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Chapter 1. Introduction
1.1 Background

A combination of GaAs-based compound semiconductors with highly
developed Si has a great potential for creation of novel
semiconductor materials incorporating photonic functions such as
light emission and high speed operation into highly integrated Si-
based electronic devices. Therefore, GaAs-based semiconductors on
Si subétrates (GaAs/S1) have attracted much interest as promising
materials for future optoelectronic integrated circuits (OEICs)l_S).
In the conventional Si-based devices, metallic wires and bonds have
been used as electrical connections. On the other hand, for
example, a Si-based ultra large scale integrated circuit (ULSI) chip
with GaAs-based optical input/output (I/0) devices can hopefully
promise the increased I/0 speed and increased resistance to
electromagnetic interference without time delays by optical chip-to-
chip interconnects and communications. The communications can be
carried out by high-speed optical links coupled through fibers or
free-space propagation.

9-13) and direct

The merits and demerits of heteroepitaxy
bonding (epitaxial lift—off)12'14_27) are tabulated in Table I.I.
For the realization of such a monolithic integration of GaAs and Si,
many researches have been .carried. out by heterocepitaxy or direct
bonding. In the latter, a homoepitaxially grown GaAs layer 1is
transferred and bonded to Si substrate by adhesive metals and
intermediate layers after detaching it from GaAs substrate. Direct
bonding of GaAs/Si will provide high-quality GaAs film and possible

uses of commercially processed Si chips. There are, however, some

serious problems of troublesome fabrication, small area uniformity,

.._1_
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induced thermal stress and high resistance at the bonding interface.
The heteroepitaxial growth of GaAs/Si has been actively studied over
the past decade by molecular beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD). This heterocepitaxial growth
technique has some attractive merits such as easy fabrication, large
area uniformity and low cost. However, GaAs/Si material grown by

heteroepitaxy suffers from three major problems:

(1) the anti-phase domain (APD) generation due to the polar (GaAs)-

on—-nonpolar (Si) system;

(2) the generation of high density of threading dislocations (>lO6
cm”z) due to the ~4 % mismatch between the lattice constants of Gals

(0.5653 nm) and Si (0.5431 nm); and

(3) the large biaxial tensile stress (~109 dyn/cmz) generated during
cooling after the growth due to the difference in the thermal

expansion coefficients of GaAs (6.4><10—6 /K) and Si (2.3X10"6 /K) .

The relationship between lattice constants and thermal expansion
coefficients at 300 K for wvarious semiconductor materials is shown
in Fig. 1.1. The first problem can lead to a low minority carrier
lifetime?8) and poor nmrphology29). The latter two problems can
contribute to the reduced minority carrier lifetimes39) and the
severe bowing of the GaAs/Si wafer which introduces microcracksS1™
34) 6f the GaAs layer on Si. Thermally induced stress also.enhances
the migration of dislocations3%) . Considering the widespread
applications of GaAs/Si, it is believed that the heteroepitaxy has

more attractive advantages rather than the direct bonding.

Therefore, for the growth of high-quality GaAs/Si, the above-
_3_
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mentioned problems must be overcome.

1.2 Heteroepitaxial Growth of GaAs on Si

The above-mentioned first problem (APD generation) has been
already solved by use of nominally (100)-oriented Si substrates with
a slight misorientation between 2 and 4° towards the [011]
directionll,29,36-38) This effect is accomplished through the
formation of a (100) Si surface with a large density of double-
atomic-layer steps on the Si surface as a result of the heat
treatment of the misoriented Si substrate. Therefore, the Si
substrates oriented 2° off (100) towards the [01l1l] direction were
used in this study. Although a single-domain GaAs layer was
obtained by use of the misoriented Si substrate, the fundamental
problems associated with the differences of ‘lattice constant and
thermal expansion coefficient still remain.

Most of the dislocations are confined at the GaAs/Si interface
when grown by conventional MOCVD two-step growth technique39) with
an initial nucleation layer growth at relatively low temperature
(~400 °C) and a subsequent growth at normal growth temperature.
Growth at low temperature results in a mode approaching two-
dimensional GaAs nucleation layer growth40). The number of
threading dislocations can be decreased by inserting strained-layer
superlattices (SLSs) 11) such as InGaAs/GaAs4l,42) and
GaAsP/GaAs9'43). Nozawa and co-workers?4) have reported that the
etch pit density (EPD) was drastically reduced to 7%X104 cm™2 by a
combination of InGaAs/GaAs SLSs inserted into GaAs layers on Si
grown by migration enhanced epitaxy (MEE) at 300 °C. Recently,
other new approaches such as (GaAs)(GaP), strained short-period

superlattices (SSPSs)45), ZnSe46'47) and GaSe48) buffer layers, thin
_5__



Si intermediate layer13'49'50) and so on, have been proposed. In
addition, in-situ?1,42,51,52) 4pq4 ex-situtls53795) thermal
annealings are also effective in reducing the dislocation density
due to the increase of dislocation velocity and interaction. The
growth on the pre-patterned Si substrates 1is also useful for
reducing the dislocation density12'55_62). For example, Ismail et

2 in the

al.®?) have demonstrated low dislocation density of ~10° cm”
GaAs layer grown on a sawtooth patterned Si substrate. This effect
seems to be caused by the presence of a thin Si0O, layer at the
GaAs/Si interface, resulting in the felaxation of lattice mismatch
strain.

The reduction of thermal stress has been demonstrated by uses
of selective-area growth63'66) and post-growth
patterning42'54'67'68). The residual stress and the defect density
in the GaAs/Si decrease with reductions of the growth area. This is
due to the fact that the stress near the edge is released, because
the edge facet is free to move67). Another approach to reduce the
thermal stress 1is proposed by using a selective etching AlGaAs
release layer to undercut GaAs mesa structurest2s43,69-76) The
completely undercut mesas are restrained in their original positions
by photoresist positioners, and the residual stress is completely
removed by this mesa release and deposition (MRD) technique69'7l).
Sakai et al.%3/72-76) nave proposed the undercut GaAs/Si (UCGAS)
where only part of the GaAs layer is undercut. This UCGAS is useful
for both the reduction of dislocation density and thermal stress
after post-growth annealing. This effect is believed to be caused
by the absence of the GaAs/Si interface which acts as a source for
dislocation supply.

In spite of these efforts, the threading dislocation density

below 10% cmfz, which 1is allowed to use for practical devices

_6_



(especially light-emitting devices), has not been realized yet.
1.3 Device Applications: Light-Emitting Devices on Si

‘In spite of the above-mentioned problems, numerous GaAs-based
electrical and optical devices, including field-effect transistors
(FETs)77), high-electron-mobility transistors (HEMTS)78’79),

81), photodetectors82), solar sellsl0/83),

modulators80), waveguides
LEDs 4/ 76)  and lasers84"91), have been fabricated on Si substrates
by heteroepitaxy.

The characteristics, of GaAs/Si electrical devices have been
improved to the same level as that of GaAs/GaAs, because the
majority carriers are hardly influenced by the dislocation density.

On the other hand, the characteristics of the light-emitting
devices operated by minority carriers are easily affected by

dislocationslo).

However, most of the interest has been focused on
the realization of reliable GaAs-based LEDs and lasers on Si because
of needs for optical interconnects in future OEICs. In 1984,
Windhorn et al.84) were the first to report the pulsed operation at
77 K for an AlGaAs/GaAs double-heterostructure (DH) laser on Si
grown by MBE (threshold current density: Jyp=~10 kA/cmZ). They also
reported that MBE-grown AlGaAs/GaAs single quantum well (SQW) laser
was operated under pulsed condition at room-temperature in 1986
(Jeh="4 kA/cm?) 82) | In the same year, the first AlGaAs/GaAs DH
laser on Si grown by MOCVD was reported by Sakai et al.86) This
laser was operated under pulsed condition at room-temperature
(Jep=~1.5 kA/cmz). In 1987, Deppe. et al.87) succeeded in the first
room-temperature continuous-wave (cw) operation for an AlGaAs/GaAs

SQW laser grown by MOCVD on MBE-grown GaAs-coated Si substrate

(Jep=~2 kA/cmZ). This laser was operated for ~4.5 h under cw
_.7_



condition at room-temperature. - The cw lifetime was increased to ~16

h by use of microcracks for an AlGaAs/GaAs SQW laser on si33) in
1988. In 1989, room-temperature cw operation for an AlGaAs/GaAs
laser on Si grown by only MOCVD was achieved by Egawa et al.88) . 1n

1990, Deppe et a1.89,90) reported the first demonstration of
vertical-cavity surface-emitting laser (VCSEL) on Si. The cw
lifetime of ~56.5 h was reported by Choi et al.2l) for an
AlGaAs/InGaAs SQW laser on Si in 1991. For the LEDs on Si, Wada et
al.’4) reported the lifetime over 2500 h for an undercut AlGaAs/GalAs
LED under direct current (dc) condition at room-temperature in 1992.
Furthermore, in 1993, an AlGaAs/GaAs SQW laser on a sawtooth Si
substrate was operated under room-temperature cw condition for ~100
nl2) . The summary of recent advances in the GaAs—based light-
emitting devices on Si is shown in Table I.II. In this table, those
of the InP-based light-emitting devices on $i192795) are also shown
as references. The  InP-based lasers on Si have advantages of
reliability over the GaAs-based lasers on Si, because the dark-line
defect (DLD) growth wvelocity in the active layer of the InP-based
lasers 1is about two order lower than that of the GaAs-based
lasers?6,97) Thereforé, a long-wavelength (1.5 um) InGaAsP/InGaAs
multi gquantum well (MQW) laser on 5194,98) has exhibited no
degradation after more than 8000 h under cw condition at room-

temperature, despite the high dislocation density of ~107 cm™2.

1.4 Purpose and Organization of Dissertation

GaAs-based light-emitting devices on Si suffer from rapid
degradation, and reliable GaAs-based devices on Si for practical use
have not been realized yet. The understanding of the rapid

degradation mechanisms is very important in order to obtain highly
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Table I.IT.

Summary of recent advances in GaAs- and

InP-based light-emitting devices on Si.

Year

GaAs-based light-emittimg devices

InP-based light-emitting devices

1995

1993

1992

1991

1990

1989

1988

1987

1986

1984

AlGaAs/GaAs SQW laser on sawtooth
Si (MOCVD)
lifetime ~100 h (300 K, CW) [IMEC]

Undercut (UC) AlGaAs/GaAs LED on
Si (MOCVD)

lifetime > 2500 h (300 K, DC)
[Tokushima Univ.]

Stress-free mesa release and deposition
(MRD) AlGaAs/GaAs DH laser on Si
(MOCVD) [MIT]

AlGaAs/GaAs SQW laser on Si with
microcracks (MBE+MOCVD)
lifetime ~500 h (200 K, CW)
[Tilinois Univ.]

AlGaAs/InGaAs SQW laser on Si
(MOCVD)
lifetime ~56.5 h (300 K, CW) [MIT]

AlGaAs/GaAs SQW laser on Si using
selective growth (MOCVD)
lifetime ~10 h (300 K, CW) [MIT]

AlGaAs/GaAs VCSEL on Si (MBE)
Im = 125 mA (300 K, Pulsed) [AT&T]

AlGaAs/GaAs SQW laser on Si
(MOCVD) (300K, CW) [NIT]

AlGaAs/GaAs SQW laser on Si with
microcracks (MBE+MOCVD)
lifetime ~16 h (300 K, CW)

[Hllinois Univ.]

AlGaAs/GaAs SQW laser on Si
(MBE+MOCVD)

lifetime ~4 .5 h (300 K, CW)
[Mlinois Univ.]

AlGaAs/GaAs SQW laser on Si
(MOCVD) (375 K, Pulsed)
(< 160K, CW) [AT&T]

AlGaAs/GaAs DH laser on Si
(MOCVD) (290 K, Pulsed) [NIT]

AlGaAs/GaAs SQW laser on Si (MBE)
(300 K, Pulsed) [MIT]

.AlGaAs/GaAs DH laser on Si (MBE)

(77K, Pulsed) [MIT]

InP/InGaAsP DH laser on Si (MOCVD+VME)
lifetime > 800 h (300 K, CW) (A= 1.3 um)
[NTT]

InGaAsP/InGaAs MQW laser on Si
(MOCVD+VME) lifetime > 8000 h
(300K, CW) (A= 1.5 um) [NTT]

¥ VME ; vapor mixing epitaxy

InP/InGaAsP DH laser on Si (MOCVD)
lifetime > 5 h (300 K, CW) (A= 1.3 um)
[Thomson-CSF]

InP/InGaAsP LED on Si MOCVD)
lifetime ~24 h (300 K, DC) (A= 1.15 um)
[Thomson-CSF]



reliable GaAs-based LEDs and lasers on Si. Novel approaches must be
proposed for suppression of the degradation.

The dissertation is composéd of six chapters, and each of them
is summarized below.

In chapter 2, degradation mechanisms related to DLDs for
AiGaAs/GaAs quantum well lasers on .Si are described. Using
electroluminescence (EL) topography, the detailed observation of
rapid degradation of the lasers on Si is carried out under cw aging
operation at room-temperature. The generation and rapid expansion
of the <100> DLDs is clearly observed, resulting in the
deterioration of lasing characteristic parameters such as internal
differential quantum efficiency, differential gain coefficient and
internal loss. Additionally, it is also shown that the DLD growth
velocity depends on the injected current density.

In chapter 3, increased lifetimes of strained AlGaAs/InGaAs
quantum well.lasers on Si with InGaAé intermediate  layers (InGalAs
ILs) are presented. The increased lifetimes are achieved by bkoth
introducing InGaAs ILs and replacing the conventional GaAs active
layers with the InGaAs layers. EL topography shows the suppression
of <100> DLD growth velocitvaith the increase of In content in the
InGaAs active layer. Furthermore, a remarkable improvement in
’reliability of a post—grdwth annealed AlGaAs/Ing g9Gag g3As laser on
Si with InGaAs IL is also given. '

In chapter 4, improved characteristics of .AlGaAs/GaAs light-
emitting devices on Si by reducing the active regions are described.
The structures of vertically-stacked quasi Ga,As guantum wires grown
on a V-grooved GaAs/Si substrate are confirmed by a high-resolution
scanning electron microscopy (SEM). The extremely low-threshold
current AlGaAs/GaAs quantum wire-like laser on Si 1is also

demonstrated. Furthermore, an AlGaAs/GaAs LED on Si with self-
.._10_



formed GaAs islands active region is presented. The shape and size
of GaAs islands formed by droplet-epitaxy are characterized by an
atomic force microscopy (AFM). The reliability of this LED is also
demonstrated.

