
Si
at

ge
rs

Downlo
Degradation mechanism of AlGaAs/GaAs laser diodes grown
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We have studied the rapid degradation of the AlGaAs/GaAs single quantum well laser diodes on
substrates grown by metalorganic chemical vapor deposition. The dislocations propagate
velocities up to;75 mm/h along^100& and;20 mm/h along^110&, which cause an increase in
threshold current and a decrease in differential quantum efficiency. The degraded current–volta
characteristic resulted from the defect-assisted impurity diffusion. The degradation process occu
very rapidly due to the presence of a high density of defects and thermally induced strain. ©1995
American Institute of Physics.
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Heteroepitaxial growth of III–V semiconductors on
substrates has recently attracted much attention becau
allows monolithic integration of Si and III–V devices. I
particular, GaAs-based laser diodes on Si substrates pla
important role in the field of optoelectronic integrated c
cuits ~OEICs! and optical interconnections between Si ve
large-scale integrated circuits.1,2 Continued improvements in
material quality and device structure have made poss
room-temperature continuous-wave~cw! operation for
AlGaAs/GaAs laser diodes on Si substrates.3,4 However, the
growth of GaAs on Si substrates~GaAs/Si! involves the
4.1% lattice mismatch and the difference in the thermal
pansion coefficients between GaAs and Si materials, wh
result in a calculated;1012 cm22 defect density and a larg
residual tensile stress in the epitaxial layer. Therefore, ro
temperature reliable operation of GaAs-based laser diode
Si is still hindered at the present time by the high dislocat
density ~.106 cm22) and the large tensile stres
~;109 dyn/cm2! in the active layer.5

The degradation process in the AlGaAs/GaAs laser
odes on GaAs substrates is well known.6,7 It involves the
growth of dark-line defects~DLDs! in the @100# directions,
which is caused by the presence of nonradiative elect
hole recombination centers. The growth of DLDs, which a
enhanced by the strain and the injected current, cause
increase in the threshold current and a decrease in the d
ential quantum efficiency. It is also well known that GaA
based laser diodes on Si substrates suffer from rapid de
dations due to the high dislocation density and the la
tensile stress in the active layers. Previous studies h
shown that the rapid degradations result from the growth
DLDs in the^100& direction and the ohmic-like characterist
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in the p-n junction.8,9 In this study, we investigate the in-
jected current density dependence of the DLDs growth ve
locities along thê100& and ^110& directions in the AlGaAs/
GaAs quantum well heterostructure laser diodes on S
substrates. We also demonstrate the degraded curren
voltage~I–V) characteristic results from accelerated impurity
diffusions.

Details about the epitaxial growth and the device fabri
cation have been described previously,3,5 and are summa-
rized as follows. AlGaAs/GaAs single quantum well~SQW!
laser diodes were grown on the Si substrates oriented
away from the~100! toward @011# in a rf-heated metalor-
ganic chemical vapor deposition~MOCVD! reactor at atmo-
spheric pressure. The laser diode consisted of a 2.0-mm-thick
Se-doped~231018 cm23)n1-GaAs layer, a 1.0-mm-thick
Se-doped~131018 cm23)n1-Al0.7Ga0.3As cladding layer, a
70-nm-thick undoped Al0.3Ga0.7As barrier layer, a 9-nm-
thick undoped GaAs active layer, a 70-nm-thick undope
Al0.3Ga0.7As barrier layer, a 1.0-mm-thick Zn-doped
~131018 cm23!p1-Al0.7Ga0.3As layer, and an 80-nm-thick
Zn-doped ~131019 cm23!p1-GaAs layer. Oxide-isolated
stripe-geometry laser diodes were fabricated by opening th
contact stripes in a 100-nm-thick SiO2 layer deposited on the
epitaxial side. Thep-side contact metallization consisted of
50 nm of Ti and 150 nm of Au. Then-side contact consisted
of 50 nm of AuSb and 100 nm of Au. The growth of DLDs
was verified using an electroluminescence~EL! observation
system. Secondary-ion mass spectroscopy~SIMS! measure-
ment was performed with Cs1 primary-ion bombardment.
Signals determining the depth profiles were taken from
939 mm2 area within the 103300mm2 degraded laser stripe
region.
29950)/2995/3/$6.00 © 1995 American Institute of Physics
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Figure 1 shows the 300 K pulsed threshold current d
sity and the differential quantum efficiency as a function
total operating time the current was on. The data were
tained with 0.2-ms-long current pulses at a 5-kHz repetitio
rate. The threshold current density initially increased slow
from 1.28 to 2.59 kA/cm2 in 67.5 s, increased rapidly to 3.9
kA/cm2 in the next 17.5 s. As a result the threshold increas
the differential quantum efficiency decreases. There is an
companying increase in lasing threshold current density
a decrease in differential quantum efficiency because
DLDs create the nonradiative recombination centers
form the dark regions of reduced gain. Thus, the AlGaA
GaAs laser diode on Si rapidly degrades even under
pulsed condition at 300 K. This laser diode has a lifetime
short as 6 min under automatic power control condition
300 K.

