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Single quantum well AlGaAs/GaAs graded-index separate-confinement heterostructure lasers
have been fabricated using MeV oxygen ion implantation plus optimized subsequent thermal
annealing. A high differential quantum efliciency of 85% has been obtained in a 360-um-long
and 10-pm-wide stripe geometry device. The results have also demonstrated that excellent
efectrical isolation (breakdown voitage of over 30 V) and low threshold currents (22 mA) can
be obtained with MeV oxygen ion isolation. It is suggested that oxygen ion implantation
induced selective carrier compensation and compositional disordering in the quantum well
region as well as radiation-induced lattice disordering in Al Ga, _, As/GaAs may be mostly
responsibie for the buried layer modification in this fabrication process.

Fabrication of high quantum efficiency and low thresh-
old semiconductor lasers has atiracted considerable atten-
tion in recent years. '™ One Hmit to device performance is the
leakage current (current which bypasses the active region of
the device). In addition to several conventional methods
such as diffusion, etching, and burying insulation layer
growth, all of which have been shown to have some technical
difficulties, ion implantation may provide some advantages.
It has been established that selected ion species may create
insulating or semi-insufating layers in semiconductor crys-
tals. Such high-resistivity layers placed in appropriate re-
gions can block current flow through undesired leakage
paths in semiconductor lasers. In the AlGaAs-GaAs materi-
al system, proton implantation, which utilizes the lattice
damage mechanis, was first used to demonstrate this possi-
bility.*” Oxygen fon implantation by chemical doping has
been shown to result in a stable semi-insulating material®’
and has previously been reported 2s a current confinement
technique for planar stripe lasers.®’ This is also a potentially
promising technique for current confinement in AlGaAs/
GaAs chaneled subsirate planar lasers.'” Some work on Be
or Fe ion implantation into the InGaAsP/InP system for
laser fabrication has also been reported.'"'? However, most
of the above-mentioned investigations were carried out by
preparing a semi-insulating layered substrate through ion
implantation followed by liquid phase expitaxial (LPE)
growth of active and cladding layers on top. We report in this
letter the utilization of MeV oxygen ion implantation for
direct fabrication of single quantum well (SQW) graded-
index separate-confinement heterosiructure (GRINSCH)
AlGaAs/GaAs lasers. We have taken adgvantage of selective
carrier compensation, chemical doping, and implantation-
induced compositional disordering with Al interdiffusion fo
improve the device performance with respect 1o efficiency
and threshold current, and obtain improved electrical char-
acteristics.
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Figure 1 shows a skeich of the SQW-GRINSCH
AlGaAs/Gahs layer structure. It was grown by the molecu-
far beam expitaxy (MBE) method on an r-type Si-doped
{100} oriented GaAs substrate. A 2 um GaAs buffer layer
with uniform composition was first grown on the substrate
in order to reduce substrate-related defects. Following the
growth of a Si-doped Al ;Gag s As cladding layer, 3 70 A
gquantum well active layer was sandwiched between two
graded-index AlGaAs waveguide layers of 1500 A thick-
ness, in which the Al mole fraction was varied from x = 0.5
to x = (.2 towards the quantum well. These graded-index
AlGaAs layers provide parabolic waveguide regions for ver-
tical confinement both for electrical carriers and the optical
field. The growth was then continued with a Be-doped
Al, s Ga, s As upper cladding layer and a GaAs cap contact
layer.

For lateral confinement, MeV oxygen ion implantation
was employed, as indicated schematically in Fig. 2. The pro-
cessing of the device began with delineating the mask stripes
along the {110} direction cn the surface by using photo-
lithography. The mask stripe is 10 um wide and consists of a
3500 A gold film with a 4-um-thick photoresist {(AZ4400)
layer on top. It defines the laser cavity width and provides
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FIG. 1. Sketch of the layer structure of 4 single guantum well GRINSCH
AlGaAs-GaAs laser grown by the MBE methoed.
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FI1G. 2. Cross-sectional views of (a) a masked and as-implanted single
quantum well GRINSCEH laser device chip and (b) an oxygen ion implan-
tation fabricated laser device with such a structure.

enough material to prevent the 2 MeV oxygen ions from
rezching the lasing region and causing implantation dam-
age. lon implantation was carried out at room temperature
using the Caltech Tandem accelerator. The beam energy of
1.8 MeV was chosen according to our data on oxygen ion
range versus beam energy in GaAs and photoresist as weli as
standard stopping power data. The best results were ob-
tained when the implanted layer straddled the graded-index
regions and the guantum well layer in the device. A dose of
2 X 10" /cm? was found 1o be optimal with a bearn flux under
i uA/em’. A diagram of the masked and as-implanted sam-
ple is shown in Fig. 2(a).

Following implantation the mask was removed by etch-
ing the sample in HCl acid for | min for the photoresist layer,
followed by etching in a commercial gold etchant for the Au
film. The sample was then annealed in a graphite heater at
650 °C for 10 min in N, ambient gas. This optimam condi-
tion was determined in a test of the annealing procedure for
oxygen-implanted n-type and p-type GaAs, where we ob-
served the effect of selective carrier compensation as we will
discuss below. Finally, the AuZn was deposited to contact
the surface p-type GaAs, and AuGe was evaporated on the
backside to contact the n-type GaAs substrate. These metal
contacts were alloyed at 450 °C for 28 s. The individual laser
chips were then cleaved without subsequent coating for test-
ing. A schematic diagram of a fabricated device s shown in
Fig. 2{b).

For comparison, a Si0, stripe geometry laser was also
fabricated from the same MBE-grown wafer as that used for
implantation fabricated devices. The SiO, layer was 2000 A
thick and was thermally grown on the sample surface. The
laser stripe was 10 ym wide and the cavity was 420 um long.