In chapter 5, the fabrication of AlGaAs/GaAs VCSELs on Si is
presented. Room-temperature pulsed operation for a VCSEL on Si with
bottom mirror of a 20-pair of AlAs/GaAs quarter-wave multilayer
distributed Bragg reflector (DBR), top mirror of nonalloyed AuZn/Au
and a SQW active layer 1is described. Furthermore, it is
demonstrated that a VCSEL on Si with bottom mirror of a 23-pair of
AlAs/AloolGaoogAs DBR, top mirror of transparent Au and ten quantum
wells succeeded in the cw operation at low-temperature up to 150 K.

Chapter 6 is the summary of this dissertation.
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Chapter 2. Degradation Mechanisms of AlGaAs/GaAs Quantum Well

Lasers on Si Substrates
2.1 Introduction

Observation of the degradation of GaAs-based lasers on Si 1is
very important for understanding of the rapid degradation mechanism
and development of long-life reliable lasers. Van der Ziel and co-

workersl'z)

have reported that growth of nonradiative dark regions
including DLDs was observed in an AlGaAs/GaAs SQW laser on Si using
pulsed current excitation. Martins et al.3) nave reported that the
initial degradation of the AlGaAs/GaAs SQW laser on Si occurred in
the vicinity of the p-n Jjunction. Recently, Egawa et al.?) have
observed optical and electrical degradation of the AlGaAs/GaAs SQW
laser on Si. However, rapid degradation mechanisms related to DLDs
under cw aging operation have not been clarified.

In this chapter, the influences of DLDs on lasing
characteristics and the dependence of DLD growth velocity on the
injected current density for the AlGaAs/GaAs quantum well laser on
Si are described. This chapter is organized as follows: .In section
2.2, epitaxial growth and fabrication process of the AlGaAs/GaAs
quantum well laser on Si are described. The influences of DLDs on
lasing characteristics under cw aging operation are presented in
section 2.3. In section 2.4, the dependence of <100> and <110> DLD
growth velocities on the injected current density under direct
current (dc) operation is described. This chapter is concluded in

section 2.5.

2.2 Epitaxial Growth and Fabrication Process
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The samples used in this study were grown on nt-Si substrates
(Sb-doped, 0.02 £2;cm) oriented 2° off (100) towards the [011]
direction by MOCVD, using an rf-heated horizontal reactor operated
at atmospheric pressure. Trimethylgallium (TMG) and
trimethylaluminum (TMA) were used as group-I1II sources, and arsine
F(AsH3) was used as a group-V source. Hydrogen selenide (H,Se) and
diethylzinc (DEZ) were used as n- and p-dopants, respectively. The
carrier gaé was hydrogen (Hy). The substrates were rinsed in
organic solvents and then cleaned in solutions of H5S504:H50, (4:1 by
volume) and HF:H,O0 (1:1 by volume). Prior to the growth, the
substrates were heated in H, atmosphere at 1000 °C for 10 min in
order - to remove the native oxide from the substrate surface. The
growth temperature was 750 °C except for the initial GaAs nucleation
layer which was grown on Si at 400 °C in the two-step growth
technique. An initial 10-nm-thick undoped GaAs nucleation layer and
a 2.1-pum-thick nt-GaAs buffer layer (Se-doped, 2X1018 cm™3) were
grown. buring growth of the nt-GaAs layer, the substrate
temperature was cycled five times from 350 to 850 °C in an AsHjy
atmosphere. This thermal cycle annealing is effective in reducing
the threading dislocations in the active layers of the lasersSs ©) .
Figure 2.1 shows a schematic cross-section of an AlGaAs/GaAs triple
guantum well (TQW) laser on Si. The laser structure comprised a
1.0-pm-thick n-Aly 7Gag 3As lower cladding layer (Se-doped, 1x1018
cm'3), a 60-nm-thick undoped Algy 3Gap 7As lower optical confining
layer, three 9-nm-thick undoped GaAs quantum wells separated by 5.5-
nm-thick undoped Alj 3Gap_ 7As barrier layers, a 60-nm-thick undoped
Aly 3Gapy 7As upper optical confining layer, a 1.0-um-thick p-
Aly 4Gag 3As upper cladding layer (Zn-doped, 1X1018 cm'3) and an
80-nm-thick pt-GaAs contact layer (Zn-doped, 1X1019 em™3). After
the growth, laser devices were fabricated as follows. A 0.l1-pm-
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Fig. 2.1. Schematic cross-section of AlGaAs/GalAs

TQW laser on Si.



thick Si0, insulating'llayer~ was deposited on the p*'-GaAs contact
layer and 10-um-wide stripe contact windows were opened with a 300
um pitch along the <110> direction by chemical etching of SiOj.
Then, 50-nm-thick Ti/150-nm-thick Au were evaporated on the p+—GaAs
layer as the p-side electrode. After thinning the n*-Si substrate
to a thickness of 100 dm, 50-nm-thick AuSb/150-nm-thick Au were
evaporated on the Si substrate as the n-side electrode. The
contacts were annealed in.a Ny atmc_jsphere at 380 °C for 30 s to
reduce the series resistance. The éamples were cleaved into chips
and mounted on In—soldered Cu heatsinks 1in the p-side-up
configuration. In order to observe the electroluminescence (EL)
topograph of the active region with a Si vidicon TV camera
(Hamamatsu C2741-03), part of the p-side electrode of the lasers was
thinned by chemical etching in a solution of KI : I, : Hy0 (113 g
65 g : 100 cm3)7).

The AlGaAs/GaAs TQW lasers on Si with 120-800 pum cavity length
were prepared. The cw aging test was carried out at a . constant
output power of 1 mW/facet under automatic power control (APC)
operation at a heatsink and'ambient temperature of 20 °C. The
degree of degradation was studied through the change of the increase
ratio of cw driving current (AI),‘lasing characteristic parameters
such as internal differential quantum efficiency (M;), internal loss

(ol

i) and differential gain coefficient (B), and EL topograph of the

active regions). AT was determined using

where I and I are driving current and its initial wvalue,

respectively.



2.3 Influences of DLDs on Lasing Characteristics

All AlGaAs/GaAs TQW lasers on Si degraded within a few minutes.
No relationship between the lifetime and the cavity length of the
lasers was observed in this experiment. Figure 2.2 shows the log-
log relationship between thé increase ratio of driving current (AT)
and aging time for the lasers on Si. The driving current increases
almost linearly with operating time at the initial slow degradation
stage of AI < 60-80 %. However, at the subsequent rapid degradation
stage of AI > 60-80 %, the driving current increases approximately
as the eighth power of operating time. These results indicate that
the degradation mechanisms differ‘in the initial slow degradation
stage and the subsequent rapid one. In order tolinvestigate this
difference, the EL topographs of the laser on Si were observed at

each degradation stage. Typical EL topographs at each degradation

stage of AI = 0, 40, 100, 200 % are shown in Fig. 2.3. At the
initial slow degradation stage of AI = 40 %, generation of a few

<100> DLDs was observed. Subsequently, expansion of <100> DLDs was
clearly observed at the rapid degradation stages of AI = 100, 200 %.
Detailed observations of DLD growth are described in section 2.4;

In order to observe the change of lasing characteristics for
the lasers on Si, 1light-versus—-current (L-I) characteristics were
measured at 20 °C at each degradation stage by interrupting the
aging test. Figure 2.4 shows the typical L-I characteristics of the
425-um-long laser on Si under the pulsed condition at each
degradation stage. Current pulses 0.2 Us long were used at 5 kHz
repetition rate. It can be seen that the threshold current
increases and the external differential quantum efficiency (Mg)
decreases. For lasers on Si with wvarious cavity lengths, the DLD
densities observed by EL topography were the same at each
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degradation stage. Therefore, the pulsed measurement was carried
out for the lasers in order to estimate the change of the lasing
characteristics. The lasing characteristic parameters such as 1y,

o; and P were determined using?s10)
1/mg = (1/m3) [ 1 + a3 L/In(1/R) 1, (2.2)
Jep = Jo/My + MBD)Y ™ [ oy + v7lin(1i/R) 1, (2.3)

where L and R are cavity length and reflectivity of the mirror
facet, respectively. The Jyp 1s related to Jy and I' which are
transparency current density and the optical confinement factor,
resbectively. Using the fact that the value of R is generally 0.32
for an uncoated facet, the values of mM; and a4y can be obtained from
the relationship of 1/mg versus L in eq. (2.2). Thié relationship
at each degradation stage of AI = 0, 40, 100 % is shown in Fig. 2.5.
It is found that N4 gradually decreases as the degree of degradation
progresses. Assuming that I' is 0.081 for the TQW laserll), the
values of b and J; can be estimated from eqg. (2.3). Figure 2.6
shows the relationship of Jip versus L_lln(l/R) at each degradation
stage. P is found to decrease gradually. Typical changes of lasing
characteristics such as My, a4 and B, which are normalized by their
initial wvalues before degradation, are shown in Fig. 2.7. These
initial values, 1My (0), 04(0) and B(0), were 0.77, 25 cm ! and 0.85
cm/A, respectively. At the initial slow degradation stage of AI <
60-80 %, mM; decreases markedly. The decrease in mM; seems to be
caused by the increased number of nonradiative recombination
centers. In order to study the increase of nonradiative
recombination centers, the current-versus-voltage (I-V)

characteristic of the laser on Si was measured at each degradation
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stage. Figure 2.8 shows the typical change ofbrecombination current
(I.) which has the ideality factor of 2. I, was normalized by the
initial wvalue [I.(0)] of 2.5 nA at 0.6 V, and the change of I, was
evaluated at this wvoltage. During the c¢w aging operation, the
ideality factor was increased from 2.06 to 2.20. As shown in Fig.
2.8, I, drastically increased at the initial slow degradation stage.
Thus, the slow degradation related to the generation of <100> DLDs
is probably caused by the increased nonradiative recombination
current due to the increase of nonradiative recombination centers.
Furthermore, the degradation is also caused by the decrease in B, as
shown in Fig. 2.7. Although it can be seen that a; slightly
decreases at this degradation stage, the reason for this is not yet
understood. At the subsequent rapid degradation stage of AI > 60-80
%, TMi negligibly changes, whereas oy drastically increases and J
markedly decreases. These results Suggest that the rapid
degradation due to the expansion of <100> DLDs is caused by

increased absorption of emitted light and decreased gain.
2.4 Dependence of DLD Growth Velocity on Injected Current Density

2.4.1 <100> DLD Growth Velocity

It has been reported that the <100> DLD growth velocity for an
AlGaAs/GaAs laser grown on the GaAs substrate generally depends on
the injected current densitylz). The <100> DLDs are caused by the
formation of complicated dislocation networks due to the
recombination-enhanced dislocation climb (REDC) motion in the active
regionl3'14). The injected carriers trapped by nonradiative
recombination centers at DLDs emit the phonon energy which causes
the lattice wvibrations, resulting in enhancement of the REDC motion.
For an AlGaAs/GaAs laser on Si, the dependence of the <100> DLD
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growth wvelocity on;the injecﬁed current‘density was studied for the
first time. Figure 2.9 shows tynical magnified EL topographs of an
AlGaAs/GaAs TQW laser on Si under dc operation at a constant current
density of 0.5 kA/cm? and temperature of 20 °C. No dark defects
were observed before degradation [Fig. 2.9(a)]. At the first
degradation stage [Fig. 2.9(b)], a few <100> DLDs were generated.
In the subsequent stage [Fig. 2.9(c)], these DLDs extended toward
the center of the active region. |

Figure 2.10 shows}the dependence of the <100> DLD growtn
velocity on the injected current density for an AlGaAs/GaAs TQW
laser on Si at 20 °cC. It‘can be seen that the DLD growth velocity
strongly depends on the eurrent density. The estimated DLD growth
velocity was 14-25 pm/h at a current density of 1 kA/cm?. On the
other hand, it was reported that the <100> DLD growth velocity was
estimated to be 2-10 um/h at about 1 kA/cm? for an AlGaAs/GaAs SQW
laser on GaAsl®) . The faster DLD growth velocity of the laser on Si
is thought to be caused by the larger number of nonradiative
recombination centers such as point defects in the active region
than that of the laser on GaAs. It is known that the DLD growth is
also enhanced by the rise of Jjunction temperature of the
laserl4,16) The dependence of the <100> DLD growth velocity on the
junction temperature was also sﬁudied for the laser on Si. The
junction temperature is influenced by the injected current density
and the ambient temperature under cw operation. The rise of
Junction temperature Was estimated by measurement of the wavelength
in the LED mode, because the wavelength shifts continuously by the
rise of junction temperature. For example, the peak wavelength at
2.5 kA/cm2 was about 5.4 nm longer than that at 0.5 kA/cmz. Thus,
it can be estimated that the junction temperature at 2.5 kA/cm? is

about 30 °C higher than that at 0.5 kA/cmz, because 1t 1s observed
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that the wavelength of the laser on Si 1s shifted by about 0.18
nm/°C with wvariation in ambient temperature. For the current
density of 0.5 kA/cm? at 50 °C, the DLD growth velocity was
"estimated to be 15-20 Mm/h. This growth velocity is much slower
than that of 2.5 kA/cm? at 20 °C. This result indicates that the
DLD growth wvelocity depends more strongly on the injected current
density than on the junction temperature. 'For suppressing the rapid
degradation of the AlGaAs/GaAs laser on Si, the reduction of
operating current density is very effective because this reduces the.

<100> DLD growth velocity.

2.4.2 <110> DLD Growth Velocity

The <100> DLDs have effective width in the <110> direction, and
thus are regarded as <110> DLDs12) | The cause of <110> DLDs is
thought to be the growth of dislocations due to the recombination-
enhanced dislocation glide (REDG) motiont4s17) Matsui et al.1®)
have also demonstrated that the <100> DLD was propagated by a
combination of REDC and REDG motions. Therefore, the <110> DLDs in
this study is thought to be caused by the REDG motion. The <110>
DLDs for an AlGaAs/GaAs laser on GalAs are.often observed by
introducing high stress (~1O9 dyn/cm2)17). Figure 2.11 shows the
dependence of the <110> DLD growth velocity on the injected current
density for an AlGaAs/GaAs TQW laser on Si at 20 °C. This estimated
DLD growth velocity was 5-8 um/h at a current density of 1 kA/cmZ.
For the laser on Si, the <110> DLD growth velocity was estimated to
be about 1/3 of the <100> DLD growth velocity. In contrast, it was
reported that the <110> DLD growth velocity was about 1/10 of the
<100> DLD growth velocity for an AlGaAs/GaAs laser on GalAs 1in the
absence of high stressi?) . It appears that the'faster <110> DLD

growth wvelocity for the laser on Si is caused by its much higher
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residual tensile stress than that of the laser on GaAs.

