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A reliable 877-nm InGaP/GaAs light-emitting diode (LED) has been grown on a Si substrate by metalorganic
chemical vapor deposition. A conventional Al-contained AlGaAs/GaAs LED on a Si substrate exhibited a rapid
degradation because of formation of dark-line defects (DLD's). On the contrary, an Al-free InGaP/GaAs LED on a Si
substrate showed no significant growth of DLD's. As a result, a stable operation for more than 1100 hours has been

achieved in an InGaP/GaAs LED on a Si substrate.

L. INTRODUCTION

Reliable light-emitting diodes (LED's) and laser diodes
on Si substrates are key devices in high density applications
such as optical interconnectiong_in future optoelectronic
integrated circuits (OEIC's).1'3) GaAs on Si substrate
(GaAs/Si) involves a high dislocation density (>108 cm-2)
and a large residual thermal stress (109 dyn/cmz), which are
introduced by the ~4 % lattice mismatch and the ~250 %
difference in the thermal expansion coefficients between
GaAs and Si.% 3) Therefore, LED's and laser diodes grown
on Si substrates suffer from rapid degradations. Previous
studies on improvement of reliability have been focussed on
reductions of dislocation density and residual stress by uses
of post-growth patterningS), selective-arga growth ) and
undercut GaAs on Si (UCGAS) structure.”) In particular,
1000 hours stable operation has been achieved in the
AlGaAs/GaAs UCGAS-LED structure on Si by reduction of
the thermal stress.”) However, the UCGAS-LED structure
involves difficulty of fabrication process.

AlGaAs layers are commonly used for cladding and
confining layers in conventional structures of LED's and
laser diodes on Si as well as GaAs substrates because Al is
useful to increase the band-gap energy. Al is well known to
cause growth difficulties due to increased incorporation of
residual oxygen for metalorganic chemical vapor deposition
(MOCVD) growth. We have shown that the rapid
degradation in the conventional Al-contained laser diode on
the Si substrate is caused by the deteriorations of electrical
and optical characteristics, which are related to the defect-
accelerated impurity diffusion and the formation of dark-linc
defects (DLD's).®: 9)  The Al-free materials have the
advantages such as less surface oxidation, lower surface
recombination velocity, reduction of lIcakage current and
resistance to formation of DLD's. Therefore, the
improvement in reliability can be expected for the LED and
laser diode on Si substrates using the Al-free structure. In
this study, we report the stable operation for more than 1100
hours in Al-free InGaP/GaAs LED's on Si substrates at 300
K.

II. EXPERIMENTAL

In the first growth step, a 1.8-um-thick n*-GaAs layer
was grown by an rf-hcated MOCVD at aumospheric pressurc
on a (100) n™-Si substrate lilted 2° toward the [110]
direction using the two-step growth technique. During the
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nt-GaAs layer growth at 750 °C, the temperature was
cycled five times from 350 to 850 °C. Thermal cycle
annealing is effective in reducinﬁJ the density of threading
dislocations in the active layer. ) In the second growth
step, this GaAs/Si was transferred to the low pressure (76
Torr) MOCVD growth system and treated as a substrate for
the subsequent growth of InGaP/GaAs double-
heterostructure. The structure grown at 700 °C consists of
a 0.8-um-thick n-Ing 49Gag 5P lower cladding layer, a
0.1-um-thick n-GaAs active layer, a 0.8-pum-thick p-
Ing 49Gag 51P upper cladding layer, and a 0.1-um thick
pT-GaAs contact layer. The conventional Al-contained
AlGaAs/GaAs double-heterostructure LED was also grown
on the Si substrate. In order to confirm the advantages of
the Al-free material, the LED's were fabricated using Ti/Au
for the p*-GaAs contact layer and Au-Sb/Au for the Si
substrate. The electrode area of Ti/Au was 1.26x104 cm?2,
The characteristics of LED's on Si substrates were
measured under dc bias at 300 K. The lifetime tests for
five samples of each LED were also examined under
automatic current control (ACC) condition at 300 K. The
top Ing 49Gag 51P layers were characterized by a Nomarski
microscope, photoluminescence (PL) at 77 K, electron-
beam-induced current (EBIC) and 300 K van der Pauw-
Hall measurements. 300 K time-resolved PL measurement
was carried out using the semiconductor pulsed laser with a
wavelength of 655 nm. Growth of DLD's was studied
using an electroluminescence (EL) observation system.

