Chapter 3. AlGaAs/InGaAs Quantum Well Lasers on Si Substrates with

InGaAs Intermediate Layers
3.1 Introduction

It has been recently reported that strained AlGaAs/InGahAs
quantum well lasers grown on GaAs substrates, which are promising

3+

for new applications such as pumping Er~ " -doped optical fiber

amplifiers at 980 nm1_3), show very slow degradation rates and long

4-12) 7/9) nave observed that

lifetimes Waters and co-workers
strained AlGaAs/InGaAs SQW lasers on GaAs are significantly more
resistant to <100> DLD propagation than AlGaAs/GaAs lasers on GaAs.
Fukagai et al.l0) nave reported that no <100> DLD was observed and
DLDs grew in the <110> direction for the strained AlGaAs/InGaAs
double quantum well (DQW) laser on GaAs. In addition, they have
demonstrated that the <ilO> DLD growth velocity in the AlGaAs/InGalAs
laser on GaAs was estimated to be ~1/100 of that for the <100> DLD
growth wvelocity in the AlGaAs/GaAs laser on Gaasl0) . This
suppressed <100> DLD growth is believed to result from the
‘dislocation pinning due to the introduction of In in the GaAs active
layer. Kirkbyl3) has shown that dislocation motion can be
drastically reduced by the incorporation of In (and other group-III
or V impurities) into GaAs, which is similar to alloy hardening of
metalsl?d) . To date, there has been only one demonstration of the
increased lifetime for GaAs-based lasers on Si by replacing the
conventional GaAs quantum well active layer with the InGaas
layer15). However, differences of degradation mechanism between
AlGaAs/GaAs and AlGaAs/InGaAs quantum well lasers on Si have not

been clarified. Furthermore, for the AlGaAs/InGaAs laser on Si, the

relationship between reliability and residual stress in the InGaAs



active layer has not been also made clear.

In this chapter, the reliable AlGaAs/InGaAs SQW lasers on Si
with InGaAs dislocation suppressing intermediate layers (InGaAs ILs)
are demonstrated and the differences of degradation mechanism
between AlGaAs/GaAs and AlGaAs/InGaAs SQW lasers on Si are also
studied. This chapter is organized as follows: The epitaxial growth

and fabrication process of the AlGaAs/InGaAs. lasers on Si are

described in section 3.2. In section 3.3, lasing characteristics of
these lasers are presented. The reliability and degradation
mechanism of the lasers are described in section 3.4. In section

3.5, increasing lifetime of the AlGaAs/InGaAs laser on Si by post-
growth annealing is presented. This chapter is concluded in section

3.6.
3.2 Epitaxial Growth and Fabrication Process

Figure 3.1 shows a schematic cross-section of the AlGaAs/InGalAs
SOQW laser on Si with InGaAs IL. The 20-nm-thick n+—InO‘08Ga0_92As
IL was inserted between a 2.0-um-thick n+—GaAs.buffer layer and a
1.0-um~-thick n-Algy 5Gagp 3As lower cladding layer. A 70-nm-thick
undoped Al 3Gap 7As lower confining layer, various 9-nm-thick
undoped In,Gaq.,As (x=0, 0.02, 0.07, 0.10) SQW active layer, a 70-
ﬁm—thick undoped Al 3Gag 7As upper confining layer, a 1.0-pm-thick
p-Algy 7Gag 3As upper cladding layer, and an 80-nm-thick p+-GaAs
éontact layer were subsequently grown on the n-Aly Gag 3As lower
cladding layer. Thermal cycle annealing was performed five times by
varying the substrate temperature between 350 and 850 °C during the
nT-GaAs buffer layer growth. After the growth, the lasers were
fabricated by defined 10-um-wide oxide stripe opening to contact the

p+—GaAs layer. In order to compare the lasing characteristics, an
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AlGaAs/GaAs SQW laser on GaAs and AlGaAs/In,Gag_,As (x=0, 0.01,
0.07) SOW lasers on Si without InGaAs IL , which were similar laser
structures described above, were also prepared.

Figure 3.2 shows variation of lattice constants of Si, GaAs,
GaAs/S1i, Ing g2Gag gghAs and Ing g7Gag 93A8s during cooling-down from
the growth temperature to room—temperaturel6). The linear thermal
expansion coefficients for these materials in the temperature range
between 300 and 1000 K can be obtained from the slope of each line.
During cooling from the growth temperature (~1000 K) to room-
temperature (~300 K), the large thermal stress of ~2X109 dyn/cm2 is
generated in GaAs/Si by the difference in the thermal expansion
coefficients between GaAs and Si. Therefore, the lattice constant
of GaAs/Si increases from point A to B in Fig. 3.2 at the room-
temperature. If the In content (x=0.02) in the In,Gaq_,As which is
lattice-matched for the GaAs/Si at the middle temperature between
300 and 1000 K is chosen, the difference in the lattice constants
between Ing yGap ggAs and GaAs/Si is -0.09 % at 300 K and +0.14 %
at 1000 K, as shown in Fig. 3.2. Therefore, the thermally induced
stress in the Ing 2Gapg ggAs layer grown on GaAs/Si can be relieved
without introduction of misfit dislocations. Even AlGaAs/GaAs laser
structure on GaAs also has the lattice-mismatch of ~+0.14 %. On the
other hand, the difference in the lattice constants between
Ing g7Gag. g3As and GaAs/Si is +0.27 % at 300 K and +0.49 % at 1000
K. Thus, the misfit dislocations can be introduced in the
Ing g7Gag.93As layer grown on GaAs/Si if the Ino.O7Gao.93As layer is
thicker than the critical thickness (hc).

Figure 3.3 shows the hc calculated for a GaAs/In,Gai_,As single
layer from the model of Matthews and Blakesleel”) and the model of
People and Beanl8) . The circles corresponding to the 9-nm-thick
In,Gaj_4As (x=0, 0.01, 0.02, 0.07, 0.10) SQW active layers used 1in

_46_
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this study aré also shown. For all the active layers, the thickness
is enoughrbelow the hc. Therefore, the lattice-mismatched strain in
the active layers can be accommodated elastically without formation
of misfit dislocations.

Under c¢w condition at room-temperature, the lasing
characteristics such as polarization, threshold current density,
emission wavelength, lasing characteristic parameters and
reliability were studied19-22) In addition, the crystallinity of
the active layers 1in the lasers was characterized by

cathodoluminescence (CL) observations using a SEM (Topcon ABT-55).
3.3 Lasing Characteristics

3.3.1 Polarization

It is well known that the stress in the active layers of the
lasers affects the polarization of the output light23_28).
Therefore, the residual stress in the active layers can be
relatively estimated from the degree of polarization (p). The

degree of p is given by23)

P = (Log=Lry) / (Lpg+Lgy) » ' (3.1)

where Lopp and Lgy are the intensities of the transverse electric
(TE) and transverse magnetic (TM) polarized output 1light,
respectively. Therefore, p varies from +1 for completely TE
polarized emission, to 0 for equal portions of TE and TM polarized
light, and to -1 for completely TM polarized emission.
Predominantly, TE and TM polarized emissions from the quantum well
active layers are associated with electron-to-heavy hole and

electron~-to-light hole gquantum state transitions, respectively.



Figure 3.4 shows a typical polarization of the AlGaAs/GaAs SQW laser
on Si under cw condition at room-temperature. It is found that the
lasing occurs in only the TE mode. 1In order to esfimate the stress
in the active layers, it 1is necessary to observe the spontaneous
emission below threshold current (Iiy) because of elimination of the
dependence on mode reflectivity affecting polarization23). The
dependence of p on the normalized current (I/I)) for five kinds of
lasers with ~400-pum-long cavity length (L) is shown in Fig. 3.5.
The degree of p of a conventional AlGaAs/GaAs laser on Si is lower
than that of an AlGaAs/GaAs laser on GaAs. This result indicates
that the tensile stress in the active layer of the AlGaAs/GaAs laser
on Si causes the light- and heavy-hole valence band gquantum states
to move closer together with increasing the TM polarized emissionZ29-
33) . It is noticeable in Fig. 3.5 that the stress in the active
layer can be changed from tensile to compressive stress with
increasing the In content in the InGaAs active layer. The data
indicates that the stress 1in the active 1layer of the
AlGaAs/Ing gpGap_ ggAs laser on Si with InGaAs IL can be relieved,
which is equivalent to that of the AlGaAs/GaAs laser on GaAs. The
AlGaAs/Ing 16ag. goAs laser on Si without InGaAs IL has also the
strain-relieved active layer. On the other hand, it was confirmed
that the AlGaAs/Ing (7Gap_ g3As laser on Si with InGaAs IL has a

compressive stress in the active layer.

3.3.2 Threshold Current Density

In order to study the lasing characteriétics, these lasers with
various L were operated under cw condition at room-temperature.
Figure 3.6 shows the relationship of Jip versus L for the
AlGaAs/GaAs lasers on Si and AlGaAs/IngGaj_yAs (x=0.02, 0.07) lasers

on Si with InGaAs ILs. For L=200-600 um, the wvalue of J.y of the
_50..
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AlGaAs/Ino‘ozGao.ggAs lasers is lower than that of the AlGaAs/GaAs
lasers. This result is the same as the dependence of Jiy on the In
content which was observed for AlGaAs/InGaAs lasers on Gaas34736)
It is also found that the value of Jyy of the AlGaAs/Ing 7Gag. g3As
lasers tends to be higher than that of the AlGaAs/hyLOZGao.98As
lasers.

In order to characterize the crystallinity of the active layer
in the AlGaAs/Ino.O7Ga0.93As laéer on Si with InGaaAs IL, the CL
observation was carried out using a SEM at ldw temperature (~130 K).
The accelerated beam voltages were 20 and 30 kV. This CL
observation was also carried out for the conventional AlGaAs/GaAs
laser on Si without InGaAs IL and AlGaAs/InyGa;_,As (x=0, 0.02,
0.10) lasers on Si with InGaAs ILs as references. Figure 3.7 shows
the top~viewed CL images of the four kinds of lasers on Si. These
images were taken at the wavelength (energy) of the each active
layer. The nonradiative recombination regions at dislocations and
the other defects can be seen as dark spots (DSs). The dark spot
density (DSD) of the conventional AlGaAs/GaAs laser on Si 1is
estimated to be 0.8-1.0X107 cm™2. However, the wvalue of this DS3D
may be lower than that of EPD by molten KOH etching, because it is
possible that some of the DSs overlép with each other, making DSD
lower than EPDS/). The DSD is effectivély reduced to 4-6X100 cm™2
for the AlGaAs/GaAs laser on Si with InGaAs IL due to the
suppression of threading dislocations by introduction of InGaAs IL.
For the AlGaAs/InO'OzGaO'ggAs laser, the DSD is estimated to be 3-
4X10° cm™2. It is particularly noteworthy that the DLDs oriented
towards the <110> direction can be clearly seen 1in the
AlGaAs/Ino.07Gao.93As and AlGaAs/Ing 10Gag. gpAs lasers.
Furthermore, it is found that the number of the <110> DLDs increased

with increasing the In content in the InGaAs active layer. This
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result clearly suggests that the higher strain associated with the
increase of the In content enhances the bend of threading
dislocations in the active layer29'38(39), resulting in the raise in
the Jyy, due to the increase df nonradiative recombination

centersls), as shown in Fig. 3.6.