Finally, a rapid degradation mechanism related to increased
internal loss (absorption loss) due to both <100> and <110> DLDs is
considered for an AlGaAs/GaAs laser on Si, as shown in Fig. 2.12.
The <100> DLD is represented as an effective absorption region with
effective width W, and effective absorption coefficient adll9). For
an AlGaAs/GaAs laser on GaAs with W, of ~5 Um and oy of ~200 cm 1,
it was reported that the degradation due to the increase of oy was
mainly caused by the increase in the number of <100> DLDs (Ndl)l9).
In contrast, the rapid degradation related to the increase of ay for
an AlGaAs/GaAs laser on Si seems to be caused by the increase of
both Ng; and W,. The increase of W, is probably caused by the
growth of <110> DLDs which result from the high residual stress for
the laser on Si. The reduction of this stress seems to be also very

important for the improvement of reliability of the laser on Si.
2.5 Conclusions

The influences of DLDs on lasing characteristics and the
dependence of the DLD growth velocity on the injected current
density for an AlGaAs/GaAs quantum well laser on Si have been
studied. The generation of <100> DLDs caused the decrease of Ny and
the slow increase of driving current. At the subsequent rapid
degradation stage, expansion of the DLDs caused the remarkable
increase of o3 and the decrease of B, and finally resulted in rapid
increase of driving current. Furthermore, it was also found that
the <100> and <110> DLDs growth velocities strongly depended on the
injected current density. The <100> DLDs seem to have been caused
by the formation of complicated dislocation networks due to the REDC

motion in the wvicinity of the threading dislocations in the active
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region. On the other,hand, the <110> DLDs are thought to have
originated from the growth of dislocations due to the REDG motion by

