Chapter 5. AlGaAs/GaAs Vertical-Cavity Surface-Emitting lLasers on

Si Substrates
5.1 Introduction

The vertical-cavity surface-emitting lasers (VCSELs) on Si are
the most promising devices for optical interconnections in future
OEICsi~9) In addition, the residual thermal stress and
dislocations in the active regionvand the thfeshold current can be
reduced 1in- the VCSELs on Si with the small active regionsl).
Therefore, the VCSEL structure also has the potential for the
realization of reliable GaAs-based lasers on Si. There has been
only one demonstration?) of the VCSEL on Si fabricated by
heteroepitaxial growth. For this VCSEL on Si, the pulsed Iy was
~125 mA at room-temperature, corresponding to the Jegp of ~71 kA/cm2.
To date, however, cw operation has not been realized yet.

In this chapter, the low;thresﬁold pulsed operation of
AlGaAs/GaAs VCSEL on Si at room—temperaturelo'll) was described.
Furthermore, cw operation at low-temperature was also presented.
This chapter is organized as follows: In section 5.2, room-
temperature pu;sed operation 1is described. Low—-temperature cw
operation 1s presented in section 5.3. This chapter is concluded in

section 5.4.
5.2 Room-Temperature Pulsed Operation

5.2.1 Epitaxial Growth and Fabrication Process
The VCSEL structure was grown on Si substrate at 750 °C by the
conventional two-step growth technique. Figure 5.1 shows the cross-

sectional SEM micrograph of the AlGaAs/GaAs VCSEL on Si. The
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Fig. 5.1. Cross-sectional SEM micrograph of the

AlGaAs/GaAs VCSEL on Si.
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structure consisted of a 0.85-um-thick thermal-cycle annealed n't-

GaAs buffer layer, a 20-pair of nt-AlAs/nt-GaAs (71 nm/59 nm)
quarter-wave multilayer DBR, a 0.46-um-thick n-Alg 7Gap 3As lower
cladding layer, a 70-nm-thick undoped Alo.3Ga0.7As lower confining
layer, an undoped 9-nm-thick GaAs SQW active layer, a 70-nm—-thick
undoped Al 3Gag 7As upper confining layer, a 0.34-pum-thick p-
Alg 7Gag_ 3As upper cladding layer, and an 80-nm-thick p+—GaAs
contact layer. 50-nm-thick AuSb/150-nm-thick Au were used for the
contact on the nt-Si substrate. Nonalloyed 50-nm-thick AuZn/150-nm-
thick Au of 40X40 umz, which was used for the top mirror and the
electrical contact, was formed by the photoresist patterning and the
lift-off technique. The devices were mounted, Jjunction up, on a
sample holder and tested under pulsed condition (0.1 us pulses at
1MHz repetition rate) at room-temperature. Output power from the
VCSEL was measured by detecting the light emitted around the edges
of the AuZn/Au metallization. The DSD was also measured by
electron-beam-induced current (EBIC) method using a SEM (Topcon ABT-

55).

5.2.2 Characteristics of Reflectors

Figures 5.2(a) and 5.2(b) show the cross-sectional transmission
electron microscopy (TEM) micrographs of the overall VCSEL on Si and
near the GaAs/Si interface, respectively. Some threading
~dislocations, which originate at the GaAs/Si interface, can be
effectively confined into the thermal—cycie annealed n'-GaAs layer
[Fig. 5.2(b)]. However, dislocation bending was not observed in the
AlAs/GaAs DBR [Fig. 5.2(a)]. Although some previous studiesls12,13)
have indicated that the AlAs/GaAs DBR is effective in bending the

dislocations due to interdiffusion-assisted dislocation motion in

AlAs/GaAslz) or crystal hardening of AlAsl4), Fig. 5.2 (a) shows that
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(a) overall VCSEL on Si

n'-Si
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Fig. 5.2. Cross-sectional TEM micrographs: (a) overall

VCSEL on Si and (b) near the déAs/Si'interface.
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many dislocations originating at the GaAs/Si interface propagate
into the active layer. This VCSEL on Si, which was grown under the
thermal cycle annealing and the AlAs/GaAs DBR, also showed the DSD
of 2-3X107 cm™2. This value 1s almost the same value for the
sample without the AlAs/GaAs DBR. These results indicate that the
. AlAs/GaAs DBR is not effective in bending the threading dislocations
because there is less mismatch (~0.14 %) in the lattice constant for
the AlAs/GaAs layers.

The calculated and measured reflectivities of the 20-pair of
AlAs/GaAs DBR on Si are shown in Fig. 5.3. The reflectivity of the
DBR was measured with a monochromator and the reference reflectivity
was supplied by a deposited aluminum mirror. The measured
reflectivity was above 90 % at the wavelength region betﬁeen 820 and
870 nm.  The recorded maximum reflectivity was 93 % at 860 nm, which
was slightly.longer than the designed wavelength of 850 nm,
presumably due to a small nonuniformity of the thickness during
growth. As shown in Fig. 5.3, it is found that the measured peak
reflectivity of 93 % is lower than the calculated reflectivity of
99.3 % at 860 nm. Figures 5.4(a) and 5.4(b) show the magnified
cross-sectional SEM micrographs of the AlAs/GaAs DBRs grown on GaAs
and Si substrates, respectively. The interfacial sharpness with
uniform and smooth heterointerfaces 1s clearly seen in the DBR on
GaAs. However, the DBR on Si shows quasiperiodic zigzag roughness
and nonuniformity in the AlAs/GaAs layersl5). Compared with Fig.
5.4 (a), the thickness variations are estimated to be from -8 to +6 %
fdr the AlAs layer and from -3 to +14 % for the GaAs layer in the
DBR on Si as shown in Fig. 5.4(b). Additionally, Figure 5.5 shows
the AFM image of the sﬁrface morphology for the VCSEL on Si. The
microroughnesses consisting of hillocks and depressions with a

different size were observed in the surface morphology. The surface
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Fig. 5.3. Calculated and measured reflectivities of the

20-pair of the AlAs/GaAs DBR on Si.
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(a) AlAs/GaAs DBR on GaAs sub.

84113 7.8 kV

(b) AlAs/GaAs DBR on Si sub.

Fig. 5.4. Magnified cross-sectional SEM micrographs of

the AlAs/GaAs DBR on (a) GaAs and (b) Si substrates.
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and interfacial roughnesses are probably due to the three-
dimensional GaAs growth on Si at the initial growth stage. It has
been theoretically demonstrated that the reflectivity spectrum and
its peak value are very insensitive to small thickness variation (a
few monolayers) i1in the pBR16-18) However, the large zigzag
roughness and interfacial roughness (as shown in Figs. 5.4(b) and
5.5) introduce a large optical diffraction and scattering, resulting
in the lower reflectivity of the DBR on Si.

In contrast, the top mirror has the reflectivity of 60 % for
the alloyed and 96 % for the nonalloyed AuZn/Au. The higher

reflectivity of the nonalloyed AuZn/Au seems to have been caused by

a smooth morphology due to the lack of thermal annealingl9) .

5.2.3 Lasing Characteristics

The turn-on voltage and the series resistance were 1.3 V and 26
Q, respectively. These values are comparable to those of the
conventional edge-emitting lasers on Si. These results indicate
that the 20-pair of n"-AlAs/GaAs DBR on Si hardly makes the series
resistance high. Figure 5.6 shows an L-I characteristic of the
VCSEL on Si under pulsed condition at room-temperature. This VCSEL
exhibited the Ien of 79 mA, corresponding to the Jeh of 4.9 kA/cmZ.
Additionally, the peak emission wavelength was 840.03 nm and the
FWHM was 0.28 nm. Compared with the previously reported reéultsl),
this VCSEL on Si exhibits remarkable improvements such as a. lower
threshold and a narrower emission spectrum, which are probably due
to relatively lower dislocation density and laser structure.
However, this pulsed Jyy of 4.9 kA/cm? is much higher th'an many
reported results?s20724) of the VCSELs on GaAs substrates. A cw

operation could not be achieved in this VCSEL because of a lower

optical gain of the SQW active layer and a lower reflectivities of
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Fig. 5.6. " L-I characteristic of the VCSEL on Si

under pulsed condition at room-temperature.