3.3.3 Emission Wavelength

The emission wavelengths of the AlGaAs/InxGal_xAs {(x=0, 0.02,
0.07) lasers onVSi with InGaAs IL were measured. In this
measurement, the ~400-um-long cavities were used for these lasers,
because short cavities (L<300 pm) show a sharp decrease in the
wavelength due to the emission shifts from n=1 to n=2 quantum state
transition in the gquantum well. This shift in the emission
wavelength with decreasing L are the result of saturation of the
available quantum well gain36'40). It was confirmed that the
emission wavelength monotonously increased from ~845 nm for the
AlGaAs/GaAs laser, to ~865 nm for the AlGaAs/Ino.OzGao.gsAs laser,
and to ~885 nm for the AlGaAs/In0.07Gao.§3As laser. ' This increasing
wavelength 1s associated with the decrease of InGaAs band-gap energy
with increasing In content 34,35) These wavelengths are from n=1
transition. For the AlGaAs/Ing 10Gag gpAs laser on Si with InGaAs
IL, however, the emission wavelength from n=1 transition could not
be measured and the laser was operated at ~855 nm from n=2
transition. The reason is thought to be that the increase of Jip
due to the very poor crystallinity of the active layer [as shown in

Fig. 3.7(d)] resulted in the difficulty of the n=1 transition.

3.3.4 Lasing-Characteristic Parameters
For the AlGaAs/GaAs lasers on Si with and without InGaAs 1IIL,

and AlGaAs/InXGal_XAs (x=0.02, 0,07) lasers on Si with InGaAs ILs,



the lasing-characteristic parameters such as My, o;, B and Jp were

l’
determined by egs. (2.1) and (2.2), and are summarized in Table
ITI.T. It was assumed that I’ is 0.027 for the SQW laser?l) . An

AlGaAs/GaAs SQW laser on GaAs was also characterized as a reference.
The value of mM; seems to be considerably associated with the
crystallinity of the active layer. That of N; increased from 61 %
for the conventional AlGaAs/GaAs laser without InGaAs IL, to 77 %
for the AlGaAs/GaAs laser with InGaAs IL, and to 81 % for the
AlGaAs/InO_OZGa0.98As laser. These improvements are certainly
caused by InGaAs IL which improves the crystallinity of the active
layer, as shown in Fig. 3.7(b). However, it decreased to 72 % for
the AlGaAs/InO.O7Ga0.93As laser. This 1s probably due to the
increased nonradiative recombination centers related to the
generation of bent threading dislocations (<110> DLDs) for the
AlGaAs/In0.07Gao‘93As laser, as shown in Fig. 3.7(c).

The value of oa; was reduced from 26 cm™l for the conventional
AlGaAs/GaAs laser, to 15 cm™l for the AlGaAs/GaAs laser with InGaAs
IL, and to 17 em™! for the AlGaAs/Ino.OzGao.gsAs laser. For the
AlGaAs/InO_O7Ga0.93As laser, it decreased to 19 cm™ 1. However, this
reason is not understood yet.

Additionally, it was found that the [ was associated with the
In content in the InGaAs active layer. The value of B was 1.4 cm/A
and 1.7 cm/A for the AlGaAs/GaAs lasers on Si with and without
InGaAs IL, respectively. It increased from 1.7 cm/A for the
AlGaAs/Ing _ ¢pGag . ggAs laser to 2.7 cm/A  for the
AlGaAs/Ing g7Gag_ g93As laser. In particular, it is noticeable that
the B of 2.7 cm/A is larger than that of 2.0 cm/A for the
| AlGaAs/GaAs laser on GaAs. This improvement seems to have been
caused by the compressive stress in the active layer, as shown in

Fig. 3.5. The similar improvement of P has been observed for the



Table III.I. Summary of lasing-characteristic

parameters for lasers.

n;j o B Jo
(%) (cm-l)  (cm/A)  (A/em?2)

AlGaAs/GaAs laser on GaAs 87 21 2.0 100
AlGaAs/GaAs laser on Si 61 26 1.7 270
AGusmeGuadslaer g7 a7
oS GaAs L P19 2T




AlGaAs/InGaAs lasers on GaAsS39) . This improvement has been also
theoretically explained as a result of the additional strain-induced
separation of energies of the the various valence band quantum state
transitions?2745) |

In addition, the value of Jy is much larger for the
AlGaAs/Ing g7Gap.g93As laser than for the AlGaAs/Ing goGag _ gghs
laser. Although this is the opposite tendency observed for the
AlGaAs/InGaAs lasers on GaAs36'46'47), the reason 1is thought to be

the increase of the nonradiative recombination current at the bent

threading dislocations for the AlGaAs/Ing g7Gag g3As laser.

3.4 Reliability and Degradation Mechanism

3.4.1 Reliability

In order to study the reliability of these lasers, the cw aging
tests were carried out at a constant output power of 1 mW/facet
under APC operation at room-temperature. The conventional
AlGaAs/GaAs laser on Si showed very rapid degradation only in a few
minutes (as shown in Fig. 2.2) because the laser has a high DSD of
0.8-1.0X107 cm™? and a large tensile stress 1in the active
layer48'49). The AlGaAs/GaAs laser on' Si with InGaAs IL also
degraded wvery rapidly as well as the the AlGaAs/GaAs laser on Si
without InGaAs IL. This result indicates that the reduction of DSD
from 0.8-1.0X107 to 4-6X10° cm™2 in the GaAs active layers, which
was caused by inserting the InGaAs IL, 1is hardly effective in
increasing the lifetime of lasers on Si. In addition, the
AlGaAs/Ino.OlGao.ggAs and AlGaAs/Ing 7Gap_ g3As lasers on Si without
InGaAs ILs also showed rapid degradation within a few minutes. In
particular, the rapid degradation of the stress-relieved

AlGaAs/Ino.OlGao.ggAs laser seems to show that the relief of stress
_59_



in the active layer with high DSD (~1O7 cm_z) is scarcely effective
in improving the reliability.

Figure 3.8 shows the results from the aging tests at room-
temperature for -the several AlGaAs/InO.OZGaO.ggAs and
AlGaAs/Ing g7Gag_ g3As lasers on Si with InGaAs ILs. For the stress-
relieved AlGaAs/Ino.ozGao.gsAs lasers, the lifetimes reaching 500
mA were ~40, 50 and 85 min. For the longest lifetime of ~85 min,
the current increased at a rate of ~65 mA/h in the first 60 min, by
~230 mA/h in the next 15 min and then the laser showed a sharp
increase in the degradation rate with time, which presumably
resulted from the propagation of DLDs. On the other hand, despite
the higher Jiy of the AlGaAs/Ing g7Gag, g3As laser than that of the
AlGaAs/Ing pGapg gghAs laser (as shown in Fig. 3.6), the lifetimes of
the AlGaAs/In0.07Ga0.93As lasers were ~70, 80 and 105 min in which
the latter two lasers showed gradual degradation without the sharp
increase of‘current. These results suggest that the reduction of
DSD by the InGaAs IL and the dislocation pinning by the InGaAs
active layer are required to realize the reliable GaAs-based lasers

on Si.

3.4.2 Degradation Mechanism by EL Observation

Using EL topography, the degradation mechanisms of the
AlGaAs/Ing (,Gag ggAs and AlGaRs/Ing 7Gag g3As lasers on Si with
InGaAs ILs were investigated.

Figure 3.9 shows typical EL topographs of the
AlGaAs/InOOOZGa0.98As laser under dc operation at a constant current
density of 1.0 kA/cm2 and temperature of 20 °C. A DS originating
from a pre-existing defect was observed before degradation [Fig.
3.9(a)]. At the first degradation stage after 35 min [Fig. 3.9(b)],

one <100> DLD and many DSs were generated. In the next stage [Fig.

_60_.
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3.9(c)], the DLD extended towards both <100> and <11.0> directions in
the active region. After 120 min [Fig. 3.9(d)], the DLD growth was
enhanced towards <110> direction, and each DSs were broad in the
vicinity of its originating defects which resulted from the
formation of dislocation loops and dip‘oles at the threading
dislocations®9/51) Compared with the degradation of an AlGaAs/GaAs
laser on Si (as shown in Fig. 2.9), the generation and growth of DSs
are particularly remarkable. This seems to indicate that the DLD
formation is somewhat suppressed by the dislocation pinning in the
InGaAs active layer7'9'lo'12'l3) .

Figure 3.10 shows typical EL topographs of the
AlGaAs/Ing g7Gag g3As laser under dc operation at a constant current
density of 1.0 kA/cm? and temperature of 20 °C. As the EL
observation was Jjust started [Fig. 3.10(a)], several pre-existing
DSs and <110> DLDs which are bent dislocations [as shown in Fig.
3.7(c)] were observéd.' In the following stage [Fig. 3.10(b)], one
<100> DLD was generated from one DS in the center of the active
regilon. In the subsequent stages [Figs. 3.10(c) and 3.10(d)], the
DLD extended toward the edge of the active région. The growth of
pre-existing <110> DLDs was not clearly observed after 76 min.

Figure 3.11 shows the dependence of fhe <100> DLD growth
velocity on the injected current density for the
AlGaAs/Ing goGag gghAs and AlGaAs/Ing g7Gag g3As lasers at 20 °C.
The data of AlGaAs/GaAs laser on Si (as shown in Fig. 2.10) was
replotted in Fig. 3.11 as a reference. It was fouhd that <100> DLD
growth wvelocity (V) for the AlGaAs/GaAs laser was most strongly
dependent on the injected current density (J), and the relationship
between V and J for this laser was estimated as VeeJ1:95 In
contrast, the DLD growth velocity was reduced to veegl-91 for the

AlGaAs/Ino.OzGao.%As laser. For the AlGaAs/Ino.O7Gao.93As laser,
_63_
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the growth velocity was drastically reduced to Veegl- 28, For
example, the wvalue of V at J=2.0 kA/cm? was reduced from ~65 um/h
for the AlGaAs/GaAs laser, to ~45 um/h for the AlGaAs/Ino.O2GaO.98As‘
laser, and to ~20 um/h for the AlGaAs/Ino.07Ga0.93As laser. These
results indicate that the degradation mechanism related to <100>
DLDs of the AlGaAs/InGaAs lasers on Si with InGaAs ILs is basically
the same as that of the AlGaAs/GaAs laser on Si, but the increasing
lifetimes of the AlGaAs/InGaAs lasers were caused by the reduction
of the DLD growth velocity due to dislocation pinning in the InGaAs
active layer7'10). After all, for the AlGaAs/InGaAs lasers on Si
with InGaAs ILs, it seems that the dislocation pinning by higher In
content (x=0.07) in the InGaAs active layer has a more attractive
potentialbof improving the reliability rather than low (stress-

relieved) In content (x=0.02).

3.5 Increased Lifetime of AlGaAs/InGaAs Laser on Si by Post-Growth

Annealing

It has been reported that post¥growth annealing 1is efféctive in
improving the crystallinity of the Gahs/5192754) | Therefore, the
post-growth annealing was performed for the conventional AlGaAs/GaAs
laser on Si and AlGaAs/In,Ga;_,As (x=0.02, 0.07) lasers on Si with
InGaAs ILs. The processes of the post-growth annealing were as
follows: A 0.l-um-thick Si0O, cap layer was deposited on the surface
of each samples in order to prevent As atom detachment from the
surface. Next, the samples were loaded into MOCVD reactor and
annealed at 750 °C for 1 h in an AsH3 atmosphere.

In order to study the crystallinity of the active layers in the
post-growth annealed lasers, the CL observation was carried out at

low-temperature. For the AlGaAs/GaAs laser, the improvement of



crystallinity was hardly observed. On the other hand, the
remarkable improvement was particularly observed for the
AlGaAs/Ingy 7Gap g3As laser. Figure 3.12 shows a CL image of the
AlGaAs/InO‘O7GaO.93As laser after post-growth annealing. Compa.red
with that of the laser before annealing as shown in Fig. 3.7(c), it
can be seen that all <110> DLDs successfully vanished. This
improvement is thought to be a result of the reduced bent threading
dislocations, which resulted from the migration and interaction of
the dislocations due to post-growth annealing.