the large residual thermal stress.
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Studies　on　GaAs・Based　Light・Emitting　Devices　on　Si　Substrates　　　　　　　　　　　　　　　　　　　　　　　for　　　　　　　　　　　Opt・electmnic　lntegrafed　CircuitsContentsChapte：r　1．　工nt：roduction　　　　　1．1　　Background．　　　　　：L．2　　HeterOepitaxial　Growth　Of　GaAs　on　Si　　　　　1．3　　Deviqe　Applications：：Light−Emitting　Devices　on　　　　　　　　　　si　　　　　1．4　　Purpose　and　Orgranization　of　Dissertation　　　　　　　　　　References115　7　812Chapte：r　2．　Deg：radation　Mechanisms　of　AユGaAs／GaAs　Ωuantum　　　　　　　　　　　Weユユ　Lase：rs　on　Si　Subst：rates　　　　　2．1　　1ntroduction　　　　　2．2　　Epitaxial　GrOwth　and　FabricatiOn　Process　　　　　2．3　　1nfluences　Of　D：LDs　On　Lasinq　Characteristics　　　　　2．4　　Dependence　Of　DLD　Growth　VelOcity　on　工nゴected　　　　　　　　　　Current　Density　　　　　　　2．4．1　　＜100＞　DLD　GrOwth　Velocity　　　　　　　2．4．2　　＜110＞　D］⊃　GrOwth　Velocity　　　　　2．5　　ConclusiOns　　　　　　　　　　References191919233131363841Chapte：r　3．　AIGaAs／InGaAs　Ωuantum　Well　I、ase：rs　on　Si　　　　　　　　　　　　Subst：rates　with　工nGaAs　工nte：【コnediate　I、aye：rs　　　　　3．1　　1ntroductiOn　　　　　3．2　　Epitaxial　Growth　and　Fabrication　Process　　　　　3．3　　Lasing　Characterist⊥cs　　　　　　　3．3．1　　POIarization　　　　　　　3．3．2　　ThreshOld　Current　Dens土ty　　　　　　　3．3．3　　Em⊥ssiOn　Wavelength　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−　i一43434449495056　　3．3．4　　Las土nq−Characteristic　Parameters3．4　　Reliability　and　DegradatiOn　Mechanism　　3　4．：L　　Reliability　　3　4．2　　Degradation　Mechanism　by　E］」　Obser▽at土On3．5　　工ncreased　Lifetime　Of　AlGaAs／lnGaAs　Laser　On　Si　　　　　by　P6st−Growth　Annealing3．6　　Conclusions　　　　　References56595960667375Chapte：r　4．　ムユGaAs／GaAs　Light−Emitting　Devices　on　Si　　　　　　　　　　　　Subき七rates　with　Small　Active　Regi。ns．．　　　　　4　1　　1ntroduction　　　　　4　2　AlGaAs／GaAs　Ωuartum　Wire−Like　Lasers　on　V−　　　　　　　　　　GrOO▽ed　GaAs／Si　Substrates　　　　　　　4．2．1　Vertically一Stacked　Ωuasi　GaAs　Ωuantum　　　　　　　　　　　　　wires　　　　　　　4．2．2　　Lasinq　Characteristics　　　　　4．3　AlGaAs／GaAs　LEDs　On　Si　with　Self−FOrm6d．．GaAs　　　　　　　　　　工slands　Acti▽e　Regions　　　　　　　4．3．1　　Self−FOrmed　GaAs　Islands　on　GaAs／Si　　　　　　　　　　　　　Substrates　　　　　　　4．3．2　　］コーI　Characteristics　　　　　4．4　　ConclusiOnS　　　　　　　　　　Refererlces7979808．08792　92　94104105Chapte：r　5．　趾GaAs／GaAs　Verヒi6a1−Cavity　Su：rface−Emitting　　　　　　　　　　　　Lase：rs　on　Si　Subst：rates　　　　　5．1　　工ntrOductiOn　　　　　5．2　　ROと）m−Temperature　Pu］一sed　OperatiOn　　　　　　　5．2．．1　　Epitaxial　GrOwth　and　FabricatiOn　PrOc（ヨss　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−ii一109109109109　　5．2．2　　Character⊥stics　Of　ReflectOrs　　5．2．3　　Lasinq　Characteristics5．3　　1・ow−Temperature　CW　OperatiOn　　5．3．1　　Epitaxial　Growth　and　FabricatiOn　PrOcess　　5．3．2　　1Jasing　Charactさristics5．4　　ConclusiOns　　　　　References111117119119122128！29Chapte：r．6．S�oa：ry132一　111一Chapte：じ　1．　工nt：roduction1．1　　Background　　　　　A　combination　of　GaAs−based　cqnpound　semicOnductors　with　highlydeveloped　Si　has　a．　great　potential　for　creation　of　novelsemiconductor　materials　incorporating　photOni¢　functiOns　such　asliqht　emission　and　high　speed　operation　into　h‡qhly　integrated　Si−based　electronic　devices．　　TherefOre，　GaAs−based　semiconductors　OnSi　substrates　（GaAs／Si）　ha▽e　attracted　much　．interest　as　promisinqm・teri・・。　f。r　f眈ure。pt6。・ect。。ni。　int6qrat。d。ircuit。（・E・C。）・一8）．工n　the　conventional　Si−based　devices，　metallic　wires　and　bonds　havebeen　used　as　electrical　connections．　　On　the　other　hand，　forexample，　a　Si−based　ultra　larqe　scale　integrated　cirquit　（U：LS工＞　chipwith　GaAs−based　Optical　inp・t／・utput（1／○）．d・vices　can　h・p・fullypromise　the　increased　I／O　speed　and　increased　resistance　toelectromagnetic　interference　without　time　delay＄　by　optical　chip−to−chip　interconnects　and　cO�ounicatiOns．　The　co�ounications　can　becarried。ur　by　high−speed。ptical　links　c・upled　thr・ugh　fibers・・free−space　propagration．　　　　　The　merit・and　demerit・・f　heter・epitaxy9−13）and　directb・nding（epitaxial　lift一。ff）12’14−27）are　tabulat・d　in　T・bl・エ．エ．FOr　the　realizatiOn　of　such　a　monolithic　integratiOn　of　GaAs　and　Si，m・ny　researches　have　been．carried・ut　by　heter・epitaxy・r　directbonding．　　工n　the　latter，　a　hOmoepitaxially　qrown　GaAs　layer　ist：ごansferred　and　bOnded　to　Si　substrate　by　adhesi▽e　metals　andinterm6diate　layers　afte：r　detachinq　it　from　GaAs　substrate．　　DirectbOnding　of　GaAs／Si　will　provide　high−quality　GaAs　film　and　pOssibleuses　Of　cO�oercially　processed　Si　chips．　There　are，　howe▽er，　sOmeserious　prOblems　of　trOublesOme　fabrication，　small　area　un土formity，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一1一Table　I．1．Merits　and　demerits　Of　heteroepitaxy　and　direct　k）ondinq　fOr　GaAs　On　Si．HeteroepitaxyDirect　BondinglNMerits．Easy　fabdcationLarge　area　unifbrmity　　as　a　substrate　for　other　semiconductor　devices　for　sollar　cell　apPlicationsLow　costHigh一Φality　GaAs　film　on　SiPossible　uses　of　commercially　processed　Si　chipsDemeritsInduced　thermal　stressHigh．density　dislocationsTroublesome　fabricationSmall　area　unifb�oity　　Induced　the�oal　s廿ess　　High　resistance　at　the　boロding　interfaceinduced　thermal　stress　and　hiqh　resistance　at　the　bondinq　interface．The　heteroepitaxial　growth　of　GaAs／Si　has　beerl　actively　studied　Overthe　past　decade　by　mOlecular　beam　epitaxy　　（MBE）　and　metalOrganicchemical　▽apor　deposition　　（MOCVD）。　　This　heterOepitaxial　grrOwthtechnique　has　some　attractive　merits　such　as　easy　fabrication，　largearea　uniformity　and　lOw　cost．　　HOwe▽er，　GaAs／S⊥　material　qrOwn　byheteroepitaxy　suffers　from　three　maゴOr　problems：（1）　the　anti−phase　domain　（APD）　generation　due　tO　the　pOlar　（GaAs）一〇n−nOnpolar　（Si）　system；（2）the　qenerati・n・f　hiqh　density・f　threading　di・1・cat⊥・ns（＞106cm−2）　due　t：o　the　〜4　そ　rロismatch　between　the　lattice　constants　Of　GaAs（0．5653　nm）　and　Si　（0．543！　nm）；　and（3）the　large　biaxi・l　ten・il・・tress（一10g　dyn／・m2）generat・d　duringcoolinq　after　the　qrowth　due　to　the　difference　in　the　thermalexpansi。n　c・efficients・f　GaAs（6．4×10−6／K）自nd　Si（2．3×10−6／K）．The　relationship　between　lattlce　constants　and　thermal　expansiOncOefficients　at　300　K　fOr　various　semicOnductor　materia］一s　is　shOwnin　Fig・1・1・Th・fi・st　p・・bl・m　can　le�St・al・w　min・r土ty　ca・ri・・lif・tim・28）and　p・・r　m・rph・1・gy29）．　Th・1。tter　tw・P・・bl・m・can・・nt・ibut・t・the　reduced　min・rity　car・ier　lif・tim・・30）and　th・・evere　b・w⊥ng・f　th・G・A・／Si　w・f・・whi・h　in七・・duce・micr・crack・31−34）。f　th。　G。A。・。yer。n　Si副．・herm。・・y　induceφ。t。ess　a・。。’?ｎｈ。nce。th・migrati。n。f　di・1・cati・ns35）．　C・nsidering　th・w⊥d・・preadapplicatiOns　Of　GaAs／Si，　it　is　believed　that　the　heterOepitaxy　hasmOre　attractive　advantages　rather　than　the　direct　bOnding．Therefore，　for　the　qrOwth　Of　high−quality　GaAs／Si，　the　a上）○▽e一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一3一76電ち忌．9　　508Σ・霧．§　4受書§自　　　　3．20．50i　iiii　iiGaAsGaSbiii…GaPiiGei…・，　　　　，…iりo　　　　　　　●hnAsi●IAIAsInSbii．脚●　・セ・堰@iuInP・iiΩ．AISbAIP　i　　　…　……1！……iiii…o，，，　●…i…，　　，li’ii●Si…iii0．520．54　　0．56　　0．580．60　　0．62　　0．640．66　　0．68Lattice　constant（nm）Fiq．　1．1．　　RelatiOnship　between　：Latticさ　cOnstants孕nd　therma］．　expansiOn　coefficients　at　300　K　fOrvariOus　semicOnductor　materials．一4一‘mentioned　prbblems　must　be　overcome．1．2　　Hete：roepitaxial　Growth　of　GaAs　on　Si　　　　　The　above−mention←d　first　prob］一em　　（APD　generation）　has　beenalready　sOlved　k）y　use　Of　nominally　〈1．00）一〇riented　Si　substrates　witha　slight　misorientatiOn　between　2　and　40　towards　the　　［O11］directi・n11’29’36−38）．　Thi・effect　i・acc。mpli。h。d　th。。uqh　th。formation　of　a　　（100）　Si　surface　with　a　large　density　of　dOuble−atomic−layer　steps　On　the　Si　surface　as　a　result　of　the　heattreatment　of　the　misoriented　Si　substrate．　　Therefore，　the　S⊥substrates　oriented　20　0ff　（100）　tOwards　the　　［011］　direction　wereus．ed　in　this　study．　　AlthOugh　a　sinqle−domain　GaAs　layer　wasobtained　by　use　Of　the　misoriented　Si　su1）strate，　the　fundamentalpro1）lems　assOciated　with　the　differences　of　lattice　constant　andthe：rmal　expansiOn　cOefficient　still　remain．　　　　　MOst　of　the　dislocations　are　cOnfined　at　the　GaAs／．Si　interfacewhen　qr・wn　by　c・n▽enti・nal　MOCm　tw・一step　qr・wth　technique39）withan　initial　nucleation　layer　growth　at　relatively　low　temperatu：re（〜400　0C）　and　a　subsequent　grOwth　at　normal　qrowth　temperature．Growth　at　low　temperature　results　in　a　mode　approaching　two−dimensi・nal　G・A・nucleati・n　layer　q・。wth40）．　The　number・fthreading　dislocations　can　be　decrease（i　by　inse．rtinq　strained−layersuperlattices　（SLSs）11）　such　as　InGaA。／GaA。41’42）　andG・A・P／GaA・g’43）．　N。・awa　and　c・一w・rker・44）h・ve　rep・rted　th・t　th・・t・hpit　den・ity（EPD）w・・dra・tically　reduced　t・7×104　cm−2　by・cOmbination　of　InGaAs／GaAs　SエSs　iDserted　into　GaAs　layers　On　Siq・・wn．by　miqrati・n　enh・nced・pitaxy（MEE）・t　3000C・Recently’othe：r　new　approache．s　such　as　（GaAs）m（GaP）n　strained　short−periOd・uperlattice。（SSPS。）45），　ZnSe46’47）and　G・S・48）buffer　l・yers，　thin　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−5一Si　interm・diat・1・yer13’49’50）・nd・。。n，．h・v・been　p・・p・sed．エn。dditi。n，　in−situ41’42’5！’52）and　ex−situ11’53−55）therm・lannealingrs　are　also　．effective　in　reducing　the　dislocation　densitydue　t・the　increa・e・f　di・1・ca�k⊥。n　vel・city　and　interacti・n・Th・growth　on　the　pre−patterned　Si　sub合trates　is　alsO　useful　：EOrreducinq　th・di・1。cati・n　den・ity12’55−62）．　F・・exampl・，1・m・il・t。1．57）have　dem。n。trat。d　l。w　di。1。cati。n　den。ity・f−iO5　cm−2　in　th・GaAs　layer　grOwn　On　a　sawtoOth　patterned　Si　substrate．　　This　effectseems　t。　be　causedやy　the　p「esence．。f　a　thin　SiO21aye「at　theGaAs／Si　interface，士esulting　in　the　relaxati・n。f　lattice　mismatch　　　　ほstra工n．　　　　　The　reducti・n・f　ther甲al　stress　has　bee孕dem・nstrated　by　uses。f　selective−area　qr。wth63−66）　・nd　p・st−qr・wthP。tt。。niDg42’54’67’68）．　The　re。idu。1。tress　and　th。　d・fect　d・ぬ・止y土n　the　GaAs／Si　decrease　with　reductiOns　Of　the　growth　area．　This　isdue　tO　the　fact　that　the　stress　near　the　edge　is　released，　becausethe　edg・facet　i・free　t・m・v・67）．　An・the・apP・・ach　t・reduce　th・thermal　stres．s　is　propOsed　上）y　using　a　selective　etching　A工GaAs・elease　layer　t。　undercut　G・A・m・・a　structure・12’43’69−76）．　Th・cOmpletely　undercut　mesaS　are　restrained　in　their　Or」一ginal　pOsitionsby　photoresist　pos：≒tiOners，　and　the　residual　stress　is　cOmplete工yrem。v。d　by　thi。　mesa　relea。e　abd　d。p。siti。n（甑D）tech。ique69−71＞．S・kai・t・1．43’72−76）h・▽・p・・P・sed　the　undercut　G・A・／Si（UCGAS）where　only　part　of　the　GaAs　layer　is　undercut．　