—118 -



reflectors.
5.3 Low-Temperature CW Operation

5.3.1 Epitaxial Growth and Fabrication Process

In order to achieve the cw operation, it is very important for
the VCSEL on Si to increase the optical gain and the reflectivities
of reflectors, because the VCSEL has a much shorter cavity length
than that of the chventiénal edge-emitting laser and the mirror
loss (1/Lln(1/R)) 1is very high. The higher reflectivity of the DBR
on Si can be obtained by reducing the absorption losses of the n'-
GaAs layers in the DBRL) . Therefore, the conventional AlAs/GaAs DBR
was replaced with the AlAs/Alo.lGao_gAs DBR. Theoretically, the
reflectivity increases by ~1 % for the AlAs/Aly 1Gap. oAs perl) . 1n
contrast, the increasing optical gain is expected to be realized by
use of MQW active layers structure due to the improvement of the
gain flattening (saturation)2°731)

The optimization of MQOW active layers in the VCSEL, especially

the number of quantum wells (N has been discussed to achieve low

w)l
threshold operation from the viewpoint of matched gain effect29,31)
The threshold gain gy} of the VCSEL with internal loss and matched

gain effect is given by22s31)

L N,L,9en = 1/2 In[1/ (RgRp) ] + zw,b(FrNiLiaai)
+ (LD, pNiLi) O, (5.1)

T, = 1 + sin(210)/(270), 6 = 1/A X, 1, (N;Ly), (5.2)

where L, and L, are the well thickness and barrier thickness,

respectively. The Ly of 5.5 nm was used for the Al 3Gap 7As
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barrier layer. Rg and R, are the reflectivities of the frént (top)
and rear (bottom) side reflectors, respectively. ', is the gain
matching factor. a,; and o, are the absorption losses in the active
and cladding layers, respectiveiy. According to eq. (5.1), a largé
N, in the cavity'is desirable to increase the gain. However, from
eq. (5.2), in order to achieve the matched gain (Fr>1), the total
MOW thickness must be thinner than the A/2n (A:wavelength,
n:refractive index), which requires a reduction of Nj . For example,
the Nj; should be less than 14 if a 9-nm-thick GaAs quantum well is
used as an active layer. Finally, from eq. (5.1), an optimum N, is
mainly determined by the reflectivities of reflectors.

From these viewpoints, an AlGaAs/GaAs VCSEL on Si with 10 GaAs
quantum wells and a 23-pair of AlAs/Aly (Gag_ gAs DBR was fabricated.
Figure 5.7 shows a schematic cross-section of this VCSEL on Si. The
laser structure comprised a 2.l—um—thick thermal-cycle annealed nt-
GaAs buffer layer, a 23-pair of n+—AlAs/n+—AlO’lGa0.9As (71 nm/60
nm) quarter-wave multilayer DBR, a 0.29-um-thick n-Aly Gag 3As
lower cladding layer, a 5l-nm-thick undoped Aly 3Gag As lower
confining layer, ten undoped 9-nm-thick GaAs MQW (N,=10) active
layers separated by 5.5-nm-thick undoped Al, 3Gag 7As barrier
layers, a 5l1-nm-thick undoped Al 3Gag 7As upper confining layer, a
0.22-pum-thick p-Algy 5Gag 3As upper cladding layer, and a 34-nm-thick
p+—GaAs contact layer. After the growth, a laser device was
fabricated as follows: A 0.l-um-thick Si0, insulating layer was
deposited on the p'-GaAs contact layer and 50 um$ contact windows
were opened by wet chemical etching of Si0O,. Next, 50-nm-thick
Ti/60-nm-thick Au were evaporated on the p+—GaAs layer as the p-side
electrode except for the 20 pmd at the center of the 50 um¢ contact

window. A 70-nm-thick semitransparent Au was then evaporated on the

p-side surface. A 50-nm-thick AuSb/150-nm-thick Au was used for the
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Fig. 5.7. Schematic cross-section of the VCSEL on Si
with 23-pair of AlAs/Al; 1Gap gAs DBR and multi quantum

wells active layers.
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n-side electrode on the nT-Si substrate. In this VCSEL on Si, the
light output was measured by detecting the light emitted through the
20 umo éemitransparent Au.

The measured peak reflectivity of the 23-pair of
AlAs/Aly 1Gap oAs DBR on Si was 94 % at 840 nm. Although a little
increase of reflectivity was observed in comparison with the 20-pair
of AlAs/GaAs DBR on Si, the feflectivity of 94 % still remains to be
much lower than the calculated value of 99.4 % probably due to the
large zigzag roughness and the interfacial roughness in the DBR on
Si. The top mirror had the reflectivity of 93 % and transparency of

0.6 % for the semitransparent Au.

5.3.2 Lasing Characteristics

Figure 5.8 shows an L-I characteristic and emission spectrum of
this VCSEL under cw operation at 100 K. The value of Iy was 73 ma,
which corresponded to Jeh of 3.7 kA/cm2. The Mg was 0.8 %, which is
much lower than that of the edge-emitting lasers on Si (for example,
Fig. 3.13). This seems to have been caused by the large absorption
in the semitransparent Au and the lateral current spreading due to
the absence of current confinement structﬁre such as mesa
etching20'32) and ion implantation33'34). Thé FWHM of this spectrum
was 39.5 nm at 0.96XIyy and 2.2 nm at 1.2XTIqy. The relatively
broad FWHM of 2.2 nm may be due to the generation of multi
transverse-modes near the single fundamental mode?2) , The peak
wavelength at 1.2Xith was 844 nm, which was near the wavelengUJ
achieving the peak reflectivity of the DBR. Figure 5.9 shows the
polarization of this VCSEL for two perpendicular directions under cw
operation at 100 K. It can be seen that the output light was

scarcely polarized below Iy, and was clearly polarized above Iiy.

It has been reported that there is no fundamental polarization
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Fig. 5.9. Polarization of the VCSEL on Si for two

perpendicular directions under cw condition at 100 K.
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selection mechanism for the VCSELs on GaAs substrates with quantum
well active layers in contrast to the edge-emitting lasers with
quantum wells, and the polarization is probably due to some
anisotropy introduced by the processing35). Additionally, it has
been also reported that the polarization can be controlled by

36,37) These influences for the polarization

introducing stress
characteristic observed in the VCSEL on Si are not yet understood.
The L-I characteristics operated between 30 and 150 K were also
shown in Fig. 5.10. It is found that the I.p increased with the
increase of temperature. Up to 150 K, this VCSEL on Si could be
operated under cw condition. The wvalue of Itp was 82 mA (Jp=4.2
kA/cmz) at 150 K. The successful cw operation up to 150 K was
believed to have been mainly achieved by the increased gain due to
increased N;;,. The characteristic of the cw operation is expected to
be more improved by the optimum Ny, with increasing R¢ and R, from
eq. (5.1).

However, this VCSEL on Si showed rapid degradation under cw
condition at low-temperature and pulsed condition at room-
temperature. The VCSEL degraded very rapidly only in ~1 min under
cw condition at 100 K. Figure 5.11 shows a result from the APC
aging test of‘the VCSEL on Si under.room—tempefature pulsed
condition (0.2 us pulses at 5 kHz repetition rate) at a constant
output power of 210 uUW. The inset in this figure shows an L-I
characteristic of this VCSEL. The values of I}, and Mg were 104 mA
and 1.8 %, respectively. The I;, of 104 mA corresponds to the Jeh
of 5.3 kA/cm?. As shown in Fig. 5.11, the currént increased
gradually at a rate of ~30 mA/h in the first 170 min and then the
VCSEL showed a rapid increase in current by ~114 mA/h. This rapid
degradation under pulsed operation is believed to have been caused

by rapid DLD growth due to high injected current density, which has
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been shown in Figs. 2.10 and 2.11.
5.4 Conclusions

The room-temperature pulsed operation of the AlGaAs/GaAs VCSEL
on Si with the 20-pair of AlAs/GaAs DBR and a SQW active layer was
demonstrated. The measured peak reflectivity of the 20-pair of the
AlAs/GaAs DBR was 93 $ at 860 nm. A TEM obeervation showed that the
AlAs/GaAs DBR is not effective in bending the threading dislocations
because there 1is less mismatch in the lattice constant for the
AlAs/GaAs layers. The Iy and Jip of this VCSEL were 79 mA and 4.9
kA/cmz, respectively. Furthermore, low-temperature cw operation‘of
the VCSEL on Si with the 23-pair of AlAs/Aly 1Gag_ o9As DBR and MQW
(N,,=10) active layers was also demonstrated for the first time. Up

to 150 K, the VCSEL could be operated under cw condition.
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Chapter 6. Summary

This dissertation has described the studies on GaAs-based
light-emitting devices on Si substrates for future OEICs. At first,
the observation and understanding of the rapid degradation mechanism
of the AlGaAs/GaAs quantum well lasers grown on Si have been carried
out. Then, the increasing lifetimes of these lasers have been
achieved by both introducing InGaAs intermediate layers and
replacing the conventional GaAs active layers with the InGaAs
layers. Finally, the novel approaches for improving characteristics
of the AlGaAs/GaAs light-emitting devices on Si have been presented.
The demonstration of AlGaAs/GaAs VCSELs on Si for OEICs have been
also described.