The conventional 10-um-wide oxide stripe contact lasers were
fabricated from the annealed samples in order to investigate the
lasing characteristics. All three kinds of lasers were operated
under cw condition at room-temperature. Figure 3.13 shows a typical
L~I characteristic of a post-growth annealed AlGaAs/Ino.O7GaO.93As
laser on Si with InGaAs IL under cw condition at room-temperature
This laser with 600-um-long cavity exhibited the I+y, of 73 mA and
the Ng of 21 %. The emission wavelength was also ~875 nm. For the
annealed AlGaAs/Ino.OzGao.%As and AlGaAs/Ino.O7Gao_93As lasers, the
N; was estimated by eqg. (2.2). The value of mM; for the
AlGaAs/InO.O2GaO.98As ‘laser was increased from 81 to 85 % by post-
growth annealing. For the AlGaAs/InOOO7GaOO93As laser, that of mj
was remarkably increased from 72 to 82 % by the annealing. However,
the value of mM; was not changed for the AlGaAs/GaAs laser. These
results correspond to the results of crystallinity of the active
layers observed by CL.

The AlGaAs/GaAs lasers with and without the annealing degraded
very rapidly within a few minutes. On the bther hand, several
annealed AlGaAs/Ino.OzGa0.98As and AlGaAS/InO’07Ga0.93As lasers

showed slow degradations and long lifetimes, as shown in Fig. 3.14.

For the annealed AlGaAs/Ino.02Gao‘98As laser, the longest lifetime
_67_.



Fig. 3.12. CL image of the AlGaAs/Ing 7Gag g3As laser

on Si after post-growth annealing.
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Fig. 3.13. Typical L-I characteristic of a post-growth

annealed AlGaAs/Ing_g7Gagp.93As laser on Si with InGaAs IL

under cw condition at room-temperature.
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was ~2.3 h which was ~1.6 timés as long as the lbngest lifetime of
~87 min obtained from this laser before annealing. Furthermore, the
longest lifetime obtained iﬁ this study was ~24 h for the annealed
AlGaAs/In0.O7Ga0.93As laser (as shown in Fig. 3.13). 1In this case,
the current increased at a rate of ~10 mA/h in the first 3 h, by ~6
mA/h after 15 h, by ~14 mA/h after 20 h, and then the laser showed a
sharp increase in the degradation rate with time. This lifetime of
~24 h was ~14 times as long as the longest lifetime of ~105 min
recorded from this laser before annealing. These results are
believed to have been arisen from the improvement of crystallinity
in the InGaAs active layers by post-growth annealing.

In order to investigate the degradation mechanism of the long-
life AlGaAs/Ino.O7Gao.93As laser, the top-viewed EL observation was
carried out under dc condition at a constant current density of 1.5
kA/cm? and temperature of 20 °C. Figure'3;15 shows typical EL
topographs of an annealed AlGaAs/In0.07Ga0.93As laser. A dark
region extending towards the <110> direction (perpendicular to the
stripe direction) was observed in the first degradation stage [Fig.
3.15(a)]. In the next stage after 1 h [Fig. 3.15(b)], several <110>
DLDs were generated. In the subsequent stage [Figs. 3.15(c) and
3.15(d)], the <110> DLDs were grown, and many DSs were generated and
some of them were transformed to <110> DLDs. This <110> DLD growth
velocity was estimated to be ~6 um/h at J=1.5 kA/cmZ, which 1is
slower than the <100> DLD growth velocity of ~15 um/h at the same
value of J for this laser before annealing (as shown in Fig. 3.12).
This degradation mechanism related to <110> DLDs 1is completely
different from that mainly related to <100> DLDs observed in the
other lasers on Si as shown in Figs. 2.9, 3.9 and 3.10. The result
obtained from this EL observation indicates that the drastically

increased lifetime of the annealed AlGaAs/Ino.O7GaO_93As laser was



<100>

<110>

10 um

Fig. 3.15. Typical magnified EL topographs of the
post-growth annealed AlGaAs/Ing g7Gag, 93As laser on Si
after (a) 4 min, (b) 1, (c) 6 and (d) 18 h under dc
operation at a constant current density of 1.5 kA/cm?Z and

temperature of 20 °C.



caused by the complete suppression of <100> DLD growth due to the
dislocation pinning and the slow <110> DLD growth associated with
REDG motion by stressds51) (as shown in Fig. 3.5). In particular, .
the absence of <100> DLDs suggests that the REDC motion?7°1) which
causes rapid degradation is effectively suppressed in the annealed
Ing g7Gag, g93As active layer. The more increasing lifetime of the
AlGaAs/InGaAs laser on Si can be expected to be achieved by
suppression‘of the <110> DLD growth. This will be‘realized by use
of the stress-compensated structure>2760)  such as InGaas
compressive-stress active layer sandwiched by GaAsP‘tenSile—stress

confining layers.
3.6 Conclusions

The characteristics of AlGaAs/InGaAs SQW lasers on Si with
InGaAs ILs have been studied. The residual stress in the active
layer was relatively estimated by use of the degree of polarization.
An AlGaAs/Ingy gpGag ggAs laser on Si with InGaAs IL has a stress-
relieved active layer, while an AlGaAs/Ing g7Gag g3As laser on Si
with InGaAs IL has a compressive-stress induced active layer.
Compared with a conventional AlGaAs/GaAs laser on Si, the wvalue of
Jth was.reduced for an AlGaAs/Ing gpGag gghAs laser due to the
increase of M; and B. The AlGaAs/Ingy g7Gag. g3As laser exhibited
higher Jij than that of the AlGaAs/Ing 2Gag ggAs laser because of
the reduction of M3 by the increased bending of threading
dislocation in the active layer. The lifetimes under APC operation
at room-temperature were remarkably increased for these lasers,
which resulted from the reduction of DSD by the introduction of
InGaAs IL and the reduction of <100> DLD growth velocity by the

dislocation pinning in the InGaAs active layer. Furthermore, for

~73—



these post-growth annealed lasers, the drastically increased
lifetimes were realized. In particular, the longest lifetime was
~24 h for the annealed AlGaAs/InOOO7GaO.93As laser, which was caused