This　UCGAS　is　usefulfOr　both　the　reductiOn　Of　dislocatiOn　density　and　thermal．　stress・fter　p・・t−9・・wth　anneali叩・　Thi・efξect　i・b・li・v・d　t・be　causedby　the　absence。f　thr　GaAs．／Si　interface　which　acts　as　a　s・urce　f・rdislocation　supPlyl　　　　　In　spite　of　these　6fforts，　the　threading　dislOcation　dens：ttyb。1。w　104。mr2，　whi・h　is　all・w・d　t6　u・e　f・r　p・a・tical　d・vices　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−6一（especially　light−emittinq　devices），　has　nOt　been　realized　yet．1．3　　De▽ice　Applications：　Light−Emitting　Devices　On　Si　　　　　・ln・pit・6f　the　ab。▽e−menti。ned　p・。bl・m・，　numer。u・G・As−b・。edelectrical　and　Optical　devices，　includinq　field−effect　transistors（FET・）77），　high−electr・n−m・bility　tran・i・t・rs（HEMT・）78’79），m。dulat。r・80），　waveguide・81），　ph・t・detect。r・82），　s。lar・ells10’83），LEDs74’76）and　lasers84−91），　have　been　fabricated。n　Si　substratesby　heteroepitaxy．　　　　　The　characteristics．。f　GaAs／Si　electrical　device’s　have　beenimprOved　to　the　same　level　as　that　o：ε　GaAs／GaAs，　bec母use　themaゴority　carriers　are　hardly　influenced　by　the　dislocation　dens土ty。　　　　　On　the　other　hand，　the　characteristics　of　the　liqht−emittinqde▽ices　operated　by　minority　carriers　are　easily　affected　bydisl。cati。ns10）．　H。wever，　m。st。f　the⊥nterest　has　been　f。cu。ed。nthe　realization　of　reliable　GaAs−based　LEDs　and　lasers　on　Si　becauseof　needs　for　optical　intercOnnects　in　　future　OEICs．　　　In　　1984，Windh。m・t・1．84）were　th・fi・・t　t。　rep・rt　the　pulsed・perati。n　at77　K　for　an　AlGaAs／GaAs　dOuble−heterOstructure　（DH）　：Laser　On　Si9・・wn　by　BE（thresh・・d　current　d・n・ity・Jth一一・O　kA／・m2）．　Th・y・…reported　that　MBE−grOwn　AlGaAs／GaAs　single　quantum　well　（SΩW）　：Laserwas　operated　under　pulsed　cOndition　at　roOm−temperature　in　！986（Jth一一4　kA／・m2）85）．エn　the　sam・year，　th・first　A・G・A・／G・A・DHl・・e・。n　Si　q・。w・by　MOC�Swas　rep・・t・dby　S・k・i・t・1．86）．　Thi・laser　was　operated　under　pulsed　cQnditiOn　at　rOOm−temperature（Jth一一・．5　kA／・m2）．…987，　D・pP…t・・．87）・ucceed・d　in　th・f⊥・・t．rOom−temperature　cOntinuOus−wave　（cw）　operatiOn　fOr　an　A：LGaAs／GaAsSΩW　laser　qrown　by　MOCVD　On　MBE−grOwn　GaAs−cOated　Si　substrate（Jth一一2　kA／・m2）．　Thi・・aser　w・・。P・・at・d　f・r−4・5　h　under　cw　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−7一condition　at　room−temperature．　．The　cw　］一ifet土me　was　increased　tO　〜16hby　u・e・f　micr。crack・f・r　an　AIG・A・／G・A・SΩW　l・・e・．・n　Si33）in1988．　　In　：L　989，　roOm−temperature　cw　operati（ln　fOr　an　AIGaAs／GaAslaser・n　Si　qr・wn　by・nly　MOCm　w・・achi・v・d　by　Eq・wa　et・1．88）．エn1990，D・pPe　et　al．89’90）・ep。・t6d　th・fi・・t　d・m。n・trati・n・fve：rtical−cavity　surface−emitting　laser　（VCSEL）　On　Si．　　The　cwlifetim・・f−56．5　h　w…　ep・rt・d　by　Ch。i・t・1．91）f・r　anA16。A。／エnG。A。　SΩW　laser。n　Si　in　1991．　F。r七h。　LED。。n　Si，　Wada　etal．74）rep・rted　the　lifetime・▽er　2500　h　f・r　an　undercut　AlGaAs／GaAs］』ED　under　direct　current　（dc）　condition　at　rOOm−temperature　in　1992．Furt二he：rmore，　in　1993，　an　A：LGaAs／GaAs　SΩW　laser　on　a　sawtOOth　Sisubstrate．was　operated　under　rOOm−temperature　cw　cOndit⊥On　for　〜100h・2）．Th。。ummary。f　rece。t。dv。。ces土。　th。　G。云。・b。。ed・⊥gh・一emitting．devices　on　Si　is　shOwn　in　Table　I。工工．　　工n　th⊥s　table，　thOse・fth・・nP−b・・ed・ight−emitti・q　d・▽ice・。・・⊥92−95）are　aユ・・s蜘as　references．　　The　InP一上）ased　lasers　on　Si　have　．advantages　O：Ereliability　over　the　Gaムs−based　lasers　On　Si，　because　the　dark−line．defect　　（DLD）　grOwth　velocity　in　the　active　layer　Of　the　InP−basedlasers　is　about　twO　Order　lOwer　than　th〜ミt二　〇f　the　GaAs7basedユaser。g6’97）．　Theref。。6，。・。。g−w。▽。・ength｛・．5μm）．エnG。A。P／・。G。A。muユti　quantum　w・ll（MQW）1・・er・n　Sig4’98）h・・exhibit・d　n・deqradation　after　more　than　8000　h　under　cw　conditiOn　at　rOom−t・mperature，　d・・pit・th・high　di・1・cati・n　den・ity。f−107・m『2．1．4　　Purpose　and　Orqanizat⊥On　Of　DissertatiOn　　　　　G．aAs−based　ユiqht−emitting　de▽ices　On　Si　suffer　frOm　rapiddeqradatiOn，　and　：reliable　GaAs−based　devices　on　Si　fOr　p：ractical　use．have　nOt　been　realized　yet．　　The　understanding　Of　the　rapiddeqradation　mechanisms　is　▽ery　土mpOrtant　in　Order　tO　6k）tain　highly　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−8一Table　工．II。Summary　of　recent　advances　in　GaAs−　andInP−based　light−emlittinq　de▽ices　on　Si．YearGaAs・based　light・emittimg　devicesInP・based　light・emitting　devices199519931992AIGaAs／GaAs　SQW　laser　on　sawtoothSi（MOCVD）1ifbtime−100　h（300　K，　CW）［IMEC］Undercut（UC）AIGaAs1GaAs　LED　onSi（MOCVD）1ifetime＞2500　h（300　K，　DC）【Tokushima　Univ．］Sロ匿ess−free　mesa　release．and　deposition（MRD）AIGaAs1GaAs　DH　laser　on　Si（MOCVD）［MIT］InP∬hGaAsP　DH　Iaser　on　Si（MOCVD＋VME）lifetime＞800　h（300　K，　CW）（λ＝1．3μm）［NrT］InGaAsPβhGaAs　MQW　laser　on　Si（MOCVD＋VME）Iifetime＞8000　h（300K，　CW）（λ＝15Fm）［NTTl※VME；vapor　mixing　epitaxy1991199019891988AIGaAs1GaAs　SQW　laser　on　Si　wi血mi（πocracks（MBE＋MOCVD）lifedme−500　h（200　K，　CW）［111inois　Univ．】AIGaAsllhGaAs　SQW　laser　on　Si（MOCVD）lifb口me〜56．5　h（300　K，　CW）【MIT］AIGaAs／GaAs　SQW　laser　on　Si　usingselective　growlh（M�tVD）lifbtime・一10　h（300　K，　CW）［MITlAIGaAs1GaAs　VCSEL　on　Si（MBE）1血＝125mA（300　K，　Pulsed）［AT＆T］AIGaAs1GaAs　SQW　laser　on　Si（MOCVD）（300　K，　CW）［NIT】AIGaAs／GaAs　SQW　laser　on　Si　with血crocracks（MBE＋MOCVD）1血time〜16h（300　K，　CW）［Illinois　Univ．】InP1�qGaAsP　DH　Iaser　on　Si（MOCVD）lifetime＞5h（300　K，　CW）（λ＝1．3排m）［Thomson−CS珂InPπhGaAsP　LED　on　Si（M�tVD）Iifetime−24　h（300　K，　DC）（λ＝1．15μ皿）［Thomson−CSF］198719861984AIGaAs／GaAs　SQW　Iaser　on　Si（MBE＋M�tVD）1ife口me〜45h（300　K：，　CW）［皿linois　Univ．］AIGaAs！GaAs　SQW　laser　on　Si（MOCVD）（375　K，　Pulsed）（＜160K，　CW）［AT＆T］AIGaAs／GaAs　DH　laser　on　Si（MOCVD）（290　K，　Pulsed）［NIT】AIGaAs／GaAs　SQW　laser　on　Si（MBE）（300K，　Pulsed）［MIT］．AIGaAs／GaAs　DH　laser　on　Si（MBE）（77K，　Pulsed）［MIT】一9一reliable　GaAs−ba串ed工、EDs．　and　lasers　on　Si．　Novel　apprOaches　must　beproposed　fOr　suppression．of　the　degradatiOn6　　　　　Th・d⊥rsert・ti・n　i・c・mp・sed・f　6i・dh孕pter・’・・d　each・f　th・miS　SU�oaゼized　bel。w．　　　　　工n　chapter．2，　degradation　mechanisms　related　tO　D：LDs　fOrAi・・A・／G・A・quantum　w・・・…er・gnβキ・・e　d・合crib・d・．　U・i・g・キect…umin6・cence（E・）．・。P・graphy’・h・d・t・i・・d．・br・・▽・ti…frapid　degradation　of　the　lasers　On　Si　is　carried　Out　under　cw　aqingOperat二ion　at　rOom−temperature。　　The　generatiOn　and　rapid　expansiOnof　the　＜100＞　亡）LDs　⊥s　clearly・observed，　resulting　in　thedeteriOration　of　lasing　characteristic　parameters　such　as　internaldifferential　quantum　efficiency’．differen�n牛al　gain．．c・efficient　andinternal　loss．　　Additionally，　it　is　a！sO　shown　that　．the　DLD　grOwthvelOcit二y　depends　On　the　inゴected　current　density．　　　　　In　chapter　3，　increased　lifetime忌　Of　straine（i　AlGaAs／工nGaAsquantum　well　lasers．・n　Si　with　lnGaA・intermediatr．layers（lnGaA・工Ls）　are　presented．　　The　increased　lifetimes　are　achieved　by．bOthint・・ducing・nG・A・・L・and　rep・acing・h・b・尊vrnti・na・G・春s　activ・1・yers　with　the　lnGaAs　l・yers．　EL　t・P・graゆhy・h・w・the　supPressi・nOf　＜100＞　DLD　qrowth　velOcity　with　the　inc］6ease　Of　In　content　in　theエnGaAs　active　layeギ・　耳urtherm・re’arema・k・b16　impr・vement　in』re・i・b土！iもy・f・p。・t−9・・wth　annea・・d　A・G・A・／エnO．07G・0．93A・・aser・n．Si　with　InGaAs　IL　is　also　given．　　　　　工n　．chapter　4，　imprOved　characteristics　Of　AIG参As／GaAs　：Light−emitting　devices・n　Si　by士educing　the　active　regi。ns　are　descr⊥bed．The　st「uctu「es。f　ve「t⊥ca耳y−stacked　qgasi　Gaみs　quantum　wi「es　q「Ownon　a　Y−9「Ooved　GaAs／Si　subst「ate　are．C・nfi・m・d　by　a　high一「esOlutiOn・canning・lect・・n　micr・sc・py（SEM）．　Th6　extrem・ly　l・w−thre・h・ldcurrent　AIGaAs／GaAs　quantum　wire−like　laser　On　Si　is　alsodemonst：rated．．　FurthermOre，　an　AユGaみs／GaAs　LED　On　Si　w⊥th　self一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一10一f。「med’GaAs　islands　active　regi。n　i・pre・ent・尋・Th・・h・pe　and・i・eOf　GaAs　islands　formed　by　drOplet−epitaxy　are　characterized．　by　an・t・mi・f・・ce　micr・・c。py（AFM）．　The　re・i。bil土ty。f　thi。　LED⊥s　a、。。demonstrated．　　　　　In　chapter　5，　the　fab：rication　of　AlGaAs／GaAs　VCSELs　on　Si　ispresented．　　Room−temperatu士e　pulsed　operation　for　a　VCSE：［、　on　Si　withbottOm　mirror　O：ε　a　20−pair　of　AlAs／GaAs　quarter−wave　multilayerdistributed　Bragg　reflectOr　（DBR），　top　mirro：r　of　nona士loyed　AuZn／Auand　a　SQw　acti▽e　layer　is　described．　　Furt三hermOre，　it　isdemonstrated．that二　a　VCSEL　on　Si　with　bottOm　mirrOr　Of　a　23−pair　OfAlAs／AlO．1GaO．gAs　DBR，　top　mirror　of　transparent　Au　and　ten　quantumwells　succeeded　in　the　cw　operatiOn　at　↓ow−temperatUre　up　to　！50　K．　　　　　Chapter　6　is　the　su�oary　of　this　dissertation．一11一References　　　　　　　　　　　　　　　、　　1）H・K・Ch・i’」・P・M・tti・’G・W・Turne「and　B・一Y・．Tsau「’エEEE　　　　　EIectron　Device　Lett．，　9，　512　（1988）．　　2）H．　Shichiゴ。，　R．　Matyi，　A。　H。　Taddiken　and　Y．一C。　KaO，　IEEE　　　　　Trans．　Electron　Devices，　37，　548　（1990）．．　　3）T・Egawa，　T・」i曲・．and　M・Umen。，．IEEE　Ph・t・n・Techn。1・Lett・’　　　　　4，　61；2　（1992）．　　4）T．Egawa，　T。　Jimbo　and　M．　Umeno，　IEICE　Trans．　Electron．，　E76−C，　　　　　106　（1993）．　　5）G．　N．　Nasserbakht，　J．　W．　Adkisson，　B．　A．　Wooley，　J．　S．　Harris　　　　　and　T．　1．　Kamins．，　IEEE　J．　SOIid−State　C⊥rcuits，　28，　622　（1993）．6）7）8）9）10）！ユ）12）13）14）15）工．　Hayashi，　Jpn．　J．　Appl．　Phys．，　32，　266　（1993）．1．　Hayashi，　OptOelectron．　De▽手ces　Techno工．，　9，　468　（1994）。K．　W．　GoOssen，　J．　A．　Walker，　］」．　A．　D響Asaro’　S．　P．　Hui’　B．Tsenq，　R．　Leibenguth，　D．　K・ssives，　D．　D．　Bac。n，　D．　Dahringer，1・・@￥・　F・　chirO▽sky’　A・　L・　Lentine　and　D・　A・．玲・　Miller’　エEEEPhoton．　TechnO］一．　Lett．，　7，　360　（1995）．R．　D．　Dupuis　and　C．　J．　Pinzone，　J．　Ciryst．　GrOwth，　93，　434（．］．988）．M．　Yamaquchi　and　S．　KondO，　⊃4∂亡．　Re5．　50σ．　5yπ）。　Proc・，　145，　279（1989）．S．F．　F。nq，　K．蓋d。mi，　S．土yer，　H．　M。rk。c，　H．・。b。・，　C．　Ch・i　andN．　Otsuka，　J．　Appl．　Phys．，　68，　R31　（1990）．J．　De　Boeck　and　G．　Borghs，　J．　Cryst．　Growth，　127，　85　（1993）．M．Tamura，　Optoelectron．　Devices　Technol．，　9，　93　（1994）．E．　Yablonovitch，　E．　KapOn，　T．　」．　Gmitt二er，　C．　P．　Yun　and　R．Bhat，　IEEE　PhOtOn．　TechnOl．　Lett．，　：L，　41　（1989）．J．F．　Klem1　E．　D。　J・nes，　D．　R．　Myers　and　J．　A．　L・tt，　J．　ApPl．Phys．，　66，　459　（：L989）．　　　　　　　　　　　　　　　　　　　　　　　　　　　一12一16）17）18）19）20）21）22）23）24）25）26）27）28）29）30）工．　Pollentier，　P．　Demeester，　A．　Ackaert，．L．　Buydens，　P．　V．Daele　and　R．　Baets，　Electron．：Lett．，　26，　19．3　（1990）．G．W．　YOffe　and　J．　M．　Dell，　ElectrOn．　Lett．，　27，　557　（1991）．1．　Pollentier，　］」．　Buydens，　P．　Van　Daele　and　P．　Demeester，　工EEEPhotOn．　Technol．　］」ett．，　3，　115　（199！）．A．Ersen，　1．　Schnitzer，　E．　YablOnovitch　and　T．　Gmit二ter，　Sol⊥d−State　Electron．，　36，　173：L　（1993）．B．　D．　Dinqle，　M．　