In chapter 1, the background and purpose of this research, and
the current status of heteroepitaxial growth of GaAs/Si and device
applications were presented. /

The results obtained in this research are summarized as
follows:

In chapter 2, 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 were
described. The generation of <100> DLDs caused the decrease of m;
and the slow increase of driving current. At the subsequent rapid
degradation stage, the expansion of DLDs caused the remarkable
increase of i and the decrease of P, and finally resulted in the
rapid increase of driving current. Additionally, it was also found
that the <100> and <110> DLDs growth velocities strongly depended on
the injected current density.

In chapter 3, the increased lifetimes of AlGaAs/InGaAs SQW
lasers on Si with InGaAs ILs were presented. Furthermore, the
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differences of degradation mechanism between AlGaAs/GaAs and
AlGaAs/InGaAs lasers on Si were also described. The observation of
degree of polarization indicated that the AlGaAs/Ing gpGag gghs
laser on Si with InGaAs IL had a stress-relieved active layer, while
the AlGaAs/Ing 7Gag_ g3As laser on Si with InGaAs IL had a
compressive-stress induced active layer. The lifetime of the
AlGaAs/Ino.OzGa0.98As laser increased to ~85 min under cw condition
at room-temperature. The AlGaAs/Ino.07Gao_93As laser also exhibited
the increased lifetime of ~105 min. These improvements were caused
by the reduction of threading dislocations by use of the InGaAs IL
and the reduction of <100> DLD growth velocity due to the
dislocation pinning in the InGaAs active layer. Furthermore, a
drastic increased lifetime of ~24 h was realized for the post-growth
annealed AlGaAs/Ino.o7Ga0_93As laser, which resulted from the
completely suppressed <100> DLD growth and slow <110> DLD growth.

In chapter 4, the improved characteristics of AlGaAs/GaAs
light-emitting devices on Si with small active regions were
described. The AlGaAs/GaAs quantuﬁx wire-like laser on Si with
vertically-stacked quasi GaAs quantum wires was successfully
fabricated. It was confirmed that the GaAs quantum wires of size
(11-15 nm) X (83-127 nm) were grown on a V-grooved GaAs/Si substrate.
Furthermore, the AlGaAs/GaAs quantum wire-like laser on Si with. a
p+—GaAs current-blocking layer and quasi GaAs quantum wires of (20-
21 nm) X (100-260 nm) exhibited extremely low-threshold current of
9.8 mA under pulsed condition at room-temperature. The AlGaAs/GaAs
LED on Si with the self-formed GaAs islands active region was also
fabricated. The GaAs island size and density could be controlled by
the TMG flow rate. At the TMG flow rate of 10 sccm and the time of
6 s, for example, the islands showed the conical shape with the

heights of 90-170 nm, the diameters of 600-750 nm and the density of
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1-2X107 cm™2. The reliability of this LED was much superior to
that of an LED on Si with a conventional GaAs quantum well active
region, which resulted from the reduction of dislocation numbers  and
the suppressed DLD growth due to the reduction in the size of the
active regilon. The dislocation numbers in these light-emitting
devices on Si with the small active regions could be estimated to be
reduced to ~1/100 of that of the devices on Si with the quantum well
active regions.

In chapter 5, the AlGaAs/GaAs VCSELs on Si, which are the most
promising devices for future OEICs, were presented. The room-
temperature pulsed operation was realized for a VCSEL on Si with a
20-pair of AlAs/GaAs DBR and a SQW active layer. The Iy and Jpp of
this VCSEL were 79 mA and 4.9 kA/cmz, respectively. Additionally,
150 K cw operation was achieved for a VCSEL on Si with a 23-pair of
AlAs/Aly 1Gap_ oAs DBR and MOW (10 quantum wells) active layers.

With further improvements in crystallinity of GaAs/Si grown by
heteroepitaxy and device structures, the characteristics such as
reliability of the GaAs-based light-emitting devices on Si will be
improved significantly. Consequently, the monolithic integration of
GaAs-based optical I/O0 devices with Si-based ULSI chips will be
realized in the near futuré. The results in this study are
hopefully expected to give a helpful guidance for the realization of