by completely suppressed <100> DLD growth and slow <110> DLD growth.
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Chapセer　3．　　AユGaAs／lnGaAsInGa酌　工nte：mediate　Laye：rsΩuantum　脚e：Ll　I」ase：rs　on　Si　Subst：rates　with3．1　　工ntroduction　　　　　工t．has　been　recently　reported　that　strained　AlGaAs／lnGaAsquantum　well　lasers　qrown　on　GaAs　substrates，　which　are　p：romisinqf。r　new　apPlicati・ns　such・・pumping　Er3＋一d。ped。ptical　fiberamplifier・at　980　nm1−3），・h・w▽ery・1。w　degrad・ti・n　rate・and　l・nglifetimes4−12）．　　Waters　and　co＿workers7’9）　have　observed　thatstrained　AlGaAs／InGaAs　SΩW　lasers　on　GaAs　are　siqnificantly　mOreres⊥stant　to　〈100＞　DLD　propagation　than　AlGaAs／GaAs　lasers　on　GaAs．Fuk・g・i・t・1．10）h・▽・・ep・rt・d　th・t　n・＜100・D・D　w・串。b・er▽・d・ndDLDs　qrew　in　the　＜110＞　direction　fOr　the　strained　AIGaAs／工nGaAsdouble　quantum　well　（DΩW）　laser　on　GaAs．　　工n　addition，　they　havedemonstrated　that　the　＜110＞DLD　qrOwth▽elOcity　in　the　AlGaAs／工nGaAslaser　On　GaAs　was　estimated　to　be　〜1／100　0f　that　for　the　〈↓00＞　DLD9・・wth　vel。city　in　the　AlGaAs／GaAs　laser。n　GaAs10）．　Th士・suppressed　＜100＞　D：LD．grOwth　is　believed　to　result　frOm　thedislOcation　pinning　due　to　the　intrOductiOn　Of　工n　in　the　GaAs　act土▽el・yer．　Ki・kby13）has　sh・wn　th・t　d土・1。cati。n　m・ti・n　can　b・drastically　reduced　by　the　inc。rp・rati・n。f　l．n（and・ther　qr。up−IHor　V　impurities）　into　GaAs，　which　is　similar．tO　allOy　hardening　ofmetals14）．　T。　date，　there　has　been。nly・ne　dem・nstrati・n。f　th・increased　lifetime　for　GaAs−based　lasers　on　Si　by　replacinq　thecOn▽entional　GaAs　quantum　well　active　layer　with　the　工nGaAsl・yer15）．　H・wever，　diffe・ence・・f　d・qrad・ti・n　mechani・m　b・tweenAIGaAs／GaAs　and　AlGaAs／工nGaAs　quantum　well　lasers　On　Si　have　notbeen　clarified．　FurthermOre，　fOr　the　A：LGaAs／工nGaAs　laser　On　Si，　therelationship　between　reliability　and　residual　stress　in　the　工nGaAs　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−43一active　layer．has　nOt　been　alsO血ade　clear．　　　　　Tn　thi・ch・pter’the　reli・bl・AIG・A・／工兵G・A・SΩW　laser・．On　Siwith　InGaAs　dislOcatiOn　suppressing　intermediate　layers　（InGaAs　II．s）are　demonstrated　and　t：he　differ（≦nces　o．f　degradatiOn　mechanismbetween　AlGaAs／GaAs　and　AlGaAs／InGaAs　SΩW　lasers　On　Si　are　alsOstudied．　　This　chapter　is　Organized　as　follows：　The　epitaxial　grOwthand　fabrication　process　Of　the　AlGaAs／工nGaAs．lasers　On　Si．aredescribed　in　section　3．2。　工n　sectiOb　3。3，　lasing　characterist：Lcs　ofthese　lasers　are　presented．　　The　reliability　and　deqradatiOnmechanism　Of．　the　lasers　are　described　in　section　3．4．　　In　sectiOn3．5，　increasir｝g　lifetime　Of　the　AlGaAs／InGaAs　ユaser　o阜　Si　by　post−growth　annealing　is　presented．　　This　chapter　is　cOncluded　in　section356．3．．2　　Epitaxial　Growth　and　Fabrication　Process　　　　　Figure　3．1　shows　a　schematic　crOss−sect⊥on　of　the　AIGaAs／工nGaAsSΩWlase・・n　Si　with　lnG・As「エL．　Th・20−nm−thi・k　n＋一工nO．08G・0．92A・・・was　in・e・t・d　b・tween　a　2・・一μm−thi・k　n＋一G・A・b・ffer平・y・・and・1・0一μm−thick　n−AlO．7GaO．3As　lOwer　cladding　layer・　．A　70−nm−thickund・P・d　AlO．3G・0．7A・1・wer　c6nfi・inq　l・y・・，　vari。uも9−nm−thi・kund。P・d・nxG・±一xA・．（x−0，　b．02，。．07，0．・0）SΩW　activ…yer，・70−nm−thick　undoped　AlO．3GaO．．7As　upPer　cOnfining　ユayer’．a　1・0一μm−thickP−AlO．7G・0．3A・upPer　cl・ddibq　l・yer，　and　an　80−nm−thi・k　p＋一G・A・・・ntact．1・yer虚ere　sub・equentユy　g・・wn・・th・n−A・0．7G・0．3A…　wercladd：Lng　layer．　　Thermal　cycle　annealing　was　perf6rmed　fi▽e　times　by▽arying　the　substrate　temperature　between　350　and　850　0C　during　then＋一G・A・buffer　l・yer　g・・wth・After　th・g・・wth’th…　rer・w・ギ・fabricated　by　def土ned　lO一μm−wide　oxide　stripe　open⊥ng　to　cOntact　thep＋一GaAs　layer．　　工n　order　to．compare　the　lasing．characteristics，　ar1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−44一　　10μmstripecontact　window　　　　コ　　　　　　　　　　　　　　　　　　　　　ロ　　　　　　　　　　　　　　　　コー一一P＞　　　　　　　k噌一一一　　　　6　　　　　　　　　　　　　　　1　　　　■　　　　　　　　　　　　　　　　■　　　　唇　　　　　　　　　　　　　　　・　　　　，　　　　　　　　　　　　　　1　　　InxGa1．xAs　一レ　　　　（9�o）�u」Ino．08Gao．92As→レ　　　　（20nm）◆　　○●”ゆ、oゆ　　　　、●・○　　　　　　　　　ゆ○ゆ○@　　、　、fぐ　　　�`　●D　　　　、　、◆、、・’ゆ’、　、、SiO2三三s葦Q2ず一GaAs（80nm）P−Alo．7Gao3As（1μm）Aヨ�@．3Gao．7As（70nm）Alo．3Gao．7As（70�o）n・Alo．7Gao3As（1μm）、孟．GaAs（2μm）、n九Si　substrate、細s養護細Fig．　3．1．　　SchematicSΩW　！aser　on　Si　with　　　　　　　　　　コcrOSS−sectニエOnInGaAs　工L．of　AIGaAs／工nGaAs一45一AIG・A・／¢・A・SQW　I・・er・n　G・A・and　AlG・A・／lnxG・1．xA・（x−0，0・0ユ，0．07）SΩWlasers。n　Si　w⊥亡h。utエnGaA。エL，which　were　similar　laserstructures　described　above，　were　also　prepared．　　　　　Figure　3．2　串hows　variation　of　lattice　constants　Of　Si，　GaAs，GaAs／Si’　InO．02GaO．98As　and　工nO．07GaO．93As　during　cOOlinq−dOwn　frOmth・q・・wth・・mperatu・e　t・．…m−t・mperature16）・Th・・inear　therm・・expansion　cOefficients　for　these．materials　in　the　temperature　ranqebetween　300　and　1000　K　cah　be．・btained　fr・m　the・1・pe。f　each　line・During．　cooling　from　the　growth　temperature　　（〜1000　K）　tO　roOm一し・mperature（一3・・K），・h・…g・・herm・・rtress・f−2×・。g　dyn／・m2　i・generat。d　in　GaA忌／Si　by　the　diff臼rence　in　the　th・・m・l　expansi・n・。・ffi・ient．・．b・t虚een　G皐A・and　Si．．　Theref。re，　th・1・ttice　c・n・tantof　GaAs／Si　increases　from　pOint　A　to　B　in　Fig．　3．2　at　セhe　roOm−temperature・　　If　the　工n　cOntent　（xニ0・02）　in　the　InxGa1＿xAs　wh土ch　islattice−matched　for　the　GaAs／Si　at　the　middle　tempe：rature　betVeen300　and　1000　K　is　chOsen，　the　difference　in　the　lattice　cOnstantsb・tw・6n・nO．02G・。．98A・and　G・A・／S且s一．・．・9そ・t　3。・K．・・d．・0．・4そ・t1000　K’as　sh・w・in　Fig・3・2．・Theref。・e’th・th・・導・lly　induced…ess斗n．・与・・n・．・2G・・．68蓋…yer　q一・n　G・A・／Si　caρbe　re・i・v・dwithout　int：roductiOn　Of　misfit　dislOcations．　Even　AlGaAs／GaAs　laserst「uctu「e。n　GaAs　also　has　the　la≒tice−mis甲atch．gf〜＋0・14そ・On　theOther　hand，　the　difference　in　the　lattice　constants　between工nO．07GaO．93As　and　GaAs／Si　is　＋0・27　そ　at　300　K　and　＋0・49　竃　at　1000正く．　　Thus，　the　misfit　dislOcatiOns　can　be　intrOduced　in　theInO．07G・0．93A・layer　qギOwn　On　GaAs／Si　if　theエnO．07GaO．93As　laye「isthicker　than　the　critical　thickness　（hc）．　　　　　Figure　3・3　shO怠s　the　hc　calculated　fOr　a　GaAs／InxGa！＿xAs　singlel・y・・f・・mth・m。d・・。f　M・tth・w・and　B・・k・・ユee17）and　th・m・d・斗・fPe・ple　and　Bean18）．　The　circles　c…esp・nding　t・the　9−nm−thi・kエnxG・・一xA・（xニ0’0・01’0・02ン0・07’0・19）SΩW　active　laye「s　used　in　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−46一　8ε琶9旨8．§濤0．5710．5760．5690．5680．5670．5660．5650．5450．5440．5430．542BInO．07GaO．93AsGaAs／SiA＼InO．02GaO．98As　　　　　　＼＼GaAs　　　　　　200　　300　　400　　．500　　600　　700　　800　　900　　1000　1100　　　　　　　　　　　　　　　　　　　　　Temperature（K）Fig．　3．2．　　Va：ビiatiOn　of　：Latltice　cOnstants　of　Si，GaAs，．faAs／Si，　InO．02　Ga　O．98As　and　In　O．07Ga．0．93　Asdurinq　cooling−down　from　the　growth　temperature　toroOm−temperature16）．　　　　　　　　　　　　　　　　　　　　　一47一　ヨε省誇当§薯δ106105　　410103102101戸．People　and　Beano■●曜，・，■願。●●陰匿匿9…9■．・．・．．o．■畳．．「・・，o●o，．幽．・．9・9999齢9999・・．go・「．．．．．．．，　　　　　　　　　　　　　　　　　　　　　999・latthews　and　Blakeslee一　　　　　　　●　●　●　o　■　■　學　一　■　■@　　　　This・　．　…　　　　　　　　　　　　　■　・　冒　胴　，　騨　．　“　■唐狽浮р0．000．05　　　0．101n　content，　XFig．　3．3．　Critical　thichness　calculated。inql。1。yer　f。。m　th。血・d・lmodel　of　P∈ゆple　and　Bean．of　Matthews　−48一0．150．20fOr　a　GaAs／lnxGa1＿xAsand　Blakesiee　and　thethi・忌tudy　are　al・・sh・wn．・F・r　all　the　activ・・1・ye。。，　th。．　thi。k。essi・en。uqh．@b…wth・h・・Theref。re，・h…tt‡ce−mi・m・t・h・d・traキn　inthe　active　l璽yer・can　be　acc・�o。d・t・d・1・・tically　with。・t．　f・rm・ti・nOf　misfit　dislocations．　　　　　Under．cw・・ndit・i。n　at　r。・m−t・mperature，　th。　lasinqcharacteristics　such　as　polarization，　threshold　current　density，emission　wavelength，　lasing　characteristic　parameters　andreli・bility　were・tudi・d19−22）．エn・dditi。n，．やhe　cry・t・llinity・fthe　activ・1・yer・in　th・1・・e、r・was　charact6。i。ed　bycatぬodo：Luminescence　（C：L）　observations　using　a　SEM　（TopcOn　ABT−55）．3．3　　：LaSing　Characteristics3．3．1　　PolarizatiOn　　　　　It　is　well　knOwn　that　the　stress　in　the　active　layers　Of　thelasers　affectS　the　p。