tested without facet coating under cw
operation. Output powersPd versus injection currentsId
characterization of the laser was performed using a calibrated
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InGaAs detector mounted on an integration sphere. The laser
emission spectra were measured in a cw mode using a spec-
trometer, a Ge detector(cooled down to −20 °C), and a data
acquisition system. A heatsink with a laser chip on it was
then mounted on a standard TO-3 can. During the character-
ization of the laser, the cap of the TO-3 can was removed,
and the laser was placed in front of the entrance of a New-
port integration sphere.

The room-temperatureP–I characteristics of a 100mm
31500mm triple-QW-uncoated laser in cw mode is shown
in Fig. 2. We stopped the measurement when the laser power
reached 962 mW. The maximum slope efficiency was
0.42 W/A in the linear region. The threshold current was
385 mA, corresponding to a threshold-current density of
256 A/cm2. Tansu et al.10 recently reported the lowest
threshold-current densities of 210–270 A/cm2 for
single-QW InGaAsN lasers with cavity lengths from
1000 to 2000mm. Kovsh et al.22 recently reported 1.3-mm
ridge waveguide single-QW InGaAsN lasers with a differen-
tial quantum efficiency of 62%. Their lasers were
antireflection/high-reflection facet coated, and bonded to
heatsinks and packaged in to the TO-46 packages.

A plot of the relationship between the reciprocal of the
external differential quantum efficiencyhd and the cavity
length L yielded the internal quantum efficiencyhi and the
internal lossai for unbonded 10-mm stripe lasers. The inter-
cept giveshi, and this can be used in the slope to getai. hi
andai were found to be 92% and 12 cm−1, respectively, for
this wafer. In contrast to the laser shown in Fig. 2, these
uncoated lasers were not bonded by indium on the TO-3

package, but were placed on a homemade spring-loaded jig
during testing.

The lasing spectrum of the 100mm31500mm
triple-QW laser at room temperature in cw mode is shown in
Fig. 3. The emission wavelength at 1500 mA was 1297 nm.
The temperature-dependent laser powers versus current
curves are shown in Fig. 4. The laser operated up to 100 °C.
A plot of lnsI thd versus temperature was linear up to about
80 °C, and yielded a characteristic temperature of 138 K.

Conventional methods for the fabrication of ridge wave-
guide lasers usually require the deposition of SiO2 or Si3N4
by the plasma-enhanced CVD method, which requires more
processing steps, and thus increases the chance of process-
induced damage(e.g., plasma damage). SiO2 reacts easily
with Al in the AlGaAs cladding layer, leaving behind Si at-
oms as impurities in thep-cladding layer, while both SiO2
and Si3N4 cause considerable stress in the underlying layers
due to lattice mismatch.23 The stress increases interface de-
fect densities. For laser fabrication with PAO, however, such
problems are avoided. Since the oxides were native oxides
formed at room temperature, it caused little damage to the
device, and served as a passivation layer that reduced the
interface trapping centers. In our work, higher photolumines-
cence intensity was observed from anodized samples than
from as-grown samples.

In addition, heat dissipation is critical for laser operation,
as the electrical power density in the ridge is very high
(,5.6 kW/cm2 for the laser in Fig. 2 at an operation current
of 4.0 A). Anodic oxides are composed of various oxides of
aluminum (its thermal conductivity is 25.08 W/m K), ar-
senic, and gallium, and have higher thermal conductivity
than SiO2 (its thermal conductivity is 1.4 W/m K). Thus,
heat generated during the operation of the lasers is removed

FIG. 1. SEM image of a ridge waveguide laser diode fabricated with pulsed
anodic oxidation.

FIG. 2. Room-temperature cw light output power from a single facet vs
injection current for a 100mm31500mm ridge waveguide InGaAsN laser
diode fabricated with pulsed anodic oxidation. The laser was not facet
coated, but was bondedp-side down on copper heatsinks with indium.

FIG. 3. A typical lasing spectrum of the laser in Fig. 2 at an injection current
of 1500 mA.

FIG. 4. Temperature-dependent optical power versus current characteristics
of the InGaAsN triple-QW laser in Fig. 2. It lased up to 100 °C. The char-
acteristic temperature was 138 K in the linear regions20–80 °Cd.
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more efficiently in PAO lasers. Bonding of the ridge wave-
guide lasers to the heatsink using indium plays an important
role in the operation of the lasers in this work. The contact
between the laser and heatsink is also much more intimate
with indium bonding.

It was well established4,12 that strain-compensated layers
can enhance device performance by allowing higher indium
concentration(for longer wavelengths) and lower nitrogen
concentration(for improving luminescence efficiency) to be
used in the active region. The GaAsP layers used in this
work were close to the InGaAsN layers and had a higher
band gap than GaAs, and thus the carrier confinement was
enhanced. The tensile strain in the GaAsP also reduced the
overall stress of the active region(strain compensation).
Therefore, stress-related defects were reduced in the active
region. These effects may have a significant contribution to
the overall satisfactory performance of the lasers.

The lasers in this work had three QWs, in contrast to the
single well in Ref. 22. Lasers were fabricated using conven-
tional methods(i.e., not by the PAO method) and using wa-
fers grown under similar conditions but having different
number of quantum wells; there was no conclusive direct
correlation between slope efficiency and the number of quan-
tum wells.24 Thus it is unlikely that the wafer structure af-
fected the laser performance significantly.

In conclusion, pulsed anodic oxidation was applied to
the fabrication of ridge waveguide InGaAsN triple-QW
strain-compensated lasers grown by MOCVD. Laser output
power reached 962 mW in cw mode at room temperature
from 100-mm stripe lasers. The lasing wavelength of a
100 mm31500mm triple-QW laser in cw mode at room
temperature was 1297 nm. The threshold-current density was
256 A/cm2. The maximum slope efficiency was found to be
0.42 W/A at room temperature. The characteristic tempera-
ture was 138 K s20–80 °Cd. The lasers operated up to
100 °C. Possible reasons for the reasonable device perfor-
mance were discussed.
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