practical GaAs-based light-emitting devices on Si for future OEICs.
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Chapte：【　5．　　AIGaA3／GaA3　Ve：rヒicaユーCavity　Su：【：Eace−Emittingsi　SubstratesLasers　on5．1　　1ntroduction　　　　　Th・ver七日目al−cavity・urface−emittinq　lasers（VCSELs）。n　Si　arethe　most　promising　devices　for　optical　interconnections　in　futureOE・C・1−9）．　・n　additi。n，　the　re・idual　therm・ユ・tress孕・ddislocations　in　the　active　regiorl　and　the　．threshol（i　current　can　bereduced　in・the▽CSEL・。n　Si　with　the・mal．l　active　regi・n・1）．Theref・re’th・VCS肌・tructu・e　al島。　h・・th・p・tenti・1．f・r　th・realization　of　reliable　GaAs−based　lase．rs　on　Si．　　There　has　been。nly・ne　dem・n・trati・n1）。f　the▽CS肌。n　Si．fab。icat6d　byheteroepitaxial　growth・　　For　this．▽CSE：L　6n　Si，　the　pulsed　工th　was一・25飴・t…m−t・mperatu・e，…resp・nding　t。　th・Jth。f−7・kA／dm2．T・d・t・，h。w・ver，・w・perati・曲a・n・t　b・6n　reali・ed　yet．　　　　　In　this　chapterナ　the　lo碗LthreshQld　pulsed　OperatiOn　OfA・G・A・／G・A・VCSEL・n　Si・t・・。m−t・mperatu・e10’11）was　d・・crib・d・Furthermore，　cw　operation　at　low−temperature　was　also　presented．This　chapter　is　organize（i　as　follows：　　In　section　5．2，　roOm−t・mperature　pu斗・ed。perati・n⊥・describ・d・　L・w−t・mperature　cwOperatiOn　is　presented　in　sectiOn　5．3．　　This　chapter　is　concluded　土nsection　5．4．15．2　　Room−Temperature　Pulsed　Operation5．2．1　　Epit6xial　Growth　and　FabricatiOn　Process　　　　　The　VCSEL　structure　was　grOwn　on　Si　substrate　at　750　0C　by　the・・nventi。nal　tw。一st。p　9・。wth　technique．　Figure　5．1・h。w・the　c套・ss−sectional　SEM　micrOgraph　qf　the　AIGaAs／GaAs　VCSEL　on　Si．　　The　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−109一　　　　　　　　　　　＜ゴーP十一GaAs　　　　　　　　　　　く一Alo．3Gao．7As／GaAsn−Alo．7Gao．3As　　　active　layer20−pa元r．n−AlAs／GaAsDBR盆，GaAsn＋＿Si　SubstrateFiq．　5．1。　　Cross−sectionalAlGaAs／GaAs　VCSE］』　on　Si．SEM　micrOgraph　o：E　the一110一structure　cOnsisted　of　a　O．85一μm−thick　thermal−cycle　annealed　n＋一GaAs　buffer　laye：r，　a　20−pair　o：E　n＋一AIAs／n＋一GaAs　（71　nm／59　nm）qu・・ter−w・v・mu・til・y・・DBR，・0・46一μm−thi・k　n−Aエ0．76・0．3A・ユ。wer・1・ddinq　i・yer’・70−nm−thi・k　und。P・d　AlO．3G・0．7A・1・wer　c・nfi・⊥・qlaye「’an　und。P・d　9一ﾏm−thi・k　G・A・SΩW　ac七iv・1・yer’・70−nm−thi・kundoped　AlO．3GaO．7As　upPer　confining　laye：r，、a　O・34一μm−thick　p−AlO．7GaO．3As　upPer　claddinq　layer，．　and　an　80−nm−thick　p＋一GaAscontact　layer．　　50−nm−thick　AuSb／150−nm−thick　Au　were　used　for　thec。ntact・n　the　n＋一Si　substrate．　N・nall・yed　50−nm−thick　AuZn／150−nm一．・hi。k　Au。f　4・×4・μm2，　whi。h　w。。　u。ed　f。。　th。，。p　mirr。r　and　theelectrical　contact，　was　formed　by　the　photoresist　patterninq　and　the工ift−off　technique．　　　The　de▽ices　were　mOunted，　ゴunction　up，　on　asample　holder　and　tested　under　pulsed　cOnditiOn　　（0．：L　μs　pulses　atlMHz　repetition　rate）　at　「Oom−temPe「atu「e●　　OutPut　POwe「　f「om　theVCSEL　was　measured　by　detecting　the　light　emitted　around　the　edgesof　th〔∋　AuZn／Au　metallizatiOn．　　The　DSD　was　alsO　measured　byelectrOn−beam−induced　current　（EB工C）　methOd　u＄ing　a　SEM　（TOpcOn　ABT−55）．5．2．2　　Characteristics　of　Reflectors　　　　　Fiqures　5．2（a）　and　5．2（b）　show　the　cross−sectional　t二ransmiss土onelectron　micrOscOpy　（TEM）　microqraphs　of　the　overall　VCSEL　on　S⊥　andnear　the　GaAs／Si　interface，　respectively．　SOme　threadingdislOcations，　which　oriqinate　at　the　GaAs／Si　interface，　can　beeffectively　c・nfined　int・the　thermal−cyclg　annealed　n＋一GaAs　layer［Fig．　5．2（b）］．　．However，　dislOcatiOn　bending　was　nOt　Observed　iD　theAlA・／G・A・DBR［Fiq．5．2（・）］．盛lth。。gh。。m。　previ。us　studies1’12’13）h・v・indicat・d・h・t　th・．@A・A・／G・A・DBR　i・effectiY・in　bending・h・dislocations　dbe　to　interdiffusion−ass⊥sted　dislOcatiOn　mOtiOn　inA・A。／G。A。・2）。r　c。y。t。・h。。dening。f　A・A。・4），Fig．5．D2（。）。h。w。　th。t　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−111一　　　　　　　　　　　　　　�uヒSi（a）　Overall　VCSEL　on　Si　　　　　　　　　　　　（b）　near　the　GaAs／Si　interfaceFig．　5．2．　Cross−sect：ional　TEM　mic：ごog：raphs：　（a）　overal：L　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ノVCSEL、　On　Si　and　（b）　near　t：he　GaAs／Si　interface．　　　　　　　　　　　　　　　　　　　　　　　　　一112一many　dislocations　originating　at　the　GaAs／Si　irlterface　propagateint二〇　the　active　layer．　　This　VCSEL　on　Si，　which　was　grown　under　thethermal　cycle　annealing　and　the　AlAs／GaAs　DBR，　also　showed　the　DSDof・2＿3×107　cm−2．　　This　value　is　almost　the　same　value　for　thesample　without　the　AIAs／GaAs　DBR．　　These　results　indicate　that　theAIAs／GaAs　DBR　is　not　effective　in　bendinq　the　threading　dislocationsbecause　there　is　less　mismatch　（〜0．14　そ）　in　the　lattice　cOnstant　f6：rthe　AIAs／GaAs　layers．　　　The　calculat6d　and　measured　reflectivities　of　the　20−pair　ofAlAs／GaAs　DBR　On　Si　are　shOwn　in　Fig．　5．3．　The　reflectivity　of　theDBR　was　measured　with　a　mOnochrOmator　and　the　reference　reflecti▽itywas　supplied　by　a　deposited　、aluminum　mirror。　　Th6　measuredreflectivity　w苧s　ab・v・90そ・t　th・w・v・length　regi。n　b・tween　820　and87・nm・・Th・rec・rd・d　maximum・eξ・ec・ivity　w・・．93そ・t　86・n畑h’・hwas　slightly　longer　than　the　desiすned　wavelength　of　850　−nm，presum・bly　due　t。　a　sm・ll血・nunif・rmity。f　the　thi・kness　duringqrowth．　　As　shown　in　Fig．　5．3，　it　is　found　that　the　measured　peakreflectivity　of　93　宅　is　lower　than　the　calculated　reflectivity　of99．3　そ　at　860　nm．　　Figures　5．4（a）　and　5．4（b）　show　the　magnifiedcross−sectiOnal　SEM　micrographs　of　the　AlAs／GaAs　DBRs　qrown　On　GaAs．and　Si　substrates，　respectively．　　The　interfacial　sharpness　withuniform　and．　smooth　heterointerfaces　is　clearly　seen　in　the　DBR　onGaAs．　　