lari・ati・n・f　the・utput　light23−28）．．Therefore，　t．he　residual　stress　in　the　active　layers　can．　berelatively　estimated　from　the　deqree　of　polarizat：上On　　（ρ）．　　Thedeqree　of　ρ　is　qiven　by23）　　　　　　　　　　　　　　　　　　　ρ　記　（］コTE−1・TM）／（1・TE＋LTM），　　　　　　　　　　　　　　　　（3。1）where　LTE　and　工・TM　are　the　intensitie『　o：ε　the　transverse　electric（TE）　and　trans▽erse　magnetic　　（TM）　polarized　output　light，respect二ively．　　Therefore，　ρ　varies　：Crom　＋］．　fOr　completely　TEpolarized　emissiOn，　to　O　fOr　equal　portions　of　TE　and　TM　polarizedlight，　and　　to　−1　　for　completely　　TM　polar土zed　　emisSion．Pred・minantly’TE　and　TM　p・lari・ed　emiss牛・ns　fr・m　the　quantum　weユlactive　layers　are　assOciated　with　electron−to−heavy　hole　andelectron−to−liqht　hOle　quantum　state　transitiOns，　respecti▽ely．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一49一Figure　3．4　shows　a　typical　polarizatiOn　Of　t：he　AlGaAs／GaAs　SQ四．laseron　Si　unde：r　cw　cOnditiOn　at　room−t．emperature．　　It　is　found　that　thelasing　Occurs　in　Only　the　TE　mOde．　　工n　Orde：r　to　estimate　the　stre3sin　the　active　layers，　it　is　necessary　to　observe　the　spOntaneOusemission　be：LOw　threshold　current　（工th）　because　Of　elimination　of　thed・p・ndence・・m。de　ref・ectivity・ffecting　P。・a・i・ati・n23）・・h・dependence　of　ρ　on　the　normalized　current　（工／工th）　fOr　fi▽e　kinds　Oflasers　with−400一μm−1・ng　cavity　length（L）is　sh・wn　in．　Fig・3・5・Th・d・qree・fρ・f　a　c・nventi。nal　AlG・A・／G・A・坤・er。n　Si　is　lOwe「than　亡hat　Of　an　AIGaAs／GaAs　laser　on　GaAs．　　This　result　indicatesthat　the　tensile　stress　in　the　active　layer　of　the　AlGaAs／GaAs　laseron　Si　causes　the　light−　and　heavy−hole　valence　band　quantum　states・・m・ve　c・・se童t・9・ther　wi・h　increa・ing　t与・TM　p。…i・ed・missi・n29−33）．　　It　is　noticeable　in　Fig．　3．5　that　the　stress　in　the　activel・yer　dan　be　chang・d　f・・m　ten・ilr　t・rc・mp・essiv・・t・ess　withincreasinq　th・ln　c。ntent　in　th・lnG・A・activ・1・yer・．DThe　dataindicates　　that　　the　　stress　　ih　　the　　active　　layer　　of　　t：heAIGaAs／エnO．02GaO．98As　laser・n　Si　withエn申AsエL　can　be　relieved’which　is　equi▽alent　to　that　o：E　the　AlGaAs／GaAs　laser　On　GaAs．　　TheAIGaAs／エnO．01GaO．9gAs　laser・n　Si　with・ut　InGaAsエL　has　als・the。train−relieved　activ・1・yer．．　On　th・・ther　hand，丘w・・c・nfi・medth・t　th・A・G・A・／エ・0．07G・0．93A・・a・er・n　Si　withエ・G・A・エL　h・・acompr∈issi▽e　stress　in　．the　activeユayer．3．3．2　　Threshold　Current　Density　　　　　エn・rdαt・study　the　la・ヰng　characteristics’these　laser・withvarious．L　were　operated　under　cw　condition　at　rOOm一．temperature．Figure　3し6　shOws　the　r．elationship　of　Jth　▽ersus　工・　fO亡　theAlGaAs／GaAs　lasers　On　si　and　AIGaAs／InxGal＿xAs　（xニ0・Q2・　0・07）　lasers。n　Si　with　lnG・As−s．　F・r　L−20。一600μml　the▽・lue．・f　Jth・f　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−50一今宅εお≧aぢ○RT：CWTETM020406080100Current（mA）・iq．3．4．　Typica・p。・。。i。ati。n。f　A・G。A、／と。A。　SΩWlaser　On　Si　under　cw　condition　at　roOm−temperature．一51一Q．ゴ．9お．圏お弓畠0．80．60．40．20．0RT：CW●　AIGaAs／GaAs　laser　on　GaAsO　AIG註As／GaAs　laser　on　Six　AIGaAsμno，01Gao．ggAs　laser　on　Si△　AIGaAsπnoD2Gao．g8As　laser　on　Si　with　InGaAs　IL□食｝器濃歪aα93As’ase「onS’□□　　　　□□ロロロ□□●　x　　　　　　　　　　　　●　　　　　　　　　　　　　　xρ　　　　　　　　　●　　　　　　　　　　　○O　　　　　　　　oO　　　　O　　O　o□●x△0．00．40．81．2Normalized　current，　MthFig．　3．5．　　Dependence　of　degree　Of　polarizatiOn，　ρ，on　the　nOrmalized　current　（工／Ith）．一52一6（　　5竃喜4嘗省揖　　3霧δ碧　2選霞　　　10RT：CW　08。。・OOO　O　　O会蜜出山OAIGaAs！GaAs　laser　on　Si　　ooO　　OO△会OOo蟻．始亀□θ邑口　AIGaAs／InO，02GaO．98As　laser　on　Si　with　InGaAs　IL△AIGaAs／Ino．07GaO．93As　laser　on　Si　with　InGaAs　IL0100200300400500600700Cavity　length（μm）Fig．　3．6．　　Relationship　of　threshold　currentdensity　versus　ca▽ity　length　for　lasers　on　Si．一53一A・G・A・／エn6．02G・o．98A・…er・i…w・・than　th・t。f　th・A・G・A・／G・A・lasers・　　This　result　is　the　same　as　the　dependence　Of　Jth　On　the　In・。nt・nt　whi・h　w…　b・erv・d　f・r　AIG・A・／・nG・A・ユ・・er・・n　G・A・34−36）．It@is　als。　fO？nd　that　the　value　。f　Jth　Of　the　AIGaAs／Ino・07Gao・93Aslasers　tends　to　be　hiqher　than　that　of　the　AlGaAs／InO．02GaO．98Aslasers．　　　　　エn．・rder．　t・characterize　the　crystallini＃y。f　the　active　layerin　th・AIGaA・／lnO．07G・0．93A・la・er。n　Si　withエnG・的IL’th・CL・b。erv。ti。n　w。。　carri。d。ut。。inq。SEM。t　l6w　t。mperature（一130．　K）．The　accelerated　beam　▽Oltaqes　were　20　and　30　k▽．　　This　C］コObser▽atiOn　was　alsO　carried．out　fOr　the　cOnventiOnal　AlGaみs／GaAsl・・e・・nSi　with・ut　l・G・A・IL　and　AIG・A・／エnxG・1．xA6（x−0’0・02，0・10）1・・er・叩Si　withエnG・A・IL・a・reference・・宣iqure　3・7・hgw・th・t。P一▽iew・d　CL　i血ag…　f　th・f。ur　kind・・f　laser・。n　Si．　Theseimages　were　taken　at　the　wa▽elenqth　　（energy）　Of　the　each　acti▽elayer．　　The　nonradiative　recOmbination　regions　at　disTlocat土Ons　andthe　Other　defects　can　be　seen　as　darkβpOts　（DSs）．　　．The　．dark　spOtdensity．（DSD）Of　the　c・nv・pti・nal　AIG・A・／G・A・laser・n　Si　i・estimated　tQ　be　O．8−1．0×107　cm−2．　H。wever，　the▽alue。f　thi・DSDmay　be　lower　thaD　that　Of　EPD　by　molten　KOH　etching，　k）ecause　it　ispOssible　that　sOme　6f　the　DSs　Overlap　with　each　other，　making　DSDl・wer　than．EPD37）．　Th・DSD　i・effectiv61y　reduced　t・4−6×106．・m−2for　the　AIGaAs／GaAs　laser　on　Si　with　工nGaAs　工L　due　tO　thesuppression　of　threading　dislOcatiOns　by　introductiOn　Of　InGaAs　工L．FOr　the　AlGaAs／InO．02GaO．98As　laser，　the　DSD　is　estimated　tO　be　3−4×106・m−2．It　is　part‡cuユarly　n・t・w・rthy　th。t　th・DLD。・どient・dtowards　　the　　＜110＞　　dir6ction　　can．　be　　clearly　　se．en　　in　　theA・G・A・／・n。．。7G・。．96A・a・d　A・G・A・／・・。．、。G・。．9。A・・aser・．FurthermO：re，　it　is　：Eound　that　the　num上）er　Of　the　〈110＞　DI．Ds　increasedw‡th　increasing　the　In　content　in　the　工nGaAs　active　layer．　　This　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−54一1紹1＜100＞＜110＞Fiq．　3．7．　CL　images　Of　the　（a）　AlGaAs／GaAs　laser　onAlGaAs／工nO．02GaO．98As’　（c）　AIGaAs／工nO．07GaO．93As　andlasers　On　Si　with　InGaAs　工Ls．Si　withbut　工nGaAs　IL，　（b）（d）　AIGaAs／工nO．：LOGaO．90Asresult　clearly　suggests　that　the　hiqh6r　strain　ass。ciated　with　theinc「ease。f　the　ln　content　rphapces　theやend　of　th「eadingdi…cati・n・in　the　ac�niv・．・・yα29β串β9），　resu・ting　in　the　raise土・th・Jth　du・t・th・．inc・ea・e。fド氏Enradi・tive　rec。mb‡n・ti・ncenters・5），as　sh。wn　in　Fig．3．6．13．3．3　　Emission　Wavelenqtゴh　　　　　The　emissi。n．wavelengψs．of＃he　AlGaAs／エnxGa・一xAs（x＝0’0・02’0．07）　lasers　on　Si　with　InGaAs　I：L　were　measured．　　In　thismeasurement，　the　〜400一ト↓m−lonq　cavities　were　used　for　these　lasers，because　sho「謔≠魔奄狽奄?ｒ〈しく300μm）shOw　a　sha「p　dec「ease　in　thewav俘length　due、　t・the　emissi・n串hift・f・・m　n＝1　t・n＝2　quantu憩・t・t・transition　in　the　quantum　well．　　This　shift　in　the　em，issionwrv・・ength　with　decreasing・are．th・．・6・u・t。f　saturati・n。f　th・・v・il・ble　quantum　w・ll　g・in36’40）．　It　was　c・nfi・m・d　th・t　th・emissiOn　wavelenqth　monotOnously　increased　from　〜845　nm　：Eor　theAIGa冷s／GaAs　lare「’to〜865　nm　f。「the冷lGaAs／lnO・・2Ga・・98As　lase「’and　to〜885　nmギ。「the　AIGaAs／lnO．07GaO．93As　lase「・．This　inc「rasinqwavelenqth　is　assOciated　with　the　decrease　of　工nGaAs　band−gap　enerqywith　increasing　ln　c・ntent34’35）．　These　wa▽elenqth・are　f・。m　n−1tran・i・i・n・．e。・th・．A・G・A・／…．・・Gr・．9・A・…e・．。n　Si　wi・h・nG・A・IL，　however，　the　emission　wa▽elength　：Erom　n＝1　transit．ion　cOuld　notbe　measured　and　the　！aser　was　operated　at　〜855　nm　from　n＝2transition。　　The　reason　is　thought　to　be　that　the　increase　of　Jthdue　to　the　v6ry　poo：r　crystallinity　Of　the　active　layer　［as　shOwn　inFig・3・7！d）］result・d　in　th・d‡fficu手ty・f　thg　n＝1　tran・iti。n・3．3．4　　：Lasing−Characteristic　Parameters　　　　　FOr　the　みlGaAs／GaAs　lasers　On　Si　with　and　withOut　InGaAs　I：L，・nd　AIG・A・／エnxG・1−xA・（x＝0・02’0’07）1・rer・。n　Si　w⊥thエnG・A・IL・’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一56一the　la・ing−characteri・ti・param・ters　such　asηi’αi，β・nd　JO　weredetermined　by　eqs．　（2．1）　an（区　（2。2），　and　are　summarized　in　Table工II．1．　　工t　was　assumed　that　r　is　O．027　for　the　SΩW　laser41）．　　AnAlGaAs／GaAs　SΩW　laser　on　GaAs　was　also　charact；erized　as　a　reference．　　　　　