In order to study the degradation process, the DLDs
mation was observed for the AlGaAs/GaAs laser diode on
Figure 2 shows EL images before and during the aging un
0.5 kA/cm2 for the AlGaAs/GaAs laser diode grown on S
With further aging@Figs. 2~b! and 2~c!# the contrast between
dark and light becomes more pronounced. Dark regions
come broad in the vicinity of its originating defect, and e
tend preferentially in thê100& directions. Figure 2 shows
that there is also the effective growth velocity for the^110&
direction.

The ^100& and ^110& DLDs growth velocities as a func
tion of injected current density are shown in Fig. 3. The DL
growth velocity was estimated by dividing the DLD grow
length by the operating time. The growth velocities for t
^100& and ^110& directions depend on the injected curre
density. For example, thê100& growth velocities were;10
and;75mm/h at the injected current densities of 0.5 and
kA/cm2, respectively. Thê110& growth velocities were;2
and;20 mm/h at 0.5 and 2.0 kA/cm2, respectively, which
are about 1/4 of those for thê100& DLD. Waterset al. re-
ported that thê100& and ^110& DLDs growth velocities of
the AlGaAs/GaAs laser diode on GaAs were;2–10 and 0.1
mm/h, respectively.7 In the AlGaAs/GaAs laser diode on S

FIG. 1. 300 K pulsed threshold current density and differential quan
efficiency as a function of total operating time for AlGaAs/GaAs laser dio
on Si substrate.
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the dislocations propagate at velocities up to;75 mm/h
along thê 100& direction and;20mm/h along^110& because
the cw threshold current density is;2 kA/cm2 at 300 K.
Thus, the growth velocity of DLD in the laser diode on Si is
larger than that on the GaAs substrate. Therefore, the laser
diode performance suffers and the current required to main-

m
e

FIG. 2. EL images~a! initially and during~b! and~c! aging of the AlGaAs/
GaAs laser diode grown on the Si substrate.~b! and~c! corresponds to aging
of 7 and 45 min, respectively. The laser diode has been aged below thresh-
old.

FIG. 3. DLDs growth velocities alonĝ100& and^110& directions as a func-
tion of injected current density for AlGaAs/GaAs laser diode on Si substrate.
Egawa et al.
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tain the constant output power increases rapidly because
DLDs grow across the lasing stripe. This higher growth v
locity causes the rapid degradation in the laser diode on

We showed that the degraded AlGaAs/GaAs laser dio
on Si exhibited the ohmic-likeI–V characteristic of thep-n
junction.9 As shown in Fig. 4, further evidence supportin
the degradedI–V characteristic comes from comparison o
SIMS profiles of the laser diode on Si before and after de
radation. Before degradation, much higher concentrations
Si were observed at the GaAs/Si interface and the surface
the p1-GaAs layer. The increased concentrations of Si ne
the GaAs/Si interface and the surface have been reporte
the typical phenomena in the heteroepitaxial growth of Ga
on Si by MOCVD.10–12After degradation, there was signifi
cant outdiffusion of Si into then1-GaAs layer from the Si
substrate and indiffusion of Si into thep-AlGaAs layer. An-
other significant outdiffusion of the intentionally doped S
impurity was observed in thep-AlGaAs layer by comparison
of Se impurity profiles before and after degradation. No s
nificant diffusion was observed in the Zn impurity profil
after degradation. Thus, the indiffusion of Si and the outd
fusion of Se into thep-AlGaAs layer would convert the
p-type upper confining layer ton-type. As a result, theI–V
characteristic of thep-n junction leads to the ohmic-like.

Plano et al. showed that dislocation-accelerate

FIG. 4. SIMS profiles of AlGaAs/GaAs laser diode on Si substrate befo
and after degradations. Signals determining depth profiles were taken f
939 mm2 area within the 103300mm2 degraded laser stripe region.
Appl. Phys. Lett., Vol. 67, No. 20, 13 November 1995
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impurity-induced layer disordering was observed in the an-
nealed AlGaAs/GaAs quantum well heterostructure grown
on Si by MOCVD.11 Martinset al. suggested that the degra-
dation in thep-n junction on Si is due to the motion and
coupling of point defects with doping impurities present in
the n layers.13 The dislocations and stress in the GaAs/Si
make the impurities such as Si and Se more mobile becaus
the laser diode on Si has a high dislocation density of
23107 cm22 and a large tensile stress of 2.49 kbar.5 The
impurity diffusion is thought to be accelerated by high den-
sity dislocations and the large stress in the GaAs/Si. Further
more, the impurity diffusion process is enhanced by the in-
jected current and the operating temperature during aging
test.

In summary, we estimated the DLDs growth velocities of
;75 mm/h along thê 100& direction and;20 mm/h along
^110& at the injected current density of 2.0 kA/cm2 for the
AlGaAs/GaAs laser diodes on Si substrates. The ohmic-like
characteristic of thep-n junction was thought to be caused by
the defect-assisted impurity diffusion during the aging pro-
cess.
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