However，　the　DBR　on　Si　shows　quasiperiodic　zigzag　roughnessand　n。nunif。rmity　in　the　AIA・／G・A・1・yers15）．　C。mpared．　with　Fig．5．4（a），　the　thickness　variations　are　estimated　to　be　from　−8　to　＋6　〜きf6r　the　AIAs　layer　and　from　−3　to　＋14　そ　for　the　GaAs　layer　in　theDBR　on　Si　as　shown　in　Fiq．　5．4（b＞．　　Additionally，　Figure　5．5　showsthe　AFM　image　of　the　surface　morphology　for　the　VcsE】」　on　si．　　Themicr。r・ughnesses　c。nsi・ting。f　hill。ck・and　d・pressi。ns叫t軽・different　size　were　observed　in　the　surface　morpholOgy．　　The　sur：εace　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−113一八）臥．「`〉●二〇Φo10080604020　0　　400□□Measured　value@　　　　Calculation□　　　　　□．@　　　　□@　　　　　巳60080010001200Wav，16ngth（nm）Fig．　5．3．　．Calculate◎and．　measured　reflectivities　O：ε　the20−p皐i：r、of．the　AIAs／GaAs　DBR　On　Si．一114一（a）　AlAs／GaAs　DBR　on　GaAs　sub．　　　　　　　　　　　（b）　AIAs／GaAs　DBR　on　Si　sub．Fig・5・4・M・qn茸i・d　cr・ss−secti・nal　SEM　micr・qraph・・fthe　AlAs／GaAS　DBR　on　（a）　GaAs　and　（b．）　Si　substrates．一115一Fig．　5．5．　AFM　image　of　the　surface　morphology　for　theVCSE1」on　si．一116一and　interfacial　roughnesses　are　prObably　due　to　the　three−dimensional　GaAs　growth　On　Si　at　the　initial　qrowth　staqe、．　　工t　hasbeen　theoretically　demonstrated　that　the　reflecti▽ity　spectrum　andit・peak　v・・ue　are　very　in・en・iti▽・t・sm…thi・kness　v・・i・tign（af・wm。n・1・yer・）in　the　DBR16−18）．　H・wever，　the　larg。。ig。aqrOughness　and　interfacial　rOughness　　（as　shown　in　Figs．　5．4（b）　and5．5）　introduce　a　large　optical　diffraction　and　scattering，　resultinqin　the　lower　reflectivity　of　the　DBR　on　Si．　　　　　工n　contrast，　the　top　mirror　has　the　reflectivity　Of　60　宅　fOrthe　all。yed　and　96そf・r　th・n。nall・y・d　A・Zn／Au・Th・highr・「eflectivity　rf　the　n・nall。y・d　A・Zn／A・・eem・t。　h・v・bee・cau・ed　by・・m・・th　m・rph・ユ・gy　due　t・th・・lack・f　therm・l　anneal土nq19）．5．2．3　　：Lasing　Characteristics　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，　　　　　The　turn一〇n　voltage　and　the　series　resistance　were　1．3　V　and　26Ω，　re串pecti▽ely．　　These　va↓ues　are　cOmparable・to　thOse　of　thecon▽entional　edge−emitting　lasers　On　Si．　　These　results　indicatethat　the　20−pair　Of　n＋一AIAs／GaAs　DBR　On　Si　hardly　makes　the　seriesresistance　hiqh．　　　Fiqure　5．6　shows　an　］」一工　characteristic　Of　theVCSEL　on　Si　under　pulsed　conditiOn　at　roOm−temperature．　　This　VCSELexhibit・d　th・・th・f　79飴，・…e・p。ndi・g　t・th・Jth・f　4．9　kA／・m2．Additionally，　the　peak　emissiOn　wavelength　was　840．03　nm　and　the「FWHM　w・・0．28　nm．　C・mpared　with　th。　prev⊥。u。ly　rep。rt。d　re6ult。1），this　VCSE：L　on　Si　exhibits　remarkable　imprO▽ements　such　as　a　lOwerthreshold　and　a　narrower　emissiOn　spectrum，　which　are　prObab工y　dueto　：relati▽ely　lower　dislocatiOn　density　and　laser　structure．H。w・ver，　thi・pu・・ed」th・f　4．9　kA／・m2　i・much　higher　than　manyrep・rt・d　re。ult。2’20−24）。f　th。　VCSEL。。n　G。As　sub。trat。。．　A。woperati。n　c・uld　n・t　be　achi・v・d　in　thi・．VCSEL　becau・e・f　a　l・werOpticaユ　qain　of　the　SQW　act⊥ve　lay6r　and　a　lower　reflectivities　O：E　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−117一今包お≧oq−qぢ。，RT：PulsedIth＝・79　mA（J・h＝4・gkA／cm2）。　2。　4・．6・■8・　1・・　　　　　　　　　　　　　　　　　　　CUrrent（mA）Fig・5・6．．・エー・・haractr・i・ti・・f　th・VCSEL　On　Siund年r　pulsed　conditiOn　at　rOOm−temperature．一118一1reflectors．5．3　　：Low−Temperature　CW　Operation5・3・1Epitaxi・l　G・。wth　and　F・b・icatキ・n　P・・cess　　　　　エno・der　t。　achi・v・the　cw・P・・ati。n’it　i・v・聖imp・rtant　f。・the　VCSEL。n　Si　t。　incrr・・e　th・・ptical　g・in　and　the　reflectivities。f「ef’ect。「s’because　the．▽CSEL　har　a　much　shO「te「cavity’engththan　that　of　the　cqnventional　edqe−emitting　laser　and　the　mirrOrloss　（1／1．ln（1／R））　is　very　high．　　The　higher　r6flectivity　Of　the　DBR・nSi　can　b・。bt・i・ed　by・rducing　the　ab・。・pti・n　l・sse・・f　th・n＋一G・A・1・yers　in　th・DBR1）．　Th・・ef・re，　the　c・nv・nti。nal　AlA串／G・A・DBRwas　replaced　with　the　AlAs／AlO．1GaO．gAs　DBR・　　Theoret二ically，　thereflectiv⊥ty　increa・e・by−B　f。・th・AIA・／AlO．1G・0．gA・DBR1）．エ・contrast，　the　increasing　optical　gain　is　expected　tO　be　realized　byuse　of　MQW　active　ユayers　structure　due　tO　the　improvement　Of　the．9・in　fl・＃t・ning（saturati。n）25−31）．　　　　　The　Optimization　of　MQW　acti▽e　layers　in　the　▽CSE：L，　especiallythe　number　of　quantum　wells　（Nw），　has　been　discussed　t．O　achieve「10wthre・h・！d。perati・n　f・。m　th・vi・wp。int・f　mat・h・d　gain　effect29’31）．The　threshold　qain　gth　Of　the　VCSEL　with　internal　loss　and　matched9・Lneffect　i・given　by29’31）　　　　　　　rrNwLwgth−1／21n［・／（RfRr）］＋Σw，　b（rrNiLi％i）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋（L一Σw，bNiLi）αC，．　（5・1）　　　　　　　　rr−1＋sin（2πσ）／（2πσ），σ一・／λΣw，b（NiLi＞，．　　　　　（5・2）where　Lw　and　Lb　are　the　we工l　thickness　and．barrier　thickness’respectively・　　The．Lb　of　5・5　nm　was　used　fOr　the　AlO．3GaO．7As　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−119一barrier　layer．　　R：ε　and　Rr　are　the　reflect土vities　Of　the　：ErOnt　（tOp）and　rear　（k｝ottom）　side　reflectOrs，　respectively．　　rr　is　the　gainmatc?ｉｎｇ　facto「・　αai　andαc　a「∈l　the　absO「pti。D　lOsses　in　the．　activρand　claddinq　laye：ピs，　respectively．　　AccOrding　to　eq．　（5．1），　a　larqeNw　in　the　cavity’堰Edesi・rb・・t。　increase　th・g・in・．H・w・ver’f・・meq・！5・2）’in・rder　t。　achie▽e　the　matched　gain（「r＞1）’the　t・talMΩW　thickness　must　be　thinner　than　the　λ，／2n　　（λ：wa▽elenqthダn：refractive　index），　which　requires　a　reductiOn　Of　Nw．　　FOr　example，the　Nw　shOuld　be　less　than　．↓4　土f　a　9−nm−thick　GaAs　quantum　well　isused　as　an　母ctive　layer．　　Final工y，　frOm　eq．　（5．1），　an　optimum　Nw　ismainly　determined　by．