The　value　of　ηi　seems　tO　be　con串ide：rably　associated　with　thecrystallinity。f　the　active　layer・That・fηi　increased　f・。m　61そfor　the　con▽entional　AlGaAs／GaAs　laser　wit：hout　工nGaAs　II．，　to　77　そf。・th・AIGaA・／G・A・laser　withエnG。A。土L，　and　t。81老f。。　th。AIGaAs／lnO．02GaO．98As　laser・　　These　improvements　are　certainlycaused　by　InGaAs　IL　which　improves　the　crystallinity　of　the　activelayer，　as　shown　in　Fig．　3．7（b）．　　Howe▽er，　it　decreased　to　72　宅　forthe　AIG・Ar．／エnO．07G・0．93A・laser・　Thi・i・p・・bably　due　t・th・increased　nonradiative　recOmbinatiOn　centers　related　tO　thegeneration　of　bent　threading　dislocations　　（〈110＞　D：LDs）　fOr　theAlGaAs／InO．07GaO．93As　laser，　as　shown　in　Fiq・　3．7（c）．　　　　　Th・v・lue・fαi　w・・red・ρ・d　f・・m　26・m−1　f・r　the　c・nv・ht⊥・n・エA・G。A。／G。A。、aser，　t。、5。m一・f。。　th。　A、G。A。／G。A。、。。e。　with、nG。ASエL’and　t。・7・m−1　f・r　th・A・G・A・／・nO．02G・0．98A・・aser．　F・・th・AlG・A・／エnO．07G・0．93A・laser，　it　decrea・ed　t・19・m−1．　H・w・▽er，　thi・reason　is　nOt　understOod　yet．　　　　　AdditiOnally，　it　was　found　that　the．β　was．associated　with　theIn　c。ntent　in　th・エnd・A・activ・1・yer．．　Th・v・lue。fβw・・1．4・m／Aand　1．7　cm／A　for　the　AlGaAs／GaAs　lasers　on　Si　with　and　wit：hout工nGaAs　IL，　respectively．　　工t　increased　from　1．7　cm／A　for　theAlGaAs／工nO．02GaO．98As　　　laser　　　tO　　　2・7　　　cm／A　「　fOr　　theAIGaAs／工nO．07GaO．93As　laser・　　In　particular，　it　is　noticeable　thatthe　β　of　2．7　cm／A　is　larqer　than　that　of　2．O　cm／A　for　theAIGaAs／GaAs　laser　on　GaAs．　　This　impro▽ement　seems　tO　have　beencaused　by　．the　compressive　st二ress　in　the　active　layer，　as　shOwn　⊥nFig．　3．5．　　The　similar　improvement　Of　β　has　been．　Ob6erved　fOr　ゼhe　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−57一Table　I工工．1．　　Sumrnary　ofparameters　for　lasers・　　　　　　　　　　　　　　　　　サ　　　　　　　　　　コlasing−character■st■c．ηi（％）　αi（cm−1）　β（cm／A）　Jo（A／cm2）AIGaAs／GaAs　Iaser　on　GaA＄AlGaAs／GaAs　laser　on　SiAlGaAs／GaAs　laser　on　Siwith　InGaAs　ILAIGaAs∬no．02Gao．g8As　laseron　Si　with　InGaAs．ILAlGaAs／lno．07Gao．g3As　laseron　Si　with　InGaAs　IL876177817221261517192．01．71．41．72．7100270280250410一58一A・G・A・／エnG・A・…e・s・n．G・A・36）．　Thi・impr・▽・ment　h・・been　a…th・・retically　expl・ined・・孕re・ult・f　th・．・dditi・nal・train−inducedseparation　of　energies　of　the　the　variOus　valence　band　qua孕tum　statetransitions42−45）．　　　　　　　　　　　　　　　　　　　　　　　　r　　　　　　　　　　　　　　．　　　　　工n　additiOn’　the　value　of　JO　is　much　larger　fOr　theAlG・A・／士nO．07G・0．93A・1・・e・than　f・・th・A・G・A・／エnO．02G・。．98A・laser．　　Although　this　is　the　opposite　tendency　observed　for　theAlGaA・／lnGaA・la・er・。n　G・A・36’46’47），　the　reas・n　i・．th・ught　t。　b。the　increase　of　the　nonradiative　recombination　current　at　the　bentthreadinq　dislocations　for　the　AlGaAs／工nO．07GaO．93As　laser・3．4　　Reliak）ility　and　Degradation　Mechanism3。4．1　　Reliability　　　　　工n　order　to　study　the　reliability　of　these　lasers，　the　cw　agingtests　were　ca：rried　out　at　a　constant　Output　power　of　l　mW／facetunder　APC　operatiOn　at　rOom−temperat二ure．　　The　conventiOnalAlGaAs／GaAs　laser　on　Si　showed　▽ery　rapid　deglradation　only　in　a　fewminutes　（as　shown　in　Fig．　2．2）　because　the　laser　has　a　high　DSD　o：〔0．8−1．0×107・m−2and・larg・ten・il・・tress　in　the　activ・layer48’49）．　The　AlGaAs／GaAs　laser。n・Si　with　lnGaA。　IL　al。。degraded　very　r母pidユy　as　well　as　the　the　AlGaAs／GaAs　laser　on　Siwithout　InGaAs　工L．　　This　result　indicates　that　the　reduction　of　DSDf・・mO．8−1．0×107　t・4−6×106・m−2　in　th・G・As　active　layer・，　whi・hwas　caused　by　inserting　the　InGaAs　IL，　is　hardly　effective　inincreasing　the　lifetime　of　lasers　On　Si．　　In　addit土on，　theAlGaAs／主nO．01GaO．9gAs　and　AIGaAs／lnO．07GaO．93As　laser・・n1　Si　with・ut工nGaAs　工］」s　also　showed　rapid　degradatiOn　within　a　few．　minutes．　　工nparticular，　the　rapid　　degradation　　Of　the　　stress−relie▽edAlGaAs／InO．0：LGaO．9コ口s　laser　seems．　to　shOw　t二hat　the　relief　Of　stress　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−59一in　the　ac亡i▽。ユ。y。。　with　high．　DSD（一・07。m−2）i。・・carceエy．・ffecti▽・in　improviDg　the　reliability．　　　　　　　．　　　　　　　　　　　　　　　　　　』　　　　　Figure　3・8・h・w・，　th・．．「esults　f「。m　the　aginq　tests　at「○。m｝temperature　　：εor　　the　　several　　AIGaAs／InO．02GaO．98As　　a：ndAIGaAs1／工nO．07GaO．93As　lasers　on　Si　with　工nGaAs　ILs・　For　the　st「ess−relieved　AIGaAs／InO．02GaO．98As　lasers’　．the　lifetimes　reachinq　500mA　were−40，50　and　85　min．　F・r　the　l・ngest　lifetime・fん85　min，the　current　increased．at　a　rate　of　〜65　mA／h　in．　the　．first　60　min，　by．230．飴／hin　the　next　15　min．。nd　th。n　th。1。。er。h。w。d。。harpincrease　in　th・d・grad・t‡・n・at・with　tim・’which　p「rsumablyresulted　from　the　propagation　Of　DLDs．　　On　the　other』hand，　despitethe　hiqher　Jth　Of　the　AlGaAs／工nO．07GaO．93As　laser　than　that　O：E　theAIGaAs／工nO．02GaO．98As　laser　（as　shOwn　in　Fig・　3・6）’　the　lifetimes　Ofthe　AlGaAs／工血0．07GaO．93As　lasers　Were　〜70’　80　and　105　min　in　whichthe　latter　two　lasers　showed　gradual　degradatiOn　withOut　the　sharpincrea。e。f　l@current．　These。esu・ts　sugq。。t　th。t　the　reducti…fDSD　by　th。・bG。A。・L・・d　th・di・1。cati・n　pinning　by　th・エ・G・A・active　layer　are　required　to　realize　the　reliable　GaAs−based　lasersOn　si．3．D4．2　　DegradatiOn　Mechanism　by　E：［、　Observation　　　　　Using　EL　topoqraphy，　the　degradatiOn　mechanisms　Of　theAIG・A・／・nO．02G・0．98As　and　AIG・A・／・・0．07G・0．93A・iaser・・n　Si　with工nGaAs　ILs　were　investigated．　　　　　Figure　3・9・h。wr　typical　EL　topoq「aphs　Of　theA・G・A・／エnO．02G・0．98A・・aser　under　d・・perati・n　at　a　c・ndtant　currentden。ity・f　1．O　kA／・m2　and　t・mperatu・e　bf　20。C．　A　DS。・iqinat⊥nqfrOm　a　pre−existing　defect　was　Observed　be：Eore　deqradatiOn　　［Fig．3」9（a）］．　At　the　first　degradatiOn　stage　after　35　m⊥n　［F⊥g．　3．9（b）］，One　〈100＞　DLD　and　many　DSs　were　generated．　　In　the　next　stage　［Fig．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一60一1曾・1　＜已ご器§u500450400350300250200150100．50　　0RT：CWAPC：1mW（a）（a）（b）（b）（a）（b）（a）AIGaAsπrlO．02GaO．98As　laser　on　Si　　with　InGaAs　IL（b）AIGaAS加0．07GaO．93As　Iaser　on　Si　　　with　InGaAs　IL020406080100120Time（min．）Fig．　3．8．　Results　from　the　APC　aginq　tests　under　cw　condition　at　room−temperaturefor　the　A；LGaAs／工nO．02GaO。98As　and　AIGaAs／lnO．07GaO．93As　lasers・On　Si　with　工nGaAs　ILs．＜100＞＜110＞10μmFig．　3．9．　　Typical　magn⊥fied　E：L　tOpOgrraphs　Of　theAlG・A・／lnO．02GaO．98As　laser。h　S⊥・fter（・）0，（b）35，　〈c）　45　and　（d）　120　min　under　dc　operatiOn　at　aconstant　　current　　density　　of　　1．O　　kA／crn2　　aDdtemperature　of　20　0C．　　　　　　　　　　　　　　　　　　　　　　　一62一3．9（c）］，the　DLD　extended　t。ward。　bQth＜10。＞and＜1士0＞d⊥recti。ns　inthe　active「eqiOn・After　120　mi・［Fヰ9・3・9（d）］’th・DLD　q・・wth　wasenhanced　t。wa「ds〈110＞di「ectign’・nd　each　DS・were　b・・ad土・th・▽icinity　Qf　its　origi阜ating　defects　which　resulted　frOm　thef。・m・ti・n・f　di・・。cat土。n．・・。P。　and　dipb・。。　at　th。　threadi。qdi・1・cati。n・50’51）．　C・mpared　with　th。　d。grad。ti。n　6f　an　AIG。A。／G。A。laser　On　Si　（as　shOwPn　in　Fig．　2．9），．the　qeneratiOn　and　grOwth　Of　DSsa「epa「ticu’a「’y「ema「kab’e・Th手s　seems　to　indlcate　that　the　DLDf・rm・・i・n　is　s・m・wh・≒・upPress6d．りy・h・di・…ati・込pin・i・g土n・h・InGaAs　active　layer7’9’10’12’13）．　　　　　Figure　　3．10　　．shOws．　t二y．pical　　E工∫　　topoqraphs　　O：E　　theA・G・A・／エ・0．07G・0．93A・1・・er　under　d・。perati・n‘≠煤E’メEn・tant　currentden・ity・f　1．O　kA／・m2・nd　t・mperatu。e。f’20・C．　A。　th。　EL。b・erv・ti・n　wasゴu・t・tart・d［Fig．3．10（・）］，．ｫ6ve・al　pre−exi・tingDS・and・110・DLD・wh土・h　are　bent　d⊥・エ・cati・n。［as　sh。wn　i。　Fig．3．7（c）］　were　observed．「　工n　the　fOllowing　stage．．［Fig．　3．10（b）］，　One〈100＞　DLD　was　generated　from．．one　DS　in　the　center　of　the　activeregion．　　工n　the　subsequent　staqes　［Fiqs，　3．ユ0．（と）’』　and　3．：LO（d）］，　the．DLD　ext・・d・d　t・w・・d　the　edg・・f　the　active　redi。。．　Th。　g。。wth。fP「e−ex’st’nq〈’10＞DLDs@was　nOt　dea「’y。bse「Yr斜afte「76　m⊥n・　　　　　　　Figure　3・11　rh・w・th・d・pendence。f　the〈！00＞DLD　g・・wthvel・city　・n　th・　inゴect合d’curreヰ・．．de飴ity　f・r　しh・AIG・A・／ln・．D・2G・・．98A・．and　AIG・A・／・n・．・7G・・193A・・a・er・at　2・．