I1I. RESULTS AND DISCUSSION

Figures 1 (a) and (b) show as-grown surface
morphology for the conventional Al-contained
AlGaAs/GaAs and the Al-free InGaP/GaAs LED's on the
Si substrates, respectively. Although the surfaces were
mirror-like in the both samples, the AlGaAs/GaAs LED on
Si exhibited precipitates, which were probably caused by
the excess aluminum. In the growth of the AlGaAs/GaAs
laser diode on Si, these precipitates become pronounced as
the aluminum composition increases. These precipilates
were also observed in the laser diode grown on Si in Fig. 1
of Ref. 11. The dark spot density (DSD) obtained from the
EBIC measurement was 9x10® ~ 1x107 ¢cm™2 in the both
samples. The peak wavelength and the full width at half
maximum (FWHM) of the PL spectra at 77 K were 642.5
nm and 11.1 nm for the 1.5-um-thick Ing 49Gag 51 P layer
on GaAs, and 645.5 nm and 17.2 nm for the Ing 49Gag) 51P



layer simultaneously grown on GaAs/Si, respectively. This
red shift could be due to the biaxial tensile stress caused by
the difference in the coefficients of thermal expansion
between Ing 4%Ga0 51P and Si. The electron mobility at 300
K was 989 cm#/V-s with a carrier concentration of 3.5x10!
cm” for the Ing 49Gag 51 P layer on the GaAs substrate and
950 cm2/V-s with a carrier concentration of 3.8x101

for the Ing 49Gag 51 P layer on the GaAs/Si. The PL
decay times obtained from the time-resolved 300 K spectra
were 0.9 nsec and 2.7 nsec for the AlGaAs/GaAs and
InGaP/GaAs LED's on the Si substrates, respectively.
Takin accounl of these results and the previously reported
result!2), the recombination velocity at InGaP/GaAs
interface is less than that at AlGaAs/GaAs interface.

Fig. 1. Nomarski micrographs of (a) Al-containcd
AlGaAs/GaAs and (b) Al-free InGaP/GaAs LED's
grown on Si substrates by MOCVD.

The InGaP/GaAs LED on Si showed the turn-on
voltage of 1.5 V and the reverse break down voltage of 9.3
V at 100 pA, which indicate a good characteristic of p-n
junction. The ideality factor calculated from the forward I-V
characteristic was approximately 2 in the bias region around
0.5 V. The light output power-dc current (L-I) characteristic
at 300 K is shown in Fig. 2. For conganson, the previously
reported result on the UCGAS-LED) is also shown in this
figure. The characteristic of the InGaP/GaAs LED on the Si
substrate was almost lincar up 1o an injected current of 40
mA, and the optical output power was 23 W al 40 mA.
The peak in the spectrum of emitted light at 877 nm has the
FWHM of about 39 nm. The data from PL and spectrum
measurements indicate that the InGaP/GaAs LED on Si is
subject to a tensile stress. In comparison with the UCGAS-
LED on the Si substrate, this InGaP/GaAs LED exhibits a
high power and a linear L-1 characteristic. This result
indicates that the crystal quality of this LED is better than
that of UCGAS-LED. In other words, the InGaP/GaAs LED
on Si exhibits a lower density of nonradiative recombination
center.

Figure 3 shows the typical result from the lifetime test
for the Al-free InGaP/GaAs LED on the Si substrate, The

lifetime at 300 K was examined by measuring the output
power at a constant current of 10 mA (79 Afcm? ). The
conventional AlGaAs/GaAs LED exhibited the rapid
degradation (not shown). However, the significant
improvement was observed in the reliability of the Al-free
InGaP/GaAs LED on the Si substrate. The InGaP/GaAs
LED on Si showed the stable operation for more than 1100

hours. Taking account of these results and ease of
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Fig. 2. 300 K L-I characteristics of the InGaP/GaAs

LED and UCGAS-LED'/ grown on Si substrates.
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Fig. 3. Result from lifetime test for the InGaP/GaAs
LED on Si substratc.

450



fabrication process, the InGaP/GaAs LED on Si is thought to
be superior to UCGAS-LED on Si.

In order to study the optical degradation, the formation
of DLD's was observed for the Al-contained AlGaAs/GaAs
and Al-free InGaP/GaAs LED's on the Si substrates using
the EL observation. Figures 4 (a) and (b) show the EL
images of the AlGaAs/GaAs and InGaP/GaAs LED's on the
Si substrate after aging process of 50 hours, respectively. As
the aging progresses in the AlGaAs/GaAs LED on Si, the
growth of DLD's was clearly observed near the electrodes.
The DLD's, originating from the threading dislocations, have
a high growth velocity along <100> direction. The growth
velocities of <100> DLD's were estimated to be 10 and 50
um/h at the injected current densities of 0.5 and 1.5 kA/cm?Z,
respectively, which depend on the injected current
density.13) These DLD's are three-dimensional dislocation
networks where the nonradiative recombination dominates.
On the contrary, the Al-free InGaP/GaAs LED on Si showed
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Fig. 4. EL images of (a) AlGaAs/GaAs and (b)
InGaP/GaAs LED’s on Si substrales after aging process
ol 50 hours,

no significant growth of DLD's as shown in Fig. 4 (b),
which indicates the suppression of the optical degradation in
this material. Thus, the Al-free materials are effective in
obtaining the stable operation of the LED on the Si
substrate. Further study on the reliability under the
conditions at higher currents and ambient temperatures is in
progress.

IV. CONCLUSION
The high quality Ing 49Gag 51P layer has been grown

on the GaAs/Si by MOCVD technique despite the 4 %
lattice mismatch. We have also demonstrated the MOCVD-

. grown reliable InGaP/GaAs LED on the Si substrate using

the Al-free materials. The 877-nm emitting InGaP/GaAs
LED on Si showed the stable operation for more than 1100
hours, which results from the suppression of the formation
of DLD's,
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