the　reflect⊥▽ities　Of　reflectOrs．　　　　　From　these　▽iewpoints，　an　AlGaAs／GaAs．VCSEL　on　Si　with　10　GaAsquantum　wells　and　a　23−pair　of　AIAs／AlO．1GaO．gAs　DBR　was　fabricated・Fiqure　5．7　shows　a　scheinatic　crOss−sectiOn　of　this　VCSEL　On　Si。　Thelaser・tructu・e　c・mpri・ed・2．1一μm一七hi・k　th・・m・ユーcy・le　anneai・d．n＋一G・A・buffer　l・yer，・23−P・i・・f．　n＋一AIA・／n＋一AlO．1G・0．gA・．（71・m／60nm）　quarter−wave　multilayer　DBR，　a　O・29一μm−thick：．n−A］一〇．7GaO。3Aslower　clad（iinq　layer，　a　51−nm−thick　undOped　AlO．3GaO．7As　lowercOnfininq　layer，　ten　undoped　9−nm−thick　GaAs　MΩW　　（Nw＝！0）、　activel・yers　separat・d　by　5・与一nm−thi・k　und・P・d　AlO．3GaO．7As　ba「「ie「laye：rs，　a　51−nm−thick　undoped．　A10．3GaO．7As　upPer　confining・layer’　aO・22一昌m−thick　p−Aユ0．7GaO．3As　upPer　cladding　layer’　and　a　34｝nm−thickp＋一GaAs　cOntact：．layer．　　After．　the　grOwth，　a　laser　device　wasfabricat二ed　as　fOllows：　A　O・1一μ艶一thick　SiO2　insulating　layer・wasd。p。。it。d。n　th。　p＋一G。A。　c。nt。とt・。yer　a・d　50μmφ・・ntact　wi・d・w・were　Opened　by　wet　chemical　etching　Of．　SiO2・　　Next’　50−nm−thick・i／6・一nm−thi・k　Au　were　e▽・p・rat・�It与・p＋一G・A…yer　as　th・p−sid・electrode　except　for　the　20　μmφ　at　the　center　Of　the　50　μmφ　cOntactwind。w．　A　70−nm−thick　semitran・parent　Au　wa・theb　evap・・at・d・n　th・p−side　surface．　A　50−nm−thick　AuSb／150−nm−thick　Au　was　used　for　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−120一Multi　quantum　welsAIO．3GaO．7As（51　nm）　　　　　＼GaAs（9　nm）GaA5、（9　nm）faAs（9　nm）faAs（9　nm）　　　　　ノAlo．3Gao．7As（51　nm）　　　　　　　　　　　　　　　　　　　Light　output@　　　　　　　　　　　　Au　繋，　　　　　　　　　　　　　　　　　　羅　　　書Q雛・訣券ｮ　，，　　　　　　　　　　　　　　　　　　　　　　tGaAsAlo．3Gao．7As（5．5�o）`lo．3Gaα7As（55�o）@，蛛@　蝋＿．、、＝：：：焔　　　．．i難i…iiiiii糞iiiiiiiiiii難ii@　　　　　（34nm）p−Alo．7Gaα3As　　　　（0．22μm）acdve　Iayern−Alo．7Gao，3As．禦2，聰≧．，．（23air）n−AIAs／ntAlα1Gao．gAs@　　　DBR（71nm／60　nm）：1ntGaAs　　　　　　（2．1μm）　　　　n一｝＝Si　subs1■ateD　　．，・く；献，．　　　　屈”＝’．き　　　　　　　　　　　　　　　　ト　　　　．Fiq．　　5．7．．with　23−pairWeliS　aCtiVeSchematic　cross−section　Of　the　VCSEL　On　Siof　AlAs／AlO．1、GaO．gAs　DBR　and　multi　quantumlayers．一121一n−side　electrode　on　the　n＋一Si　substrate．　　In　this　VCSE1」　on　Si，　thelight・utput　w・・measured　by　d・しecting　th・liqht・mi七t・d　th・・ugh　th・20　μmφ　semitransparent　Au．　　　　　・h・mea・ure．d　p♀・k　ref・ec≒ユviウ．・f　th・23−P・i…AIAs／Al　O．1GaO．gAs　DBR’on　Si　was　94　そ　at　840　nm・　Although　a　litt↓eincrease　Of　reflecti∀ity．was　observed　±n　cOmparison　wit二h　the　20−pa⊥rof　AlAs／GaAs　DBR　on　Si，　the　reflecti▽ity　Of　94　宅　still　remains　tO　bemuch　lower　than　the　calculated　vaユue　Of　99。4　老　probably　due　tO　thelarq・・iq・ag・・uqhness　and　th・intr・fac手al「Oughness　in　the　DBR　OnSi．　The　しOp　mirrOr　had　the　reflectivity　Of　93　〜き．　and　transparency　OfO．6　宅　for　the　semitζanSparent二．　Au．5・3・2■asinqρharacteri・ti・・　　　　　Fiqure　5．8　shows　an　L一工　characteristic　and　emissiOn　spectrum　Ofthis　VCSEL　under　cw　operatiOn　at二　：LOO．　K・　　The　▽alue　of　工th　was　73　mA’whi・h．・・rre・p・nd・d・・J・h・f　3・7　kA／・m2・・h・ηd　w・…8や・wh⊥・h　i・much　l。wer　than　that・f　the　edge−emitting　laser・。n　S手（f・r　exampl・’Fig．3．13）．　This　seem。　t。　h。v・beeb　caused　by　th・large　ab・・rpti・nin　the　semitransparent　Au　and　the　lateral　current　spreading　due　tOthe　absence　of　current　cOnfinement　strOct亡re　such　as　mesaet・hing20’32）and　i・n　implant・ti・n33’34）．　Th・FWHM・f　this　spectrumwas　39・5　nm　at　O・96×Ith　and　2・2　nm　at　l・2×Ith・　　The　re：Lati▽elybr・ad　FWHM・f．2．2　nm　m・y　b・dUe　t・th6　gene．rati．・n・f　multitran。v。。se・m。des　near　th。。i。g、。　fund。ment。・m。d。22）．D・h。　peakw・v・・ength・t・．2×主th　w・・844　nm，　Whi・h　w・・near　th・w・v・・eng七hachieving　the　peak　reflectivity　．of　the　DBR．　　Figure　5．9　shOws　theP・・ari・ati。n・f　thi・▽CSEL　f・r　tw。　perpendicu…．р堰Eect土・n・und6・cw。perati。n　at　100　K・　It　can　be　seen　th・t　th・・ptput　l土ght　w・・scarceユy　polarized　be．low　Ith　and　was　clearly　polar手zed　abO▽e　Ith・工t　has　been　repOrted　that　there．⊥s　no　：εundamental　pOlarizatiOn　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−122一　津きお≧8崔。20100　　CW：100　K　　Ith＝73　mA（Jth＝3．7　kA／cm2）ηd＝0・8．％曾邑．費旨2FWHM・39．5�o…×20曾δ．費宥8820λ＝844nm×1韮llFWHM＝2．2�o　　　　840Wavelength（nm）一レ860820　　　　　　840　　　　　　860　　　Wavelength（nm）0204060Current（mA）80100Fiq．　5．8．　工一工　characteristic　and　emission　spectrumsof　the　VCSEL　on　Si　ubder　cw　condit．in　at　100　K．一123一　≧δお津8ぢ9043210CW：100　KP〃P十02040．6080100120Current（mA）Fig．　5。9。　　POIarizatiOn　of　the　VCSEL　On　Si　fOr　twOperpendicular　directi・ns　under　cw　c・nρiti・n　at　100　K・一124一1・e・eb≒i。n　meChani・m　f・r　th・▽CSEL・。n　G・As　sub・trates　with　quantumwell　active　layers　irl　cOntrast　to　the　edge−emittinq　lasers　withquahtum　wells，　and　the　polarization　is　probably　due　tO　sOmeani・・t・。py　int・・duced　by　th・pr。cessinq35）．　Additi・nally，　it　hasbeen　also　reported　that　the　pola：rization　can　be　controlle．d　byint・・ducing・tress36’37），・h・・e　inf・uence・f。・th・p・・ari・ati。ncharacteristic　observed　in　the　▽CSE：L　on　Si　are　r〜ot　yet　understood．The　L一工　characteristics　operated　between　30　and　150　K　were　alsOsh・wn　in　Fig・5・10・・It　i・f・und　that　the　lth　increased　with　theincrease　Of　temperature．　Up　to　．150　K，　this　VCSEL　on　Si　could　beope「ated　under　cw　conditio孕・　The　value　of　工th　was　82　mA　　（Jth＝4・2kA／・m2）・t・5・K・．・h・・uccessfu・・w・perati・n　up…5・耳wasbelieved旨to　have　been　main！y　achieved　by　the　increased　gain　due　toincreased　Nw・The　chafacteristic・f　the　cw。perati・n　is　expecしed　t・be　m。re　impr・ved　by　the。ptimum　Nw　with　increasing　Rf　and　Rr　fr・盃eq．　（5．工）．　　　　　However，　this　VCSEL　on　Si　shOWed　rapid　degradat　iOn　under　cwcOndition　at　low−temperature　ζnd　pUlsed　conditiOn　at　room−temperature．　　