C・Th・d・t・・f　A’G・A・／G・A・・i・rer・n　Si（・・．βh・w・1・n　Fig・2…）w・・replOtted　in　F⊥g．　3．11　as　a　reξerence．　　工t‘was．fOund　that　＜100＞　DLDgrQwth　velOcity　（V）　fOr　the　AlGaAs／GaAs　laきer　was　mOst　strQnglydependent　on　the　inゴected　current　density　（J），　and　the　relatiOnshipb・tween　V　and　J　f。・thi・laser　was　estim・t・d孕・V−J1・55．エ・c。ntrast，．the　DLD　qr・wth▽el・c⊥ty　was・educed　t・V�tJl・51　f・r　theAlGaAs／工nO．02GaO．98As　laser・　　FOr　the　AIGaAs／lnO．07GaO．93As　laser’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一63一＜100＞＜110＞10μ，mFiq．　3．10．　　Typical　magrnified　EL　topOqraphs　Of　theAIGaAs／工nO．07GaO．93As　laser　On　S⊥　after　（a）　1’　（b）　16’（c）　26　and　（d）　76　m」一n　under　dc　OperatiOn　at　a　constantcurrent　density　Of　1．O　kA／cm2　and　temperature　of　20　0C．　　　　　　　　　　　　　　　　　　　　　　　　　　一64一　量誉諄蒼当窪日≧9bDooAoo　V120100806040200RT：DCOAIGaAs／GaAs　laser　on　Si△AIGaAsπno．02Gao．g8As　laser　on　Si　　with　InGaAs　IL□A｝GaAs∬no御Gao．？3As　laser　on　Si　　wlth　InGaAs　IL　　　　　　　　　　　　　　　　　　　oO臼O盈　　　　　　　1．55V＜100＞OcJ＼o　　　　　　　Oo0△□□□　　＼　　　　　　　　1．51V＜100＞OcJ　　　ロマ　　　　　　　　1．28V＜100＞OcJ0．00．5　　　　　　1．0　　　　　　1．5　　　　　　2．0　　　　　　2．5　　1rjected　current　density，　J（kA／cm2）3．0Fig．　3．ユ1．　　Dependence　of　〈100＞　D：LD　growth　velocityon　the　inゴected　current　density　for　the　lasers　on　Si．一65一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ith。　q。。wth　v。16。ity　w。。　dra。tically　red・ced　t・v�tJ1・28．　F・r曾・rmp・・’th・v・ユμ・rf　V・t　J−2・・．kA／・m2　was　reduced　f・・m−65μm／hfor　the　AIGaAs／GaAs　laser，　t：o　〜45　μm／h　for　the　A工GaAs／InO．02GaO．98Aslaser，　and　to　〜20　μm／h　fOr　the　AlGaAs／InO．07GaO．93As　laser・　　Theseresults．　indicate　that　the　degradatiOn　mechanism　relate母．t。＜100＞D1⊃s　Of　the　AIGaAs／工nGaAs　laser忌　on　Si　with　InGaAs　工Ls．is　basica：Llythe・ame　a・th・t。f　theAIG・A・／G・A・1・・er．・n　Si’but　th・increa・ing．lifetimes　of　the　AユGaAs／InGaAs　lasers．　were　caused　by　the　reductionOf　the　DLD　growth　velOcity　due　tO　d：LslocatiOn　pinning　in　the　工nGaAsacゼiv。・。yer7’・0）．　After　a・・，　f。r　th。　A・d。A。／・・G・A・．Easer・。n　Siwith　InGaAs　I1」s，　it　seems　that　the　dislocation　pinninq　by　h土qher　工nc・ntenち（x富0・07）in　the　lnGaAs　acti▽e　layer　has　a　m・rg　attractivepotential　Of　improving　the　reliability　rather　than　low　　（stress−relieved）　In　content　（x午0．．02）．3．5　1ncreased　］」ifetime　Of　AIGaAs／工nGaみs　Laser　on　Si　by　POst−GrOwthAnnealinq　　　　　エthas　been　rep。・t・d　th・t　p・st＝9・・wth　annealinq　i串・ffectiv・inimμ・ving　the　cry・t・llinity。f　th・G・A・／Si52−54）．　Theref・・e，　th・post−growth　annealing　was　performed、fOr　the　con▽entiOnal　AIGaAs／GaAslaser　On　Si　and　AlGaAs／InxGa1＿xAs　（x＝0・02’　0・07）　lasers　On　Si　with工nGaAs　工Ls．　　The　prOcesses　O：β’the　pOst−grOwth　annealing　were　asfollows：　A　O・1一μm−thick　SiO2　cap　layer　was　depOsited　on　the　sur：〔aceOf　each　samples　in　order　tO　pre▽ent　As　atom　detachment　frOm　thesurface．　　Next，　the　samples　were　loaded　intO　》40CVD　reactOr　andannealed　at　750　0C　for　l　h　：Ln　an　AsH3　atmOsphere・　　　　　In　order　tO　study　the　crystallinit二y　Of　the　active　layers　in　thepOst一ウrOwth　annealed　lasers，　the　C工、　Observation　was　carried　Out　atlOw−temperature．　　FOr　the　AIGaAs／GaAs　lase士，　the　⊥mprOvement　O：E　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−66一crystallinity　was　hardly　Observed．　　On　the　other　hand，　theremarkable　　imprOvement　was　particularly　　Observed　　fOr　theAlGaAs／InO．07GaO．93As　laser・　　Figure　3．12　shOws　a　dL　image　of　theAIGaAs／InO．07GaO．93As　laser　after　post−91rowth　annealinq．　　COmparedwith　that　of　the　laser　befOre　annealing　as　shown　in　Fig．　3．7（c），　itcan　be　seen　that　all　＜110＞　D：LDs　successfully　vanished．　　Thisimpr。vement　is　th。uqht　t・be　a　result・f　the　reduced　bent　threadingdislocations，　which　resulted　from　the　migration　and　⊥nteraction　oft二he　dislocatiOns　due　to　post−growth　annealing．　　　　　The　cOnventまonal　10一μm−wide。xide　stripe　c。ntactエasers　werefabricated　from　the　annealed　samples　in　order　to　investiqate　thelasing　characteristics．　　All　three　kinds　Of　lasers　were　Operatedunder　cw　condit二ion　at　room−temperature。　Figure　3．13　shOws　a　typicalL一lcharacteristi・・f・p。・t−9・。wth　anneal・d　AlG・A・／lnO．07G・0．93A・laser　on　Si　with　工nGaAs　工L　under　cw　condition　at　iroom−temperature　．Thi・lase・with　600一μm−1・nq　cavity　exhibited　th・lth・f　73皿andthe　ηd　of　21　そ・　　The　emission　wavelength　was　also　〜875　nm．　　For　theannealed　AIGaAs／lnO．02GaO．98As　and　AlG・As／エnO．07GaO．93As　lasers，　th・ηiwas　estim・t・dby・q・（2・2）・　The　v・lue・fηi　f・r　th・AlGaAs／工nO．02GaO．98As‘laser　was　increased　frOm　8ユ　tO　85　そ　by　pOst−9「owth　annealキng・F・r　th・AIG・A・／・・0．07G・0．93A・laser’th・t。fηiwas　remarkably　increase．d　frOm　72　to　82　毫　by　the　annealing．　　HOwever，the　vaユue　of　ηi　was　not　chanqed　fOr　the　AIGaAs／GaAs　laser．　　Theseresults　cOrrespond　＃o　the　results　Of　crystallinity　Of　the　act土velayers　Observed　by　CL．　　　　　The　AIGaAs／GaAs　lasers　with　and　without　the　annealing　degradedvery　rapidly　within　a　few　minutes．　　On　the　Other　hand，　severalannealed、　AIG・A・／エnO．02G・0．98A・a・d　AIG・A・／・・0．07G・0．93A・1・・e・・shOwed　slow　deqradations　and　lonq　lifetimes，　as　shOwn　⊥n　Fig．　3．14．F・rthe　annea・・d　AlG・A・／・・0．02G・0198A・…e・，　th・1。・g・・t・if・tim・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一67一　　懇叢　　難　　纏製織織雛灘Fig・　3・12・　CL　imaqe　Of　the　AlGaAs／工nO．07GaO．93As　laseron　Si　after　post−qrowth　annealing．一68一ε邑お≧oαぢ○543210　　　　RT：CWAfter　post−growth　annealing　　　　（750・と，1h。u・）　Cavity　length；600μm．．1・hr　73　mA（J・h＝1・2　kA／rm2）ηd＝21％λ＝875�o020406086100120Current（mA）Fiq．3．13．　Typica↓L＝・・haracter‡・ti・・f・p・・t−9・・wtharmealed　AlGaAs／InO．07GaO．93As　laser　on　Si　with　InGaAs　工Lunde：r　cw　cOndition　at　rOom−temperature．一69一1刈05　＜∈iご器誓950045040035030025020015010050　　0＼AIGaAs／Ino．02Gao．98Aslaser　on　Si　withInGaAs　IL　RT：CWAPC：．1mWAfter　post−growth　annealing　　　　（7500C，1hour）＼AIGaAsπno．07Gao．g3As　laser　on　Si　　　　　　with　IhGaAs　IL0510152025Time（hours）Fig、　3．14．　Results　from　the　APC　aqing　t⊇ests　under　cw　condition　atroom−temperature　fOr　the　post−growth　annealed　AlGaAs／工nO．02GaO．98Asand　AlGaAs／InO．07GaO．93As　lasers　on　Si　with　InGaAs　ILs・was　〜2．3　h．　w填ich　was　〜1．6　times　as　lOnq　as　the　longest　lifetime　of〜87min　obta⊥ned　f「。m　thisエﾏ・er　b・f。re　annealinq・…therm・re’・h・・・ng・・t・if・tim・・b・・ined　in　thir・tudy　was．一24　h　f・r　the　annea・・dAlG・A・／エnO．07G・0．93A・1・自er（as　sh・wn　i・Fig．3．13）．・n　thi。　case，the　current　increased　at　a　rate　of　〜10　mA／h　in　the．　first　3　h，　by　〜6皿Vh・fter　15　h’by−14齪＼／h・ft・・20．h’andしhen　th・1・・er・h・w・d・sharp　increase　in　the．degradation．rate　with　time．　　This　ユifetime　Of〜24　h　was　〜14　times　as　long　as　the　longest．　lifetime　o：じ　〜105　minrecOrded　frOm　this　lase：r　befOre　annealinq．　　These　results　arebelieved　to　have　been　a・i・en　f・・m　th・i血P・gY・ment。f　cry・t…inityin　theエnGaA・acti▽・1・y…‘Dby　p・・t−gr・wth　a・nea・ing・　　　　　In　order　t二〇　investigate　the　deg士adatiOn　mechanism　of　the　lOng−lif・AlG・A・／エnO．。7G・0鎚A・laser’th・t・p−vi・w・d　EL。b・er▽・ti・n　w・・ca「「ied・ut　under　dc　c。nditi。n　at　a　c。n・tant　current　d宇・・ity・f　1・5kA／・m2　and・・mperature。f　2・・C．　FiqUre『31・』一きh。w。　typica、　E。tOpo9「aphs　Of　an　annealed　AIGaAs／InO．07GaO．93As　laser・　　A　dark「eqi。n　extending　t。wa「ds　the〈110＞directi・n．（P・rpendicu・ar�Sth・…ip・directi・n）w…b・er▽・律in　th・fi・・t　d・grad・ti・n・t・g・［・iq．3・15（a）］・ln　the　next　strge　afte「1h［Fig・345（b）］’・ev・・a’〈110・D工．Ds　were　generated．　　In　the　subsequent　stage　　［Fiqs．　3．：L5（c）　and3・・5（d）］，・he＜・…DLD・were　g蜘，・蓋d血any　D・・were　qenerat。d　ands。me。f　them　we「e　t・an・f。・m・d　t・＜110ゆしD・・This〈・ユ0・DLD　g・・wth▽el。city　was　estimated　t。　be−6μm／h　at　J−1．5　kA／cm2，　wh⊥ch　i。・ユ・wer　th・n・he＜・…D・D　g・・ゆv6・・�L・£1一・5μm／h・t　th・・am・value　of　J　fOr　this　laser　before　annealing　（as　shown　in　Fig．　3．12）．This　degradati・n　mechanism　related　t・＜110＞DLD・is　c・mplete年ydiffe：rent　f：rom　that　main！y　related　tO　＜100＞　DLDs　observed　in　theother　lasers　on　Si　as　shOwn　in　Figs．　2．9，　3．9　and　3．10．　　The　resultObtained　from　this　EL　ObservatiOn　indicates　that　the　d：rasticallyinc「eased’ifetime。