B．　Spitzer，　R．　W．　McClelland，　J．　C．　C．　Fan　andP・M・Zavracky’ApPl・Phy・・L・tt・’62’2760（1．993）・K．　W．　GoOssen，　J．　E．　Cunningham　and　W．　Y。　Jan，　工EEE　Photon．Technol．　工．ett．，　5，　776　（1993）．Y．　H．　：LO，　R．　Bhat，　D．　M．　Hwang，　C．　Chua　and　C．一H．　Lin，　Appl．Phys．　Lett．，　62，　1038　（1993）．H．．Fathollahneゴab，　D．　L．　Mathine，　R．　DroOpad，　G．　N．　Maracas　andS．　Daryanani，　Electron．　IJett．，　30，　1235　（！994）．H・一J・J・Yeh　and　J・S・Sm’th’Ap叫Phys・Lett・’64’，1466（1994）．H・一J・J・Yeh　and　J・S・Smith’．エEEE　Ph。t・n・Techn。1・Lett・’6’706　（1994）．　　　　　　　　　　　　　　　　　　　　　　　、　　　一K．　Zaha：raman，　J。一C．　Guillaume，　G．　Nataf，　B．　Beaumont，　M．：Lerouxand　P．　Gibart，　Jpn．　J．　Appl．　Phys．，　33，　5807　（1994）．J．　K．　Tu，　J．　J．　Talqhader，　M．　A．　Hadley　and　J．　S．　Smith，Electron．　Lett．，　31，　1448　（！995）．K．　Nauka，　G．　A．　Reid　and　Z．　L−Weber，　Appl．　Phys．　Lett．，　56，376　（1990）．H．　Noqe，　H．　KanO，・M．　Hashimoto　and　工．　工grarashi，　J．　Appl．　Phys．，64，　2246　（1988）兜R・耳・Ahrenki・ユ’M・M・A1−Jassim’D・J・Dunエavy’K・M・J。nes’S．　M．　VernOn，　S．　P．　TObin　and　V．　E．　Ha▽en，　Appl．　Phys．　Lett．，53，　222　（1988）．　　　　　　　　　　　　　　　　　　　　　　　　　　一13一31）32）33）3≧）』35）36）37）38）39）40）41）42）43）44）45！R．　W．　Kaliski，　N．　HOIonyakン　Jr．，　K．　C．　Hsieh，　D．　W．　Nam，　J．　W．Lee，　H．　Shichiゴ○，　R．　D．　Burnham，　J．　E．　Epler　and　H．　F．　Chunq，Appl．　Phys．　Lett．，　50，　836　（：L　987）．B．G．　Yac。bi，　S．　Z。m。。，　P、　N。rri6，　C．　J。qannath　and　P．　Sh。・d。。，ApPl．　Phy・．　L・tt．，51，2236（19871．D．G．　D。pP。，・．　C．D　H。・・，　N．　H。・。ny。k，　J。．，　R．　J．　M。tyi，　H．shi・hiゴ・and　J．　E．　Epler，　ApPl．　Phy・．　L・tt．，53，874（1988）．N．Hayafuゴi，　H．　Kizuki，　M．　Miyashita，　K．　KadOiwa，　T．　Nishimura，N．　Ogasawara，　H．　Kumabe，　T．　Murotani　and．A．　Tada，　Jpn．．　J．　Appl．Phys．，　36，．459　（1991）．M．　Tachikawa　and　H．　Mori，　Appl．　Phys．　1一，ett．，　56，　2225　（：L　990）．T・U・d・’S．・耳i・hi’Y・K・w・・ad・・．\・Akiy・ma　and　K・K・m⊥・i・h⊥’Jpn．　J．　Appl．　Phys．，　25，　L789　（1986）．孕・Fi・cher’D・N・uman’H・．Z・b・1・H・M・rk・c’C・Ch・土and　N・Otsuka，　Appl．　Phys．．Lett．．，　48，　1223　（1986）．S．　N．　G．　Chu’　S．　Nakaha士a’　S．　J．　Pearton，．　T．　BoOne　and　S．　M．Vernon，　J．　Appl．　Phys．，　64，　2981　（’！988）．M．　Akiyama，　Y．　Kawarada、　and　K．　Kaminishi，　Jpn．　J．　Appl．　Phys．，23’屯843（1984）・D．K．　Bi。q。・sen，　F．　A．　P。nce，　A．　J．　Smith　and　J．　C．　Tram。ntana，．忽∂亡．　Res．　50c．　5卿P，　Proσ．，　67，　45　（1986）．H．　OkamOtO，　Y．　Watanabe，　Y．　KadOta　and’Y．　Ohmach士，　Jpn．　J．ApP・．　Phy。．，26，　L・950（・987）．T．　Egawa，　Y．　Hasegawa，　T。　JimbO　and　M．　UmenO，　Jpn．　J．　Appl．Phy・．，31，ラ91（1992）．N．　Wada’．　S．　Sakai　and　M．　Fukui，　Jpn．　J．　Appl．　Phys．．，　33，　976（199ρ）・K．‘NOzawa　and　Y．　HOri．kOshi，　Jpn．　J．　Appl．　Phys．，　30，　L668（1991）．T．　Kawai，　H．　YOnezu，　Y．　Ogasawara，　D．　SaitO　and　K．　P母k，　Appl．　　　　　　　　　　　　　　　　　　　　　　　　　　　一14一　　　Phys．　：Lett．，　63，　2067　（1993）．46）M・K・Lee’R・旦・H・rnq’・・S・Wuu　andρ…Chen’ApP…hy・・　　　工」ett．，　59，　207　（199二L）．47＞R．D．　Bringan＄，　D．　K．　Biegelsen，　工．．一E．　Swartz，　F。　A．　Ponce　and　　　J．　C．　Tramontana，　Appl．　Phys．　工、ett．，　61，　195　（1992）．48）J．　E．　Palmer，　T．　Saitoh，　T．　YOdO　and　M．　Tamura，　Jpn．　J．　Appl．　　　Phys．，　32，　1、1126　（1993）．49）A．　Hashimoto，　N．　Sugiyama　and　M．　Tamura，　Jpn．　J．　Appl．　Phys．，　　　30，　工、447　　（1991）．50）T・『・Ra。’K・Nozawa　and　Y・Ho「ikOshi’ApPl・Phys・Lett・’62’　　　154　（1993）．51）H。　：L．　Tsai　and　J．　W．　Lee，　Appl．　Phys．　Lett二．，　51，　130　（1987）．52）M．　Yamaguchi，　A．　YamamOto，　M．　Tachikawa，　Y．　Itoh　and　M．　SugO，　　　Appl．　Phys．　Lett．，　53，　2293　（1988）．53＞R．　W．　Kaliski，　C．　R．　工to，　D．　G．　Mclntyre，　M．　Feng，　H．　B．　Kim，　　　R・Bean’．K・Zani。　and　K・C・Hsieh’J・ApPl・・Phys・’64’1196　　　　（ユ988）．54）N．　Chand　and　S．　N．　G．　Chu，　Appl．　Phys．　Lett．，　58，　74　（1991）．55）M．　Tamura，　A．　Hashimoto，　J．　Kasai　and　A．　Nishida，　」．　Cryst．　　　Growth，　147，　264　（1995）．56）A．　HashimotO，　T．　Fukunaga　and　N．　Watanabe，　Appl。　Phys．　1．ett．，　　　54，　998　（1989）．57）K．　Ismail，　F。　LeqOues，　N．　H．　Karam，　J．　Carter　and　H．　1．　Smith，　　　Appl．　Phys．　Lett．，　59，　24！8　（1991）．58＞K．一R．　Sprung，　K。　W土lke，　G．　Heymann，　J。　VarriO　and　M．　Pessa，　　　ApP・．　Phy。．　L。tt．，62，27・・（・993）．59）R．　Murray，　C．　ROberts，　K．　Woodbr⊥dge，　P．　Barnes，　G．　Parry　and　　　C．　Norman，　Appl．　Phys．　Lett．，　62，、2929　（1993）．60）J．　G．　Zhu，　M．　M．　Al−Jassirn，　N．　H．　Karam　and　K．　M．　Jones，　14∂亡．　　　Re5．　50c．　5yη婆つ．　Pro（＝．，　281，　327　（1993）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一15一61）62）63）64）65p，66）67）68）69）’70）71）72）73）74）A．　Krost，　R．　F．　Schnabel，　F．　HeinrichsdOrff，　U。　RO串sOw，．　D．Bimb6rg　and　H．　Cerva，　J．　Cry・t．　Gr・wth，145，314（1994）・J．　Knall，　：L．　T．　Romano，．D．　K．　Biegelsen，　R．　D．　Bringans，　H．　C．Chui，　J．　S．　Ha：rris，　Jr．，　D。　W。　Treat　and　D．　P．　Bour，　J．　Appl．Phys．，　76，　2697　（1994）．M．　Yamagruchi，　M．　Tachikawa，　M．　SuqO，　S．　Kondo　and　Y．．工tOh，Appl．　Phys．　Let：ち．，　56，　27　（1990）．H．　P．　：Lee，　X．　工、iu　and　S．　Wang，　Appl．　Phys．　Lett．，　．56，　1014（1990）．H・P・Lee’X・Liu　and　S・．Wanq’J・Vac・Sci・Techn。1・’旦8’343（1990）．Y．　Kobayashi，　T．　Egawa，　T。　J⊥mbO　and　M。　UmenO，　Jpn．　J．　Appl．Phys．，　30，　］コ1781　（：L991）？」．　P．　van　der　Ziel，　N．　Chand　a阜d　J．　S．　We⊥ner，　J．　Appl．　Phys．，66、　1＝L95　（1989）．J．　P．　van　de．r　Ziel　and　N．　Chand，　J．　Appl．　Phys．，　68，　2731（ユ990）．．J．　De　BOeck，　C。　Van　Hoof，　K．　Deneffe，　R．．P．　Mertens　and　G．B6rqhs，　Appl．　Phys．　：Lett．，　59，　1179　（1991）．G．　F。　Burns　and　C．　G．　FOnstad，　Appl．．　Pぬys．　Lett．，　61，　2199（1992）．G．　F．．Burns　and　C．　G．．Fonstad，　IEEE　PhOtOn．　Technol．　：Lett．，　4，18　　（1992）．S．　Saklai，　K．　Kawasaki　and　N．　Wada，　Jpn．　J．　AppL，　Phys．，　29，工」853　（1990）．N．D　Wada’　K．　Iwabu’　S．　Sakai　and　M．　Fukui．，　Appl．　Phys．　工、ett．，60，　1354　（1992）．N．Wada，　S．　Yoshimi，　M．　Shigekane，　S．　Sakai，　Y．　Shintani　and　M．Fukui，　Ex亡eηded　Aわ5亡r∂c亡5　0f　亡he　ユ992　エ’η亡．　Coηf．　50ユ1d　5亡∂亡eDeviσe5　∂η（ゴ、M∂亡er1∂ユ5　（Tsukuba，　1992）　p．　650．　　　　　　　　　　　　　　　　　　　　　　　　　　　一16一75）76）77）78）79）80）81）82）83）84）．85）86）87）88）N●Wada’S●Saka’and@M●撃浮汲普hJpnO」●ApP”Phys●’33’864T●Eqawa’S’Nozak”T’S。ga’T・J’伽anwM・pmenO’ApP’・Phys．　1、ett．，　58，　1265　（1991）．T・A’go’A・Jono’A・Tach’kawa’R・H’「atsuka　and　A・ｦ「’tan土’Appl．　Phys．　：Lett．，　64，　3127　（1994）．T．　Ohori，　H．　Suehiro，　K：．　Kasai　and　J．　Komeno，　Jpn．　J．　Appl．Phys．，　33，　4499　（1994）．K．W．　GOossen，　G．　D．　Boyd，　J．　E．　Cunninqham，　W．　Y．　Jan，　D．　A．B．　Miller，　D．　S．　Chemla　and　R．　M．　：Lum，　IEEE　Photon．　Technol．Lett．，　1，　304　（1989＞．T．　Yuasa，　Y．　Nagashima，　T．　Murase，　T。　Jimbo　and　M。　Umeno，　Jpn。J．Appl．　Phys．，　32，　：L！055　（1993）．」・Pas’aski’翠・Z・Chen’H・M6「koc　and　A・Ya「iv’ApP’・Phys・．工、ett．，　52，　1410《1988）．M●Yanq’T●SOqa’T●J’mb．@and　M●Umen．’Jpn●D　J’ApP’●Phys●’33，　6605　（1994）．T・且・W’ndhO「n’G・M・Metze’B・一Y・Tsau「and　J・C・C・D　Fan’Appl．　Phys．　Lett．，　45，　309　（：L984）．T．　H．　WindhOrn，　G．　W．　Turneど　and　G．　M．　Metze，　14∂亡．　Re5．　50c．5y1ηP．　Proc．，　67，　157　（！986）．S．　Sakai，　T．　Soqa，　M．　Takeyasu　and　M．　UmenO，　Appl．　Phys．　：Lett．，48，　413　（！986）．D．　G．　Deppe’　D．　W．　Nam，　N．　HOlonyak’　Jr．’　K．　C．　Hsieh，　R．　J．Matyi’H・Shichi⇒・’J・E・Epler　and　H・F・Chung’ApPl・Phys・Lett．，　51，　1271　（1987）．T．　Egawa，　H．．Tada，　Y。　KObayashi，　T．　Soqa，　T．　JimbO　and　M．Umeno，　Appl．　Phys．　Lett．，　57，　1179　（1990）．　　　　　　　　　　　　　　　　　　　　　　　　　　一17一89）D．G．　D・pP・，　N．　Ch・nd，　J．　P．▽an　der　Zi・l　and　G・ご・Zyd・ik’、　　　Appl．　Phys．　Lett．，　56，　740　（：L　990）．90）D．　Cherns，　D．　］」oretto，　N．　Chand，　D．　Bahnck　and　J．　M．　GibsOn，　　　Philos．　Maq．，　A　63，1335（1991）．91）H．．K．　ChOi，　C．　A．　Wanq　and　N．　H．　Karam，　App馬．　Phys．　Lett．，　59，　　　2634　（1991）．92）M．　Razeghi，　R．　Blondeau，　M。　DefOur，　F。　Omnes，　P．　Maurel　and　F．　　　BrillOuet，　Appl．　Phys．　Lett．，　53，　854　（1988）．93）M．　Razeghi，　M．　Defour，　R．　BlOndeau，．F．　Omnes，　P．　Maurel，　○．　　　Acher，　F．　BrillOuet，　J．　C．　℃．　Fan．　and　J．　SalernO，　Appl．　Phys．　　　1」ett．，　53，　2389　（1988）．94）M．　SugO，　H．　Mori，　Y．　Itoh　and　Y．　Sakai，　Ex亡ended　Aわ5亡r∂σ亡s　of　　　亡ねe　ユ992　■η亡。　σoηf。　50エ1d　5亡∂亡e　De▽ゴσes　∂ηd　M∂亡er1∂エ5　（Tsukuba，　　　1992）　p．　656．95）T．　Yamada，　M．　Tachikawa，　T．　Sasaki，　H．　MOri，　Y．　K：adota　and　M．　　　Yamamoto，　Electron．　L6tt　l，　31，　455　（1995）．96）M．　Fukuda，　K．　Wakita　and　G．　工wane，　J．　Appl．　Phys．，　54，　1246　　　　（1983）．97＞○．Ueda，　J．　Elect。・ch6m．　S。c．，135，11C（1988）．98）　M．　SugO，　H．　Mori，　Y．．　Sakai　and　Y．　ItOh，　Appl．　Phys．　Lett．，　60，　　　472　（1992）．一18一Chapte：【　2．　Deg：【a¢ati6n　Mechanisms　of　AユGaAs／GaAs　Ωuantum　wellI、asers　on　Si　Substrates2．1　　工ntroduction　　　　　Observation　Of　the　degradation　of　GaAs−based　lasers　On　Si　isvery　important　for　understanding　Of　the　rapid　degradation　mechanismand　development　of　lonq−life　reliable　lasers．　　▽an　de：r　Ziel　and　co−w・・ker・1’2）h・v・・ep・rt・d　th・t　g・。wth・f　n。nradi・tiv。　dark。egi。n，includinq　DLDs　was　Observed　in　an　AlGaAs／GaAs　SQW　laser　on　Si　usingpu1・ed　current　excit・ti・n．　Martin・et・1．3）ha▽e　r臼P。rt・d　th・t　th。initial　deq：ビadatiOn　of　the　AlGaAs／GaAs　SΩW　laser　On　Si　occurred　inthe　vicinity・f　the　p−nゴuncti。n．　Recently，　Egawa　et　aL4）h・veobserved　optical　and　electrical　degradation　of　the　AlGaAs／GaAs　SΩWlaser　On　Si．　　Howe▽er，　rapid　deqradation　mechanisms　related．　tO　DLD与under　cw　aging　operation　have　nOt　been　clarified．　　　　　In　　this　　chapter，　　the　　influences　　of　．　DI．Ds　　On　　lasingcharacteristics　and　the　dependence　Of　DLD　growth　▽elOcity　On　theinゴected　current　density　for　the　AlGaAs／GaAs　quantum　well　laser　OnSi　are　．described．　　This　chapter　is　orqanized　as　follows：　、In　sect二iOn2．2，　epitaxial　qrowth　and　fabrication　process　of　the　AlGaAs／GaAsquantum　well　laSer　on　Si　are　descr⊥bed．　　The　i口fluences　of　DLDs　Onlasing　characteriStics　under　cw　aginq　Operation　are　pres6nted　insection　2．3．　　In　section　2．4，　the　dependence　Of　〈100＞　and　＜110＞　DLDgrOwth　velocities　On　the　inゴected　current　density　under　directcurrent　　（dc）　operation　j．s　described．　　This　chapter　is　concluded　insection　2．5．2．2　　Epitaxial　Growth　and　Fabrication　PrOpess一19一　　　　　The　samples　used　in．this　study　were　grown　on　n＋一Si　substrates（Sb−doped，　0．02　Ω・cm）　Oriented　2。　Off　（100）　tOwards　the　［01．1｝direction　k）y　MOCVD，　using　an　rf−heated　horizOntal　reactor　operated・七、・tm。・pheri・press・re・　T「imethylqallium　（TMG）aρdtrimethylaluminum（TMA）were　used　as　gr・up一．Hl　s・虻ces，　and　ars⊥ne（AsH3）　was・used　as　a　grouP−V　sOurce・　．Hydrogen　selenide　（H2Se）　anddiethylzinc　（DEZ）　were　used　as　n−　and　p−dOpants，　respectively．　Thecarrier　g・忌w・・hyd・・qen（H2）．　Th・・ub・trat・・were　rin・ed　i・・rganic　s。1▽ents　ahd　then　cleaned　in串・luti・n・・f　H2sO4・H202（4・1　byv。lume）and　HF：H20（1：1　by▽OlUme）・P「iO「tO　the　g「Owth’thesubstrates．were　heated　in　H2　atmOsphere　at　1000　0C　：EOr　10　min　inorder・tO　．：remOve　the　nati▽e　Oxide　frOm　the　substrate　surface．　　Theqrowth　temperature　was　750　0　C　except　fOr　the　土nitial　GaAs　nucleatiOnlayer．which　was　grOwn　On　Si　at　400　0C　in　the　twO−step　grOwthやechnique・An　initial　10−nm−thick　und・ped　GaAs　nucleati・nエayer　and・2．