Optical characterization of the fabricated lasers was
performed at room temperature under a probe station. For 3
typical device of cavity length 360 um, the lasing emission
wavelength is 0.842 um. The output power per facet versus
the pulsed injection current is shown in Fig. 3. One finds that
the threshold current is about 22 mA., A total slope efficiency
{both as-cleaved facets combined) associated with this par-
ticular laser is about 1.25 W/A. A total external quantum
efficiency over 85% was obtained. As a comparison, the out-
put characteristic curve of a 8iQ, stripe laser has also been
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FIG. 3. Light-output characteristics of a single quantum well GRINSCH
AlGaAs-GaAs laser fabricated (a) by high-energy oxygen ion implantation
with a cavity of 10 zm > 360m (I, =22mA, %, = 85%) and (b) with
Si(), isolating stripe with a cavity of 10 pm X420 pm (£, = 65 mA,
Tewp 7= 319%).

plotied in Fig. 3, where it is shown that the threshold current
in this 10-um-wide and 420 pm stripe laser is about 65 mA
and the total external guantum efficiency is about 51%.

The electrical characteristics of the implanted laser di-
ode were also measured. A typical current-voltage curve is
presented in Fig. 4. A low leakage current and a high and
sharp reverse breakdown voliage of over 30 V have been
obtained.

Gxygen ion implaniation as 2 means of creating semi-
insulating layers in GaAs was first reported by Favennec ef
al.® Recently, it has also been reported that a similar result
can be achieved in AlGaAs."® In contrast to proton bom-
bardment, where the insulating effect is mainly due to lattice
damage, oxygen ion implanted n-type GaAs and AlGaAs
remain insulating after annealing above 600 °C. As damage
due to bombardment normally disappears at this temipera-
ture, the insulating properties are ascribed to chemical dop-
ing with oxygen in the restored lattice.” However, a different
effect has been found in p-type GaAs material. It exhibits a
feature similar to the proton implanted samples.' It is be-
lieved that the electrical isclation in oxygen ion implanted
GaAsisdue to oxygen associated deep levels in GaAs, which
trap electrons but not koles.”'* OQur experiments in testing
samples have further confirmed this phencmenon. If n™-
and p*-type GaAs samples are implanted with 1 MeV oxy-
gen ions and annealed at temperatures under 600 °C, both
samples were insulating, which was mainly due to residaal
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FIG. 4. Electrical characteristics of a single quantum well GRINSCH
AlGaAs-(GaAs laser fabricated by high-energy oxygen ion implantation as
shown in Figs. 2 and 3.
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FIG. 5. Current-voltage characteristic curves of oxygen ton implanted and
annealed (650 °C) GaAs single crystals: (a) p-type GaAs, conducting; (b)
n-type GaAs, insulating.

radiation damage. The result is different after they are an-
nealed above 600 °C. Figure 5 presents the current-voltage
characteristic curve which was taken from GaAs samples
annealed at 650 °C. It illustrates the conducting behavior in
the p-type material (curve a) and the insulating behavior in
the n-type material (curve b). With this selective electrical
compensation in GaAs, the requirements on the mask build-
up and beam energy selections are more flexible. Since the
isolation in oxygen ion implanted GaAs and AlGaAs is not
due to radiation damage, which can be annealed at teropera-
tures above 600 °C, the implanted layer can recover its high
quality crystalline structure. Thus, optical absorption is
greatly reduced in the ion implanted isclation layers com-
pared te proton implanted layers. This results in low thresh-
old current and enhanced quantum efficiency in oxygen ion
implanted lasers.

Compositional discrdering in an AlGaAs/GaAs quan-
tum well induced by ion implantation is anocther accompa-
nying effect, of which one can take advantage in the laser
fabrication. If the GaAs guantum well is intermixed with
surrounded Al Ga, , As barriers outside the stripe area,
then there is an increase in AlAs mole fraction in the wave-
guide region outside stripe, effectively decreasing the refrac-
tive index and thus laterally confining the light as well as the
carriers. In fact, quantum well layer disordering, and the
resulting shift from low gap to high gap, has been employed
to fabricate sophisticated buried heterostructure lasers, "7
where the layer disordering was induced by impurity diffu-
sion followed by thermal annealing. Jon implantation can
provide more effective, selective, and maskable means to in-
duce compositional disordering.'® The experiments indicate
that implantation damage alone is sufficient for quantum
well heterostructure or superiattice layer disordering, but an
active impurity ensures more complete disordering. This ef-
fect has been observed in 8i, Zn, Al, Ar, and Xr ion implant-
ed superlattices.'>' Recently, our preliminary work® by
secondary-ion mass spectrometry profiling and cross-sec-
tional transmission electron microscopy imaging has re-
vealed that lattice compositional digsordering in oxygen ion
implanted AlAs/GaAs is also realized with Al interdiffu-
sion around the implanted region. The result provides evi-
dence of the disordering in AlGaAs/GaAs guantum well
devices.
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In summary, single quantum well GRINSCH lasers
have been fabricated using high-energy oxygen ion implan-
tation in combination with optimized thermal annealing.
High external quantum efficiency, low threshold current,
and excellent electrical characteristics were obtained. This
technigue requires fewer critical processing steps than those
previously employed. It is shown that oxygen ion induced
selective electrical compensation in n-type GaAs and
AlGaAs as well as implantation-induced lattice disordering
arcund the guantum well layer provides good electrical iso-
lation for lateral current confinement. Gxygen ion bombard-
ment can also induce Al composition interdiffusion in
AlGaAs/GaAs superlattices, giving the desired effect of
compositional disordering in the guantum well layer and
graded-index regions, thus providing lateral optical confine-
ment and reduced optical loss. A detailed investigation of
this effect is under way.
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