f　the　annea’ed　A’GaA秩^ln…7Ga・・93Asエase「w・・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一71一諺贈欝〜∫轟ご麗ご『・・謬ごご翁沖旙夢黙載瀦鐸購舞‘鍵糊舞器硲毒赫蒲賜鍵ウ・爵雛轟ぎ鐸纒1＜100＞＜110＞10μmFig．　3．15．　　Typical　magnified　EL　topOgraphs　of　thePOst−growth　annealed　AlGaAs／InO．07GaO．93As　laser　On　S⊥after　（a）　4　min，　（b）　1，　（c）　6　and　（d）　18　h　under　dc。perati・n　at　a　c・n・tant　cu・rent　d…ity。f　1．5　kA／・m2　andtemperat二ure　Of　20　0C．　　　　　　　　　　　　　　　　　　　　　　　　　　一72一caused　業）y　the　complete　suppression　Of　〈100＞　DLD　growth　due　to　thedislocaζiOn　pinning　and　the　slow　〈110＞　DLD　growth　associated　withREDG　m・ti。n　by・tressg’51）（as　sh。w・in　Fig．3．5）．エn　particular，、the　absence　Of　＜100＞　DLDs　suggests　that　the　REDC　mOtiOng’51）　whichcauses　rapid　degradation　is　effectively　suppressed　in　the、　annealedInO．07GaO．93As　active　layer・　　The　more　increasinq　lifetime　of　theAlGaAs／工nGaAs　laser　on　Si　can　be　expected　to　be　achieved　bysuppression　of　the　〈110＞　DLD　growth．　　This　will　be　realized　by　use。f　the．Etress−c。mp・nsat・d。tructure55−60）。uch　a。　InG。A。compressive−stress　acti▽e　layer　sandwiched　by　GaAsP　tensile−stressCOnfining　layers．3．6　　Conclusions　　　　　The　characteristics　Of　A：LGaAs／工nGaAs　SΩW　lasers　on　Si『withInGaAs　工Ls　have　been　studied．　　The　residual　stress　in　t二he　acti▽elayer　was　relatively　estimated　by　use　of　th6　degree　of　polarization．An　AlGaAs／InO．02GaO．98As　laser　on　Si　with　InGaAs　工L　has　a　stress一・61i・v・d　activ・1・yer，　while　an　AIG・A・／・nO．07G・0．93A・1・・er・n　Siwith　工ndaAs　工］』　has　a　compressive−stress　induced　active　layer．Compared　with　a　conventional　AlGaAs／GaAs　laser　on　Si，　the　▽alue　ofJth　was　reduced　fOr　an　AlGaAs／工nO．02GaO．98As　laser　due』to　theincrease。fηi　andβ・　The　AIGaAs／lnO．07GaO．93As　laser　exhibitedhiqher　Jth　than　that　of　the　AIGaAs／工nO．02GaO．98As　laser　because　Ofthe　reduction　of　ηi　by　the　increased　bendingr　of　threadingdislOcation　in　the　active　layer．　　The　li：εetirnes　under　APC　operat≠Onat　rOOm−temperature　were　remarkably　increased　fOr　these　lasers，which　resulted　from　the　reduction　Of　DSD　by　the　introduction　Of工nGaAs　I］」　and　the　reductiOn　Of　＜100＞　DLD　g：rowth　▽elOcity　1⊃y　thedi・1・c孕ti・n　pinni・g　in　th・エnGaAs　acti▽e　laye「・Fu「t井e「mO「e’fO「　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一73一、th・・e　p・・t−gr・wth　anneal・d　laser・，　t耳・dra・tically　i血crea・edlifetimes　were　realized。　　工n　particular，　the．10ngest　l土fetime　was−24hf・・the　anneal・d　AlG・A・／エnO．07G・0．93A・1・・er，．翌?ｉ・恥・・causedby　completely　suppressed　＜100＞　DI、D　qrOwth　and　slOw　＜110＞　D］コD　growth．一74一References　1）　D．P．　BOur，　N。　A．　Dinkel，　D．　B．　Gilbert’　K．　B．　Fabian　and　M．．G．　　　　Harvey，　IEEE　Ph・t・n．　Techn。1．　Lett．，「2，153（1990）．2）A』arr・・n’S・F。・。uhar’J・C・dy　and　R・J・L・ng’エEEE　Ph・t・n・　　　　Techngl．　：Lett．，　2，　307　（1990＞．　3）　J．　P．　van　der　Ziel　and　N．　Chand，　Appl．．　Phys．　Lett二．，　58，　1437　　　　（1991）．　4）　S．E．　Fischer，　R．　G．　Waters，　D．　Fekete，　J．　M．　Ballantyne，　Y．　C．　　　　Chen　and　B．　A．　Soltz，　Appl．　Phys．　Lett．，　54，　186！　（1989）．　5）　D．　P．　Bour，　D．　B．　Gilbert，　K．　B．　Fabian，　J．　P．　Bednarz　and　M．　　　　Ettenberq，　工EEE　Photon．　TechnOl．　Lett．，　2，　173　（1990＞．　6）　M．OkayasU，　M．　Fukuda，　T．　Takeshita　and　S．　Uehara，　工EEE　PhOton．　　　　Technol．　：Lett．，　2，　689　（1990）．　7）　R・G。Waters，　D・P．　Bour，　S．　L．　Yellen　and　N．　F．　Ruggieri，　IEEE　　　　PhotOn・Techn。手・Lett・’2’53手（1990）・8）S・L・Y…en’R・G・W・ter・・幽x・C・Chen　and　B・A・ρ・・t・’　　　　Electron．　Lett．，　26，　2083　（1990）．　9）　R．G。　Waters，　PrOg．Ωuantum　ElectrOn．，　15，　153　（1991）．10）　K．　Fukagai，　S．　Ishikawa，　K．　Endo．and　T．　Yuasa，　Jpn．　」．　App］．．　　　　Phys．，　30，　1．371　（1991）．11）　M．　Okayasu　and　M．　Fりkuda，　J．　Appl．　Phys．，　72，　2119　（1992）．12）　S．　1」．　Yellen，　A．　H．　Shepa：亡d，　R．　J．　Dalby’　J．　A．　Baumann，　H．　B．　　　　Serre・e，　T．　S．　Guid。，　R．　S・lt・，　K．　J．　Bystr・m，　C．　M．宜arding　and　　　　R。G・Waters，　IEEE　J．　Quantum　ElectrOn．，　ΩE−29，　2058　（1993）．13）P●A●K’「kby’IEEE　J・Ωuantum　E’ect「on・’甲一11’562（1975）・14）　H．　Ehrenreich　and　J．　P．　Hi’rth，　Appl．　Phys．　Lett．，　46，　668　　　　（1985）．15）　H．K．　Choi，　C．　A．　Wang　and　N．’H．　Karam，　Appl．　Phys．　Lett．，　59，　　　　2634　（1991）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一75一16）17）18）19）20）21）22）23）24）25）26）27）28）29）30）H・s6hn’E・．R・webe「’J・Tu　and　s・wang’M∂謔?５・50σ’3卿9Proc．，　202，　609　（1991）．J・W・Matthews@and　A・E・B’akes’ee’．D　J●C「ysし●G「owth’D27’118（1974）．R．　People　and　J．　C．　Bean，　Appl．　Phys．　工、ett．，　47，　322　（1985）．，．Eg。w。，。．　H。。eg。w。，，．　Ji伽．and　M．　Umen。，ユ9，h、η，．5即．．G。ユユ加Ar。eη・d・．・・d　R・エ…とC・卿・ηd・，（Karui・aw・，・992）・n・t・Phys・Conf・Se「・’129’8斗5（1993）・Y．　Haseqawa，　T．　Egawa，　T．　Jimbo　and　M．　Ulheno、　Jpn．　J．　App　l。Physり　32，　175　（1993）．　　　一丁・Egawa’Y・HaSegawa’T’J’曲O@and　M●Umen諱ﾝ亡∫Re5’50σ95y塑・Pr・c・’281’357（1993）．・Y．　Hasegawa，　Tg　Egawa’．　T．　・Jimbo　and　M．　U！nenO，　The　Review　OfLaser　Engineerinq，　22，　977　（1994）　（in　Japanese）．D．T．　Cassidy　and　C．　S、　Ad・m・，エEEE　J．Ωuantum　Elect・。n．，Ω血一25，1156　（1989）．．H．，．　Lee，　X．　Liu　a。d，．　Wang，　ApP・．　Phy』．　L。tt．，56，…4（1990）．P．b．　C。lb。urne　and　D．　T．　Cassidy，・EEE　J．　Quantum　Eユect・・n．，．ΩE−27，　914　（1991）．T．Tanbun−Ek，　N．　A．・lss。n，　R．　A．　L・qan，　K．　W．　Wecht　and　A．　M．Sergent，　工EEE　PhotOn．　Technol．　Lett．，　3，　ユ03　（1991）．諦，豊’購。　T　1’ly’．エEE∵●　ntum　C　●’T．　Tanaka，　H．　Yanagisawa，　S．　Kawanaka　and　S．　Minagawa，．　工EEEPhoton．　Technol．　：［、ett．，　71　136　（1995）．S．F．　Fanq，　K．　Ad・mi，　S．　lyer，−g．　M・rk・c，　H。　Zabel，・C・Ch・土and面．Otsuk。，　J．　ApPl．　Phy・．，68，　R31（1990）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　−76一き、）32）33）34）35）36）37）38）39）40）41）42）43）44）45）46）X．　孕iu，　H6　P．　Lee　and　S．　Wang，　Appl．　Phys．．　：Lett．，　57，　1955（1990）．D．　C．　Haユ1，　N。　Holonyak，　Jr．，　D．　G．　Deppe，　M．　J．　Ries，　R．　J．Matyi’H・Shichiゴ。　rn4　J・E・Epler’J・却pl・Phy・・’69’6844（1991D）・G．　F．　Burns　and　C．　G．　FOnstad，　工EEE　PhotOn．　Technol．　Lett．，　4，18（199w）・K．　J．　Beernink，　P．　K．　York　and　J．　J．　Colelnan，　Appl．　Phys．　Lettソ55，　2585　（1989）．C・A・Wanq　and　H・K・Ch・i’・EEE　J・Quahtum・・ect・・n・，gE−27’68手（1991）．J．　J．　Coleman　and　K．　J．　Beernink，　J．．Appl．　Phys．，　75，　］一879（1994）．N●Wada’S●Saka’and@M●Fuku”Yn●J●ApPl●Phyl”33’976（1994）．L．　B．　F；reund，　J．　Appl．　Phys．，　68，　2073　（1990）．T．　Ohori，　T．　Eshita，　S．　Miyagaki，　壬〜．　Ka3ai　and　J．　Komeno，　J。Cryst．　GrOwth，　145，　∋24．（1994）．M・Mittelstein’Y・A「akawa’A・玉a「ssOnDand　A・Ya「iv’ApPl・Phys・Lett．，　49，　1689　（1986）．Y．　Arakawa　and　A．　Yariv，　工EEE　J．　Ωuantum　Electron．，　ΩEr22，　］一887（1986）．A．R．　Adams，　Electron．　Lett．，22，．249　（1986）．E．　Yablonovitch　and　E．　○．　Kane，　J．　］」ightwave　Technol．，　6，　1292（！988）．D．Ahn　and　T．一K．　Yoo，　Appl．　Phys。　Lett．，　60，　548　（1992）．E．　P．　O冒Reilly　and　A．　R．　A（iams，　工EEE　J．　Ωuantum　Electron．，　ΩE−30，　366　（！994）．E．　Yablonovitch　and　E．　○．　Kane，　J．　Lightwaマe　Technol．，　4，　504（1986）．　　　　　　　　　　　　　　　　　　　　　　　　　　　一77一47）．A．Suemun。，、EEE　J．　Qua。亡um。、ect。。n．，ΩE．27，’A、49（、99、）．48）　T．　Egawa，　Y．　Hasegawa，　T．　Jimbo　and　M。　UmenO，　Jpn．　」．　Appl．　　　　・hy・．，3・，79・（1992）．49）　Y．　Hasegawa，　T．　Egawa，　T．　Jimbo　and　M．　UmenO，　Jpn．　J．　Appl．　　　　Phys．，　34，　2994　（1995）．．50）ﾑ．　rOff副R●　1�o’J●ApP”Ph　’．45’3899．5・）・．U・d・，　J．　E・ec…chem．　Sあ己，・35，・IC（・988）．52）　H．　：L．　Tsai　and　J．　W。　工、ee，　Appl．　Phys．　］コett．，　51，　130　（1987）．53）R・W・Kaliski’C・R・ltO’D・G・Mclnty「e・M・Feng’H・B・Kim’R・　　　　Bean，　K．　Zanio　and　K．　C．　Hsieh，　J．　Ap診1．　Phys．，　64，　1196　（1988）．54）・一一丁．　NishiOka，　宝．　ItOh，　M．　Sugo，　A．　YamamOtO　and　M．　Yamaguchi，　　　　Jpn．　J．　Appl．　Phy　s。，　27，　］」2271　（：L　988）．55）B’エ●M’”e「’U・K。「en’M・G・Younq　and　Mh　D・Ch’en’ApP’・Phys・　　　　Lett．，　58，　1952　（1991）．56）　C．　P．　Seltzer，　S．　D．　Perrin，　M．　C．　Tatham　and　D．　M．　COoper，　　　　ElectrOn．　Lett．，　27，　1268　（1991）．58）C●P’Se’t2e「’S●D’Pe「「’n’M・J・Ha「’Ow戟@R・Studd　and　P・C6　　　　Spurdens7　Electron．　Lett．，　30，　227　（1994）．59）T・T。yq兵aka’M・Sagawa’．　K・Hi「amOtO’K・Shinoda’K・。Omi　and　A・　　　　Ohishi，　ElectrOn．　Lett．，　31，　：L98　（1995）．60）　S．一H．　Park，　幻．一G．　Jeong　and　B．一D．　Choe，　ApPl．　Phys．　Lett．，　66，　　　　201　（1995）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一78一