The　VCSEL　deqraded　very　rapidユy　only　in　〜：L　min　undercw　condition　at　卑00　K．　　Figure　5．11　shows　．a　result　from　the　APC・ging　te・t・f　th・VCSEL。n　Si　under　r・。m−t・mp・f・ture　pul・edcOnditiOn　　（0．2　μs　pulses　at　5　kHz　repetitiOn　rate）　at　a　constantoutput　powe：r　of．2：LO　μW．　　The　inset　in　this　figure　shows　an　L−Icharacteristic　of　this　VCSEL・　　The　values・of　工th　and　ηd　were　104　mAand　1。8　〜き’　respectively・　　The　工th　of　104　mA　cOrresponds　to　the　Jth。f　5．3　kA／。m2．　As　sh。wn　i。　Fig．．T．・・，．Rhe　cur。6nt　inc。ea。edgradually　at　a　rate　of　〜30　mA／h　in　the　first　170　min　and　then　the▽CSEL　showed　a　rapid　increase　in　current　by　〜114　mA／h。　　Thまs　rapiddeqradation　under　pulsed　Oper孕t二ion　is　believed　to　ha▽e　been　caμsedby　rapid　D］」D　growth　due　to　high　inゴected　current　density，　which　has　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−125一　津δお≧＆ぢ。．201510　5　0CWT＝30K　　　　50K70K　100K　　　130K　　　　150K01020＄o405060Current（mA）708090　100Fig・5…．・H・haracterir・キr・・f　th≒Vq＄E寿．・n　Siunder　cw　conditiOn　between　30　and．150　K．一126一　＜8ご器彗Q40035030025020015010050　　0RT：PulsedAPC：210μW　≧δb≧oゆ言9つ。500400300200100　0RT：Pulsed　Ith＝104　mA（J、h＝3．3　kA／、m2）　　ηd＝1．8％050　　　　100Cu1Tent（mA）150　　　　0　　　　　　　50　　　．　　100　　　　　150　　　　　200　　　　　250　　　　　　　　　　　　　　　　　　　　　　　Time（min．）Fiq．　5．11．　Result　：Erom　the　APC　aging　test　of　theon　Si　under　pulsed　condition　at　rOOm−temperature．inset　shows　an　L−I　characteristic　of　this　VCSE］」．300VCSEL　The一127一been5．4shown　in　Figs．　2．10　and　2．11．Conclμsions．　　　　　The　room−t；emperature　pulsed　operation　of　the　AIGaAs／GaAs　VCSELon　Si　with　the　20−pair　of　AIAs／GaAs　DBR　and　a　SQw　active　layer　wasd・m・n・tr・t・d・Th・mea・ured　peak　ref・ec�n’v’キy・ξ・h・26−P・’・・f　th・AlAs／GaAs　DBR　was　93’〜き　at　860　nm．　ATEM　observation　showed　that　theAIAs／GaAs　DBR　is　nOt二effect二ive　in　bending　the　七hreading　dislOcatiOnsbecause　there．@is　less　mismatch　in　th。　lattice　c。nst。直t．f。r　th。AIAs．／GζAs　laye：rs・　The　Ith　and．Jth　of　this　VCSEL　were　79　mA　and　4・9kAン。m2，　re。pec七iv。、y．　Fu。therm。re，、。w．t。mperature　cw。perati。h　1。fthe　VCSEL。n　Si　with　t与e　23−pai「of　AlAs／A10．・Ga・．gAs　DBR　and　MQW（Nw＝10）　active　！ayers　was　a：LsO　demOnstrated　fOr　the　first　t土me．　　Upt。150K’the　VCSEL　cOuld　be　Ope「ated　unde「cw・・nditiO兵・一128一References　1）2）3）4）5）6）7）8）9）工0）11）12）13）14）15）D．．f．　Deppe，　N．　Chand，　J．　P」　van　der　Ziel　and．　G．、J．　．Zydzik’Appl．　Phys．　：Lett．，　56，　740　（1990）．K．　工qa，　工EICE　Trans．　Electron．，　E75−C，　10　（1992）．R．P．．　Bryan，　W．　S．　Fu　and　G．　R。　h　Olbright，　Appl．　Phys　b　Lett．，　62，1230　（1993）．工．且ayashi，　Jpn．　J．　Appl．　Phys．，　32，　266　（1993）．．工．　Hayashi，　Optoelect七〇n．　Devices　TechnOl．，　9，「468　（1994）．H。　Fathollahneゴad，．D．　L．　Mathine，　R．．DrOOpad，　G．　N．　Maracas　andS．D・・yanani，　Elect。。n．　L。tt∴30，・235（、994）．H．一J．　J．　Yeh　and　J．　S．　Smith，　Appl．　PhyS．　Lett．，　64，　1466（1994）．J．K．　Tu，　J．　J．　T・・gh・der，　M．　A．　H。d・。y　and　J．　S．．rmith，Electron．　1、ett．，　31，　1448　（1995）．S．　S．　：Lee，　L．　Y．　Lin，　K．　S．　J．　Pister’　M．　C．　Wu’　H。．C．　］」ee　andP．　Grodzinski，　工EEE　Photon．　Technol．　Lett．，　7，　1031　（1995）．．．．T．　Egawa，．Y．　Hasegawa’　T．　Jim上）o　and　M．　Umeno’．　M∂亡．　Re5．　50σ．3yη〜P．　Proc．，　326，　67　（：L　994）．T．　Egawa，　Y．　Hasegawa，　T．　JimbO　and　M．　Umeno，　IEEE　Photon．Technol．　Letlし．，　6，　681　（1994）．D．．　Cherns，　Dゼ’Loretto’　N．　Chand’　D．．　Bahnck　and　J．　M．　Gibson’Philos．　Magr．；．63，　1335　（1991）．．P．．．Barnes，　K．　Woodbridge，　C．・Robe：rts’　A．　A．　Stride，　A．　Rivers’M．Whitehead’　G．　Par：ry，　X．　Zhang，．　A．　S．一Be▽an，　」．　S．　Roberts　andC．　Button，　Optic．　Ωuantum　Electron．，・24，　S177　（］．992）．N．　Hayafuゴi，　S．　Ochi，．M．　Miyashita，　M．　Tsuga血i，　T．　Murotani　andA．Kawagishi，　J．　Cryst．：Growth，．93，494　（1988）．T．　Egawa，　T．　Jimbo　and　麗．　Umeno，．J．　Appl，．　Phys．，　77，　3836（1995）・．　　　　　　　　　　　　　　　　　　　　　　　　　　　一129一16）17）18）19）20＞21）22）23）24）25）26）27）28）29）30）J．一P．Weber，　K．　Malloy　and　S．　Wang，　工EEE　Photon．　Technol．　Lett。，2，　162　　（1990）●K．一K．　Law　and　D．　工．　Babic，　工EEE　PhotOn．　TechnOl．　Lett．，　5，　1294（1993）．A．Heinamaki　and　A．　Kapovits，　J．　Appl．　Phys．，　76，　5429　（1994）．E．　F．　Schubert’　L．　W．　士u’　R．『F．　KOpf’　G．　J．　Zydzik　and　D．　G．Deppe，　Appl．　Phys．　：Lett．，　57，　117　（1990）．R．S．　Geels，．@S．　W．　C・r・ine，　J．　W．　Sc・tt，．D．　B．　Y・ung　and　L．　A．C・ld・en’．・EEE　Ph・t・n・Tech・・L　L・ttり2’234（1990）・臨ご董二；∴錦�fndL●A●．�p　　∵●　�oY．　Kaneko，　T．　Tamanuki’　M．　KatOh’　H．　Maekawar　F．．　Koyama　and　K．Iga，　Jpn．　J．　Appl．　Phys．，　32，　L1612　（1993）．K．D．．　Ch。que…，R．　P．　S・hneider，　J・．，『j．、L　Lea士and　K・M・Ge土b，　ElectrOn．　Lett．，　30，　2043　（1994）．G．　M．　Yang，　M．　H．　MacDQugal　and　P．　D．　Dapkus，　Electron・　Lett・’31，　886　（：L995＞．P．　W．　A．　Mcllroy，　A．　Kurobe　and　Y．　Uematsu，　工EEE　J．　ΩuantumElectr・n．，ΩE−211．1958（1985）．Y．Arakawa　and　A．　Yariv，　工EEE　J．Ωuantum　ElectrOn．，・ΩE−22，　1887（1986）．A．　KurObe，　H．　Furuyama，　S．　NaritSuka，　N．　Sugiyama，　Y．　KOkubunand　M．　Nakamura，　IEEE　J．　Quantum　ElectrOn．，　Ω宜一24，　635　（1988）．S・P・Cheng，　F・．・B・i…uet　and・・．・・rrec’．・E曲」・ΩuantumEl。6t。。n．，ΩE−24，2433（・988）．S．　W．　Co：ビzine．，　R．　S．：Geels，　J‘　W．　Scott．，　R．一H．　Yan　and　：［、．　A．C。ld必en，・EEE　J．　Quantum　Elect。。n．，ΩE−25，1513（！989）．Y・．H・Wang’K・T・i’J・D・IWy・・’M・Hσng’R・J・Fische「’J・P・M。nnaert。　and　A．　Y．　Ch。，エEEE　Ph・t・n．　Techn・1．　L・tt．12，456（1990）．　　　　　　　　　　　　　　　　　　　　　　　　　　　一130一31）32）33）34）35）36）37）K．Uomi，　S．　J．　B．　YOo，　A。　Scherer，　R．　Bhat，　N．　C．　Andreadakis，C．　E．　Zah，　M。　A．　Koza　and　T．　P．　Lee，　IEEE　Photon．　TechnOl．工、ett．，　6，　317　（1994）．J．　L．　Jewell’　J．　P．　Ha．rbisOn’　A．　Schere：ご’　Y．　H．　Lee　and　I．．　T．Florez，　IEEE　J．　Ωuantum　Electron．，　ΩE−27，　1332　（1991）．G．　Hasnain，　K。　Tai，　］』．　Yang，　Y．　