1一μm−thi・k．n＋一G・A・b・ffer　l・yer（Se−d・P・d，2×1018・cm−3）were9。。wn．　Dur土ng　9。。wth。f　the　n＋一G・A・1・y・・，　th・・ub・t・at・temperature　was　cycled　five　times　frOm　350　tO　850　QC．in　an　AsH3atm6。phere．　Thi・thαm・1。y・le　annealing　i・effecti▽・in　reducinqth。　threading　di。1。cat土。n，　in　the　acti▽・1・yer・・f　th・laser・5’6）．Figure　2．1　shows　a　schemat⊥c　crossrsection　Of　an　AlGaAs／GaAs　triplequantum　well　（TΩW）　laser　On　Si．　　The　laser　structure　comprised　a・．0一μm−thi・k　n−A・0．7G・0．3A…wer　c・・dd土nq・・yer（Se−d・pedl・×・018・m−3），・60−nm−thi・k　und・p・d　AlO．3G・0．7A・1・w…　pticaユ・・nfi・i・glayer，　three　9−nm−thick　undoped　GaAs　quantum　wells　separated　by　5．5−nm−t二hick　undOped　AlO．3GaO．7As　barrier　layers’　a　60甲nm−thick　undopedAlO．3GaO．7As　upPer　optical　cOnfininq　layer’　a　1・0一μm−thick　p『A・0．7G・0．3A・upPer　cl・dding・・yer（Zn−d・P・d，・×・018・m−3）・nd　an80−nm−thi・k　p＋一G・A・c・ntact　l・yer（Zn−d・p・d，1×1019・m−3）．　Afterthe　qrOwth，　laser　devices　were　fabr⊥cated　as　fOllows．　　1A　O．1一μm一・　　　　　　　　　　　　　　　　　　　　　　　　一20一　10μmstripecontact　w元ndow　　　　　　　　　　　　　　　　　　　　　　　　ロ　　　コ　　　　　　　　　　　　　　　　ロー一ｨ）哺　　　　　　　卜尋一一一　　　〇　　　　　　　　　　　　　　　　■　　　●　　　　　　　　　　　　　　　　■　　　l　　　　　　　　　　　　　l　　　●　　　　　　　　　　　　　　　　■A1・・G肌・A・［：　（55�o）　　　　　　　　　　　　　　　　　　　　　塾@　、　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　◆@　　　　　　　　　　◆A　S蓬02○嫌鱗導　　　s釜Q2ず・GaAs　　（80　nm）p−Alo．7Gao3As　　　（1μm）Alo．3GaoコAs　　（60�o）Alo3Gao．7As　　　　（60　nm）n・A10JGao．3As　　　（1μm）�u’・GaAs　　　　（2．1μm）ntSi　substrate痴s礁隷　・　　、Fiq．　2．：L．Schematic　cross−section　Of　AIGaAs／GaAsTQW　laser　on　si．一21一thi・k　SiO2　in・ul・tihg『P・y・・was　d・p・・止・d。n　th・p＋一G・A・c・ntactlayer　and　IO一貼m−wide　stripe’cOntact　windOws　were　Opened　with　a　300μmpit・h・1。ng　the＜110・directi・n　by・h・mi・孕1・t・hi・q・f．riO2．Then，　50−nm−thick　Ti／150−nm−thick　Au　were　evapOrated　On　the　p＋一GaAslayer　a・the　p−s土d2　electr・de．　After　thinninq　the　n＋一Si　substratetO　a　thi・kness・f・100μm’50−nm−thi・年AuSb／150−nm−thi・k　Au　w・・eevap。rated・n　th6　Si　s廿bstrate『孕9．　the　n−side　electr・de．　Ther・ntact・were　annea・・d　in．’・N2・tmgrphere　at　38・．C茸・r　3・・t・reduce　th・・eri…　e3i・t・pce・The　samples　were　clea▽・d　int・chip・and　mounted　on　In−sOldered　Cu　heatsinks　in　the　p−side−up・・nfiguratキ・n・　In・rder　t・・炉・er▽e　the　elect・・lumine・cence（EL）topOgraphr@of　the．act二ive　regiOn　with　a　Si　vidicon　TV　camera（Hamamatsu．b274！−03），　part　Of　the　p−side　electrOde　Of　the　］一asers　wasthinned　by　chemical　etching　in　a　solution　of　K工　：　工2　：　H20．（113　9　：65　9　：　100　cm3）7）．　　　　　The　AlGaAs／GaAs、　TQw　lasers　On　Si　with．120−800　μm　ca▽ity　lengthwere　prepared．　　The　cw　aging　test．　was　carried　out　at　a．cOnstantOutput　pOwer　Of　l　mW／：εacet　unde．r　autOmatic　pOwer　cOntrol　　（APC）Operat⊥on　at　a　heatsink　ξnd’ambient　ternperature　Of　20　0C．　　　Thedegree　of　deqradation　was　studied　through　the　change　of　the　increase・ati・・f・w　d・ivingρurrent（△エ），1Pasing・haracter⊥・ti・param・ter・・ぬ・has　i・terp・l　different⊥・・quant・m・ffi・i・・cy（ηi）、　i・terna…ss（αi）　and　differential　qain　cOefficient　（P），　and　EL　topograph　Of　theactive　regi。n8）．△エw・・d・termined　u・ing　　　　　　　　　　　　　　　　　　　△1＝（1．一10）／10×1001where　I　andエO　are　d・iving・Qrrent　andrespectively．（2．1）itS　⊥nitial　▽alUe，一22一2．3　　1nfluences　Of　DI、Ds　On　Lasing　Character：i−stics　　　　　All　AlGaAs／GaAs　TΩW　lasers　On　S土　deqraded　within　a　：Eew　minutes．No　relationship　between　the　lifetime　and　the　cavity　length　Of　thelasers　was　observed　in　this　experiment．　　Figure　2．2　shows　the　lOg−1。g　rel・ti。n・hip　b・tween　th・increa・e　rati・・f　d・iving　currrnt（△1）and　aging　time　fOr　the　lasers　On　Si．　　The　driving　current　increasesalmost　linearly　with　operat⊥nq　t二ime　at　the　initial　s工Ow　degradationstage　of　△1’〈　60−80　宅。　However，　at　the　subsequent　rapid　degradatiOnstage　of　△工　＞　60−80　そ，　the　driving　current　increases　apprOximatelyas．@the　eiqhth　p。we・・f・perating　time．　These　re。ult。　indicate　thatthe　deqradatiOn　mechanisms　dまffer　in　the　⊥nitial　slow　degradatiOnstaqe　and　the　subsequent　rapid・ne・　In・rder　t・，　investigate　thisdifference，　the　EL　topOgraphs　of　the　laser　on　Si　were　observed　ateach　degradation　stage．　Typical　EL　tOpOgraphs　at　each　degradatiOnstaqe　of　△工　二　〇，　40，　100，　200　宅　are　shown　in　Fig．　2．3．　　At　theinitial　slow　deqradation　stage　of　△1　ニ　40　宅，．qeneration　Of　a　few＜100＞　D：LDs　was　Observed．　　Subsequently，　expansion　of　＜100＞　DLDs　wasclearly　observed　at二　t二he　rapid　degradation　stages　of　△1　＝　100，　200　そ．Detailed．obse「vatiOns　Of　DLD　g「・wth．　are　d・・crib・d　i・・ecti・n　2・4・　　　　　工n　order　tO　Observe　the　change　Of　lasing　characteristics　forthe　lasers　on　Si，　liqht−versus−current　　（L一工）　characteristics　weremeasured　at　20　0C　at　each　degradation　staqe　by　interruptinq　theaging　test．　　Figure　2．4　shows　the　typical　工1一工　character⊥stics　Of　the425一μm−10ng　laser　on　Si　under　the　pulsed　condition　at　eaqhdegradatiOn　staqe．　　Current　pulses　O．2　μs　long　were　used　at　5　kHz　　　　　　　　　　　　　コ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　しrepetエt■on　rate．　　工t　can　be　seen　that　the　threshOld　cμrrentincreases　and　the　external　differential　quantum　effic土ency　　md）decreases．　　For　lasers　on　S土　with　various　cavity　ユengths，　the　DLDdensities　ok）ser▽ed　by　EL　topography　were　the　same　at　e．ach　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−23一（ζ＜い19導亀ξ署ち・8頸霧8ごε1000100101CW：20。ごAPC：1mWo’’’’’o　　　　　　　　　’　　　　　　　，’”　　　　　，’”　　　，’”　　，’”／　　△1配t’Cavity　length：200−800　Fm　〜　ノ1△1�tt8ノ’1101001000Time（s）Fig．．92．2．　　］コog−10gOf　drivinq　currentlasers　on　si．relatiOnship　between　iDcrease　ratio（△工）．and　aging　time　for　AIGaAs／GaAs一24一＜100＞＜110＞20μmFiq．　2．3．　　Typical　EL　topOgraphs　of　the　laser　on　Si　at　eachdeqradation　staqe　Of△1＝（a）　0，　（b）　40，　（c）　ユ00　and　（d）　200　そ．一25一露邑お津＆ぢ○6543210Pu’＄ed：ﾚ9℃1．へ1（拓＞　　　　　　　　2駅60寧01002QO・C、vity　l，孟gth，　　　　　　425μm．0300　　　　　　・　5qr』1・・．15・　　　　　　　　　　　　　　　　　　　　　　Cuπrnt（�QFiq．2．4．　Typi。6・．．．L」・．6ha必。¢・6ri帥i6・◇主・h・Si　under　pulsed　conditiOn　at　each　degradatiOn　　　　　　　　　　　　　　　　　　　　　　　　　−26一．．2001aser　Onstage・degradation　stage．　　Therefore，　the　pulsed　measurement　was　carriedout　for　the　lasers　in　order　to　estimate　the　change　of　the　lasingcharacteristics．　　The　lasing　characteristic　parameters　such　as　ηi，αiandβwere　d・termined　u・ing9’10）　　　　　　　　　　　　　1／ηdニ　（1／ηi）　［　1　＋　αi　L／ln（1／R）　．］，　　　　　　　　　　　　　（2．2）　　　　　　　　　　　　　Jth−JO／ηi・（ηiβr）一1［αi・L−11n（・／R）］，　　（2．3）where　L　and　R　are　cavity　lenqth　and　reflecti▽ity・f．狽?ｅ　mirr・rfacet’　respectively・　　The　Jth　is　related　to　JO　and　r　wh⊥ch　aretransparency　current　densit：y　and　the　Optical　confinement　factor，「especti▽ely・Usinq　the　fact　th・t　t与・v・lue・f　R　i・generalユy　O・32for　an　uncoated　facet，　the　values　of　ηi　and　αi　can　be　Obtained　fromthe　relationship　Of　1／ηd　versus　L　in　eq・　（2・2）・　　This　relationshipat　each　deqradation　staqe　cf　△1　＝　0，　40，　100　老　is　shown　in　Fig．　2．5．工t　is　found　that　ηi　gradually　decreases　as　the　degree　of　degradatiOnpr・qresses．　Assuming　that　r　is　O．081　f・r　the　TQW　Iaser11），　the▽alues　Of　b　and　JO　can　be　estimated　from　eq。　（2・3）・　　Figure　2・6・h・w・the　re・・ti。・・hip・f　Jth　vr・・u・ガ1・n（・ノR）・t　each　d・grad・ti・nstaqe．　　β　is　found　to　decrease　gradually．　　Typical・changes　of　lasinqcharacteristics　such　as　ηi，　αi　and　β，　which　are　normalized　by　theirinitial　values　befOre　degradatiOn，　are　shOwn　in　Fig．　2．7．　　TheSeiniti・1▽・lu・・川i（0），αi（0）ζndβ（0），　were　O．77，25・m−1　and　O．85cm／A，　respectively．　　At　the　土nitial　slOw　degradatiOn　staqe　Of　△1　＜60−80　宅，　ηi　decreases　marke（ユly．　　The　decrease　in　η⊥　seems　tO　becaused　by　the　increased　number　of．nOnradiative　recOmbirユatiOncenters．　　　In　order　to　study　the　⊥ncrease　Of　nOnradiativerecOmbinatiOn　　Centers，　　the　　Current−verSus−voltage　　（1−V）characteristic　Of　the　：Laser　On　Si　was　measured　at　each　degradation　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−27一℃F＼一6．05．55．04．54，03．53。02．52．01．51．00．50．0o”　　，／／／o’o’　　　　　　　　　　　　　　　　　　　　　　　　　　　／Pulsed：20。C　　　　　　　　　　　　　■／’　　　　　　　　　　　　　　　　　　　　　　／　　　　　　　　　　　　　　　　　　　　　　ゆ　　　　　　　　　　　　　　　　　　　　．／　　　　／・　　　　　　　　　　　　　　　　　　／■　　／’　　　　　　　　　　　　　　　　　ゆ　　　　　　　　　　　　　　　　　　　　　　　　　　　ゆ　　　　　　　　　　騨／／が／♂：　　　　　　　　　　　／　　　／　　　　　　　　　　　ジ　　　　　　　　　　　　　　　　　ジ　　　　　　　　／≦　／／　　　　　　／　『／　　　　　　ゆ　　　　　　　　　　　　　　　ゆ　　　　／6　．／ノ哉9／▲　　　／6　．σ　　　　▲．一・一…一Z一・一一…一一一香[一一△1＝0％△1＝40％△1＝100％0　　　100　　200　300　　400　500　600　　700　　800　　900　1000Cavity　length，　L（μm）Fig．2二5．．R・エ・ti・n・hip。f　1／ηd》er・u・Lf・・th・lasef　On　Si　at　each　deqradatiOn．　staq6．一28一ρ塁琶岬δ●曽§器碧§景占6．05．55．04．54．03．53．02．52．0151．00．50．Q／o／o／o〆♂　　　　Pulsed：20。C　　　　　　　　　　　　　　　　　　　　　　／　　　　　　　　　　　　　　　　　。　／　　　　　　　　　　　　　　　　　／／　　　／ρ／　　　　　　　　　　　　　　　　ゆ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　グ　　　　　　　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　　　　　　　／　　　　　／／　　　　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　　　　　　／　　　　．ρ’　　　　　　　　　　　　び　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゆ　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　　　，1／　　　o／／　　　　　　　　　／　　　／／　　　　・／4　　／ノ　　　　．／　！ρ！　．o▲／奄／8　▲　　♂’o／／@　　　▲　　　　　　＿＿＿▲＿＿＿△1＝0％　　　　　　　　　　　　　　　　　・“。一一一〈〉幽一・一藺・　△1＝40％　　　　　　　　　　　　　　　　　一願一畳一一騨一　△1＝100％010　　20　　30　　40　　50　　60　　70　　80　　90　　100Fiq．　2．6．the　laser・n　Si・t　each　drgradati・n・t・ge・　　　　　　　　　L−11n（1／R）（cm−1）R…ti。n・hip。f　Jth　ver・u・L−1・n（・／R）f・r一29一　o噺ぎ�`嘗δ属、ご　o　o＼邑1．11．00．90．8．0．70．61．61．41，21．00．80．61．00．80．60．40．20　50　　　　　100．　　　　1．50　　　　　200　　　　　250　　　　　3001ncrease　ratio　of　driving　current，△1（％）Fig．．2．7．　　Typical　changes　of　ηi／ηi（0），　αi／αi（0）　andβ／β（0），　nOrmalized　by　initial　va工ues　before　deg：radatiOn，as　a　function　Of　increase　rati6　0f　dri▽ing　current　（△工）for　the　laser　on　si．一30一1staqe．　　Figure　2．8　shOws　the　typical　chanqe　of　recombination　current（工r）　which　has　the　ideality　factOr　of　2．　　Ir　was　nOrmalized　by　theinitiaエ▽alue［lr（0）］・f　2・5　nA　at　O・6　V，　and　the　change・f　lr　wasevaluated　at　thi・v・lt・q・・Dur⊥nq　the　cwラging・perati・n’th・ideality　fact・r　was　increase母fr・m　2・06　t・2・20・As．　sh・wn　in　Fiq・2．8，　工r　drastically　increased　at　the　initial　slow　degradation　stage．Thus，　the　slow　degradatiOn　related　to　the　qeneratiOn　of　〈100＞　D］」Dsi・p・・b・b・y・ru・ed　by　the』i・crea・ed　n・nradi・tive　rec・mbip・ti。・current　due　to　the　increase　of　nonradiative　recombination　centers．Furthermore，　the　deqradation　is　also　caused　by　the　decrease　in　β，　asshown　in　Fiq．　2．7．　　Although　it　can　be　seen　that　αi　sliqhtlydecreases　at　this　degradatiOn　stage，　the　reason　for　this　is　nOt　yetunderstood．　At　the　subsequent　rapid　degradation　stage　of　△1　＞　60−80そ，　ηi　negligibly　changes，　whereas　αi　drastica！ly　increases　and　βmarkedly　decreases．　　These　results　忌uqgest　that　the　rapiddegradation　due　to　the　expansion　of　＜100＞　DLDs　is　caused　byincreased　absorption　Of　emitted　light　and　decre毎sed　gain．2。4　　Dependence　of　DLD　GrOwth　Velocity　on　工nゴected　Current　Density2．4．1　　〈100＞　DLD　Growth　VelOcity　　　　　It　has　been　reported　that　the　〈100＞　DLD　qrOwth　velocity　fOr　anAlGaAs／GaAs　laser　grown　On　the　GaAs　substrate　generally　depends　Onth・inゴect・d　curre・t　d…ity12）．．The〈100・DLD・are　cau・ed　by　th・formation　of　cOmplicated　dislOcatiOn　netwOrks　due　tO　therecombinat二iOn−enhanced　dislQcatiOn　climb　　（REDC）　mOtiOn　in　the　acti▽e・egi・n13’14）．　Th・inゴect・d　car・ier・trapP・d　by　n・nradi・tiv・recombination　centers　at　DLDs　emit　the　phOnOn　energy　wh」一ch　causesthe　lattice　vibrations，　resulting　in　enhancement　Of　the　REDC　mot二iOn．For　an　AIGaAs／GaAs　laser　On　Si，　the　dependence　of　the　＜100＞　DLD　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−31一　　　　　5ε　歳　　4｝9§、3墓暑8　22零．碧§1z　　　　　O　　　　　　O　Fiq．2．8　　（工r）　as　current　　　50　　　　　100　　　　　150　　　　　200、　　　250　　　　　300　　1ncrease　ratio　of　driving　current，△1（％）．Typical　change・f　rec・mbinatibn　currenta　function　of　increase　ratiQ　Of　dri▽ing（△工）　for　the　laser　On　Si．　　　　　　　　　　　　　　　732一9・・wth　v・1・city・n．P亡h・士nj6・圃とμrr6血t．　den・ity　was　studi・d　f。・th・fi・・t　tim・・Fiqure．2・9・h。w・typicaヰm・gnifi・d　E氏・p・graph・・f　anAlGaAs／GaAs　TQW　laser　On　Si　under　dc　operation　at　a　constant　currentden・ity・f　O．5　kA／・m2　and　temperature。f　20。C．．　N。　dark　defect。were・b・erv・d　b・fρ・6．d・gra俘・ti・n［Fig．2．．9（・）］．　At　th・fi・・tdeqradation　stage　［甘ig’．　2．．9（b）］，　a　few．＜100＞　D］」Ds　were　generated．In　the　subsequent　stage．［Fヰgl・2・9（c）］’rh・・e　DLDs　extend・d　t・wardthe　cente「。f　the　aρt士ve・r・gi。n・　　　　　Figure　2．10・h・w・th・d・p・ndence・f．the＜100・DLD　g。。wth’velocity　on　the　inゴected　current二　density　for．an　AlGaAs／GaAs　TQW’ase「。n　S’at　201C・．エt．ca卯e＄ren　t聯th・肌D　g・・wth　v・’・・’ty・t・・ng・y　d・pend…th・．瞬ent　den・ity・．甲h6　estim・t・d　D・D　g・・w・h▽・・。・ity　was・4−25即／h。t。．モ浮窒窒?ｎｔ　den。1ty。f・kA／。m2．。n　the・ther　hand，　it　was　rep。・ted．@th・t七he．〈100＞DLD　gr。wth　v・1。・ity　wasestimated　t・be　2−10．ﾊm／h　at　ab。ut　l　kA／cm2　f。r　an　AIGaA。／GaAs’rΩW…er・n　G・A・15）・・h・f・・ter　DLD　q・。就h寺e・・city　bf　th・・aser。n　sii・th・ugbt　t・b・ρaur・d　by・h・・arqer　numb・r・f　n・nradi・・iv・「ec。曲ination　cente「r　surh．　as　p。‡nt⇔・fect・in・the　activ・．regi・nthan　that　of　the　laser　on　GaAs．　　工t　is．known　that．．the　DLD　grOwth　i串also　enhanced　by　the　rise　of　junctiOn　tem耳）e：rature　Of　the…er14’16）・Thg　d白prndence．．・f・与・く・…bも・q・・壷・h　v…city・n　th・ゴunct’・n・・mperature　w・・a主・・＄tudi・dξ・・Fh・・ヨ・e・・n　Si・Th・ゴuncti・n・・mperature　i・inf・uenced　by　th・i・ゴ吋・d　current　den・i・yand　the　ambient　F・平pera七u・r．．戸n＃er．・w．・perati6n・・he　ri・e・fゴunc・i・n　t・mp・・ature　w・・ρ・亡im・t・d　by−urgmp虻。・th・w・v・・6ng・hin　th・LED　m・de，　becausl?　th・w・v・16ngth・hift・c。ntinu。u。ly　by　th。rise　of　ゴunction　temperature．　　FOr　example，　the　peak　wavelength　at2．5kA／・m2　wa・ab。ut　5．4　nm　l。nger　th。n　th。t。t．0．5　kA／。凱2．　Thu。，it　can　be　estimat・d　that　theゴuncti・n　t・mperature　at　2．5　kA／・m2　isab・ut　30・C　higher　than　that　at　O．5　kA／・m2，　becau・e　it　i・・b・erved　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−33一霧篶欝綴髄鍔恥。脇鎗禦翌�i舞訟閥鋤鴨麗置諏1£識器髭鵬鋤・・諺認認塞驚灘棚�S。軸鞭欝欝難撫独酌擬£1警響ぎ青柱讐辮1欝陰欝蕪1難驚こ鎌溌窓舞鍵謡鑛鎚瓢鋼塗鰐ぼ駕蹴脚調伽講£匿こ臼雛ζ騰認殉諺罪魑ε孟深恐麗器鐙＜100＞＜110＞10μmFiq．　2．9．　Typical　maqnified　EL　topOgraphs　Of　the　laser　OnSi　after　（a）　0，　（b）　7，　（c）　21　and　（d）　45　min　under　dc。P。。ati・n　at　a　c・n・tant　current　den・ity・f　O．5　kA／・m2・・dtemperature　Of　20　0C．　　　　　　　　　　　　　　　　　　　　　　　　　　　一34一書忌塁書§号12010080604020　0●●●　　　　　　　　　　　　　　　　　　　　　　　　　　●DC：20。C　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　　　　　　　　　　　　　　　●　　　　　　　　　　　　●　　　　　　●　　　　　　　　　　　　●　　　　　　　　　　　　●　　　　　●　　　　　●　　　　　●　　　　’1’AIGaAs／GaAs　laser　on　GaAs：　　　　一…．2−10即出［1510Fig．　2。10，▽elOcity　onlaser　On　si　　　　　　1　　　　　　　　　2　　　　　　　　　31切ected・uπ・nl　d・ngity（kA／・m2）　Dependence　Of　the　〈100＞　D］」D　g「rO宙ththe　inゴected　current　den・ity　f・r．@theat　20　0C．　　　　　　　　一35一tha・ヒ　the　wa▽elength　O：ε　the　laser　On　Si　is　shifted　by　about　O．18nm／oC　with　variatiOn　in　ambient　temperature．　　FOr　the　current．den。ity。f。．5　kA／。m2。t　5。・C，，h。　D。D　q。。壷，h　v。・。city　wasestim・ted　t・b・15−20こ口h．　Thiき9・・wth　vel・city　i・much・1・wert二han　that　of　2．5　kA／cm2　at　20　0C．　　This　result　indicates　that　theD：LD　　growth　velocity　depends　more　strOngly　on　the　inゴected　currentdensity　than　on　the　ゴunction　temperature。　幽For　suppressinq　the　rapiddegradation　of　the　AlGaAs／GaAs　lase：ピ　On　Si，　the　reductiOn　Of．operatinq　current　density　is　▽ery　e：Efecti▽e　because　this　reduces　the，＜！00＞　D：LD　growth　▽elocity．2．4．2　　＜110＞．DLD　Growth　VelOcity　　　　　The　＜100＞　D］コDs　have　effective　Width　in　the　＜110＞　directiOn，　andthu・are　regard・d　as＜110・DLD・12）．　The　cau・e・f＜110・．DLD・i・thought　to　be　the　growth　of　dislocatiOns　due　tO　the　recombination−enhanced　disl・cati・n　glide（REDG）m。ti。n14’17）．　M・tsui・t・1．18）have　also　demOnstrated　that　the　＜100＞　D：LD　was　prOpagated　by　acOmbination　of　REDC　and　REDG　motions．　　Therefore，　the　＜］一10＞　D：LDs　inthis　study　is　thOught　to　be　caused　by　the　REDG　mOtion．　　The　＜110＞Dm。　f。r　an　AlG。A。／GaA。エ。。e。。n　G。A。　are’Bften。b。erv。d　byintr。ducing　high・tress（一10g　dyn／・m2）17）．　Figure　2．11・h・w・th・dependence　of　the　＜］一10＞　D：LD　growth　velOcity　On　the　inゴected　currentd・h・ity　f。r　an　AユG・A・／G・A・TQW　Iaser。n．　Si・t　20。C・Thi・e・tim・t・dDLD　gr・wth　v・1・city　w・・5−8μm／h・t　a　cu・・ent　den・ity・f　l　kA／・m2．For　the　laser　On　Si，　the　＜110＞　DLD　growth　▽elOcity　was　estimated　tObe　aboμt　1／3　0f　the　＜100＞　DLD　growth　▽elOcity・　　工n　cOntrast’　土t　wasreported　that　the　＜110＞　DLD　qrowth　▽elOcity　was　abOut　1／10　0f　the・・…D・Dg・・w・h▽・・。6ityf・rrnA・G・A・／G・A・…e・．・nG・A・i・．・h・・。b。ence。f　high。tress12）．・t。pPear。　th。t　th。’?。。ter〈・・0・DLDgrOwth　velocity　、for　the　laser　on　Si　is　caused　by　土ts　much　higher　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−36一葺忌塁書§弓50403020100DC：20。C■■■■■■　　　　AIGaAs／GaAs　laser　on　GaAs：／＜0・1μ坤［15］012Inj　ected　current　density（kA／cm2）3Fig．　2．1！．velocity　Onlaser　On　si　Dependence　Of　the　＜110＞　DLD　growththe　inゴected　current　density　for　theat　200C．一37一residual　tensile　st：ress　than　that　Of　the　laser　on　GaAs．　　　　　Finally，　a　rapid　degradatiOn　mechanism　related　tO　increasedinternal　loss　（absorptiOn　lOss）　due　tO　bOth　〈：LOO＞　and　＜110＞　DLDs　isconsidered　for　an　AIGaAs／GaAs　laser　on　Si，　as　shOwn　in　Fiq．　2．12．The　＜100＞　D：LD　is　represented　as　an　effective　absorption　reqion　witheffective　widt・h　wa　and　effective　absorpt⊥on　c。efficient　αd119）・　FOran　AIG・A・／G・A・1・・er・玲G・A・with　W。・f−5μm　andαdl・f−200・m−1，i・w・・rep・・t・d・h・t　th・d・g・ad・ti・n　du・t・th・i・crr・・e　6fα手w・・m・in・y　cau・ed　by　th・increase　in・he　number・f・・…D・D・（Ndl）・9）．工n　contrast，　the　rapid　deqradatiOn　related　to　the　increase　Of　oし⊥　：Eoran　AIGaAs／GaAs　laser　On　Si　seems　tO．be　caused　by　the　increase　Ofboth　Ndl　and　Wa・　　丁纂e　increase　Of　Wa　is　prObably　caused　by　theq・・wth・右く110・DLD・whi・h　re・ult　f・・m　th・high．。e。idual。tress　f。rthe．Paser・n　Si．　The　reducti・n・f　this　stress　seems　t。　be　als・veryimp。rtabt　f・r　the　impr・vement．・f　reliability・f　the　laser。n　Si．2．5　　Conclusions　　　　　The．influence・・f　Dp…　1・・i・g・haracteri・tics　and　th・dependence　of　the　DLD　grrOwth　velOqity　On　the　inゴected　currentdensity　f・r　an　AIGaAs／GaAs　quantu血well　laser。n　Si　have　beenstudied．　　The　generation　Of　＜100＞　DI．Ds　caused　the　decrease　Of　ηi　andthe　slQw　increase　Of　dri▽ing　current．　　At　the　subsequent　rapiddegradatiOn　stage，　expansiOn　Of　the　D：LDs　caused　the　remarkableincrease@of　αi　and　t二he　decrease　ρf　β，　and　finally　resulted　in　rapidincrea・e。f　d・iving　current．　Furth6。m。re，　it　was　al。。　f。und　th。tthe＜100＞and〈110＞DLDs　q・・wth　v・1・cities　st・・nqly　d・pend・d・n　t戸・inゴected　current　density．　　The　＜100＞　DI．bs　seem　tO　ha▽e　been　causedby　the　formation　Of　cOmplicated　dislocatiOnl　netwOrks　due　tO　the　REDCmotion　in　the　vicinity　Of　the　threading　dislOcatiOns　in　the　act⊥ve　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−38一＜Tρρ一ツ伽θ4EL吻ogr¢ρ乃＞　　　　　　　　　　　　　　　　InCreaSe　in　CUrrent（△1）10μmstripecontact　w血dow0％↓＜∠．　　＜110＞ノ　　＜100＞DLD0−60％↓’60−100％↓Wa100＿300％〈1π078α伽9∫漉rπα〃。∫∫〉※αid＝α田（Nd[Wa）＋αi（・）（L一￥’Wa）αid：intemal　loss　after　degradationαi（0）：intemal　loss　bef6re　degradationαdl：effective　abso耳）tion　coefHcient　　　　　of＜100＞DLD　　　　　　　　　　　　　　αd1駕200　cm−1　，Ndl：number　of＜100＞DLDWa：ef飴ctive　width　of＜100＞DLDL：cavity　lengthαi（0）＝25cm−1AIGaAs／GaAs　laser　on　GaAsAIGaAs／GaAs　laser　on　Si；Ndll，W・一レ鴫》αid／；Ndll，Wa　4一勧id　4Fig［．　2．12．Rapid　degradatiOn　mechanism　related　toincreased　internal　lOss　fOr　the　laser　On　Si．一39一region．　　On　the　other，．　hand，　the　＜110＞　DLDs・・iginat・d主・・典th・q・・wth・f　di・・。cati・n・duethe　large　residual　thermal　stress。are　thought　tO　ha▽etO　the　REDG　mOtiOn　by一40一References1）　J．P．　van　der　Ziel，　R．　D．　Dupuis，　R。　A．工、ogan　and　C。　J．　Pinzone，　　　　ApPl．　Phy。．　L。tt．，51，89（1987）．　2）　J．　P．　van　der　Ziel　and　N．　Chand，　J．　Appl．　Phys．，　68，・2731　　　　（1990）．3）　R．　B．　Martins，　P．　Henoc，　B．　Akamatsu，　G．　Bartenlian　and　M．　N．　　　　Charasse，　J．　Appl．　Phys。，　68，　937　（1990＞。4）　T．Egawa，　T．　Jimbo，　Y．　Hasegawa　and　M．　Umeno，　Appl．　Phys．　工、ett．，　　　　64，　1401　（1994）．5）H・Okam・t。’Y・Wat、anabe’Y・Kad・ta　and　Y・Ohmachi’Jpn・J・ApPl・　　　　Phys．，　26，．］」1950　（1987）．　6）　T．　Egawa，　Y．　Hasegawa，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　Appl．　　　　Phys．，　31，　791　（1992）．7）8）9）10）11）12）13）14）15）16）J・L・Me「z　and　R・A・LOgan’J・ApP手・Phys・’47’3503（1976）・Y。　Hasegawa，　T．　Egawa，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　Appl。Phys．，　34，　2994　（1995）．H．Kressel　and　J．　K．　Butler：5e而σ。ηduσt。r五∂ser5．ﾝηdHe亡erojuησ亡10n　五ED5　（Academic，　New　YOrk，　1977），　p．　101．W．　T．　Tsang，　IEEE　J．　Quantum　Electron．，　ΩE−20，　！119　（1984）．Y．Arakawa　and　A．　Yariv，　IEEE　J．　Quantum　Electron．，　ΩE−22，　1887（1986）．K．　Fukagai’　S．　Ishikawa，　K．　Endo　and　T．　Yuasa，　Jpn．．J．　Appl．Phys．，　30，　：L371　（1991）．R．G．　Waters，　Prog．　Quantum　ElectrOn．，　15，　153　（1991）．○．　Ueda，　J．　Electrochem．　Soc．，　135，　11C　（1988）．R．　G．　Wate：rs，　D．　P．　BOur，　S．　L．　Yellen　and　N．　F．　Ruqqieri，　IEEEPhOton．　Technol．　：Lett．，　2，　531　（1990）．M．Fukud。，　K．　W。kita　and　G．・壷ane，　J．　ApPl．　Phy・．，54，1246（1983）．　　　　　　　　　　　　　　　　　　　　　　　　　　　一41一17）T．K・meゴima，　K．1・hida　and」．　M・t6ui，　Jpn．　J．　ApPl．　Phy。．，16，　　　　233　（1977）．．18）　J．　Mat；sui，．K．　工shida　and　Y．　Nannichi，　Jpn．　J．　Appl．　Phys．，　14，　　　　1555　（1975）．19）　H．　Yonezu，　M．　UenO，　T．　Kameゴima　and　I．　Sakuma，　Jpn．　J．　Appl．　　　　Phys．，　13・，　835　（1974）．一42一