H．　Wang，　R．　J．　Fischer，　J．　D．Wypn，　B．　Weir，　N．．　K．　Dutta　and　A．　Y．　Cho，　IEEE　J．　ΩuantumElectron．，　ΩE−27，　1377　（1991）．R．　Michalzik　and　K．　J．　Ebeling，　IEEE　J．　Quantum　Electron．，　ΩE−29，　1963　（1993＞gC．　J．　C．一Hasnain，　J．　．P．　Harbison，　L．　T．　FlOrez　and　N．　G．Stoffel，　ElectrOn．　】コetし．，　27，　163　（1991）．T．　Mukaihara，　Fr　Koyama　and　K．　Iga，　ElectrOn．　Let：t。，　28，　555（1992）．T．　Mukaihara，　F．　Koyama　and　K．　Iga，　IEEE　PhOton．　Technol．　Lett．，5，　133　（1993）．一131一Chapセe：【　6．　Summa：【y　　　　　This　dissertation　has　described　the　studies　on　GaAs−basedlight−emittinq　devices　on　Si　substrates　for　future　OE工Cs．　At　first，the　observation　and　understandinq　o：ε　the　rapid　degradation　mechanism。f　th・A・G訟・／G・A・quanしum　w・1耳asers　q・・wn・n　Si　h・v・been　ca・・i・dOut．　　　Then，　the　increasing　lifetimes　Of　these　lasers　haYe　beenachieved．by　b・th　intr・duc止9エnGaA・intermediate　layers　andreplacing　the　c・nv・nti・nal『・As　activ・1・ye「s　with　the　lnGaAslayers．　　Finally，　the　novel　approadhes　for　imprO▽inq　characteristicsof　the　AlGaAs／GaAs　liqht−emitting　devices　on　Si　have　been　presented．The　demonstration　of　AlGaAs／GaAs　VCSELs　On　Si　for　OEICs　have　beenalso　described．　　　　　・n。h。pt。。1，　th。　backq。・und・nd　p・・p・sと・f　thi・・e・earch，　andthe　current　status　Of　heterOepitaxial　growth　of　GaAs／Si　and　deviceapPlications　were　presented・　　　　　The　results　obtained　in　this　research　are　summarized　asfOllOws：　　　　　工n　chapter　2，　the　influences　Of　DLDs　On　lasing　charact二eristicsand　th。　d。p。。d。。ce魔th・DLD　g・。wth　v…city・n　th・inゴect・dcu・rent　den・ity　f・r．an　A・G・A・／G・A・qu・ntum　w・ll　l・・e・Oh　Si　we「ed・・crib・d・Th・g・・erati・n・ξ〈100＞DLD・cau・ed　the　dec「ease。fηiand　the　sユow　increase、　of　driving　current．　　At　the　subsequent　rap⊥ddegradation　stage，　the　expansion　of　DLDs　caused　the　remarkableincrease　Of　αi　and　the　decrease　Of　β，　and　finally　resulte（斗　in　therapid　increase　of　drivinq　current．　　Additionaユly，　it　was　a工so　fOundthat　the　〈100＞　and　＜110＞　D：LDs　growth　velOcities　strOngly　depended　Onthe　inゴected　current　density・　　　　　In　chapter　3，　the　increased　lifetimes　of．AIGaAs／工nGaAs　SΩWlasers　on　Si　with　工nGaAs　ILs　were　presented．　　Furthermore，　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−132一differences　of　degradation　mechanism　between　AユGaAs／GaAs　andAlGaAs／InGaAs　lasers　on　Si　were　also　described．　　The　observatiOn　ofdeqree　of　polarization　indicated　that　the　AlGaAs／工nO．02GaO．98As．lase・。n　Si　with・nG・A忌・L　h・d・・t・ess一・eli・v・d　activ。．1。yer，　whil。the　AlGaAs／工nO．07GaO．93As　laser　on　Si　with　工nGaAs　I：L　had　acompressive−stress　induced　active　laye：r．　　The　』li：Cetime　of　theAIGaAs／InO．02GaO．98As　laser　increased　tO　〜85　min　under　cw　conditiOnat　room−temperature・　The　AIGaAs／工nO．07GaO．93As　laser　also　exhibitedthe　increased　lifetime　of　〜105　min．　　These　impr6vements．were　causedby　the　reduction　of　threading　dis工ocatiOns　by　use　of　the　工nGaAs　ILand　the　reducti・n。f＜100＞肌D　g・・wt耳vel・city　due　tb　th・dislocation　pinning　in，．　the　工nGaAs　active　layer．　　Furthermore，　adrastic　increased．　lifetime　of　〜24　h　was　realized　for　the　post−growthannealed　AIGaAs／InO．07GaO．．93As　laser’　which．resulte．d　from．thecompletely『sμppressed　＜100＞　DLD　growth　and　slow　＜110＞　D：LD　qrOwth．　　　　　In　chapter　4，　the　imprOved　characterisしics　o：ε　AlGaAs／GaAslight−emitting　devices　on　Si　with　small　active　reqions　weredescribed．　　The　AlGaAs／GaAs　quantuln　wire−like　laser　o口　Si　withvertically−stacked　quasi　GaAs　quantum　wires、　was　successfullyfabricated．　　工t　was　confirmed　that　the　GaAs　quantum．　wires　of．size（11−15　nm）×（83−127　nm）　were　grOwn　on　a　V−qroOved　GaAs／Si　substrate．Furthermore，　the　AIGaAs．／GaAs　quantum・wire−like　laser　on　S‡　with．a．P＋窒faA・currebt−bl。cking　layer　and　qua・i　G・A・quantum　wire・．・f・（20−21　nm）×（100−260　nm）　exhibited　extremely　low−threshold　current　Of9．8　mA　under　pulsed　condition　at二room−temperature．　　The　AIGaAs／GaAs：LED　On　Si　with　the　self−formed　GaAs　islands　active　reqion　was　alsOfabricated．　　The　GaAs　island　size　and　density　could　be　contrOlled　bythe　TMG　flow　rate．　At　the　TMG　flOw　rate　of　10　sccm　and　the　time　Of6　s，　for　example，　the　islands　showed　the　conical　shape　w⊥th　theheights　of　90−170　nm，　the　diameters　of　600−750　nm　and　the　density　of　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−133一1−2×107cm−2．　The　reliability・f　this　LED　was　much　superi・r　t・that　of　an　］」ED　on　Si　with．　a　conventiOnal　GaAs　quantum　we！l　activeregion，　which　resulted　from　the　reductiOn　Of　dislocatiOn　numbers・andthe　supPressed　DLD　gr・wth　due　t・the　reducti・n　in　the　si．・e・f　theactive　reqion．　　The　dislOcation　numbers　in　these　light−emittingdevices　on　Si　with　the　small　active　reqiOns　could　be．estimated　to　bereduced　to　〜1／100　0f　that　Of　the　devices　on　Si　with　the　quantum　wellacti▽e　re6i・ns．　　　　　In　chapter　5，　t二he　AIGaAs／GaAs　VCSE］コs　on　Si，　which　are　the　mOstpromising　devices　for　future　OE工Cs，　were　presented．　　The　rOOm一．temperature　pulsed　OperatiOn　was　realized　：εor　a　VCSEL　on　Si　wit二h　a20−pair　of　AIAs／GaAs　DBR　an（i　a　SΩW　active　layer・　The　Ith　and　Jth　Ofthi。　VCSEL　were　79’ｹand　4．9　kA／。m2，　re・pecti▽・ly．　Additi・nally，150　K　cw　ope：ration　was　achieved　for　a　VCSE：L　on　Si　with　a　23−pair　ofAIAs／AlO．1GaO．gAs　DBR　and　MΩW　（10　quantum　wells）　active　layers・　　　　　With　further．imp・。vements　in　c写y・tallinity・f　GaAs／Si　gr・wn　by．heteroepitaxy　and　device　struct二ures，　the　characteristics　such　asreliability　of　the　GaAs−based　light−emitting　devices　On　Si　will　beimprOved　significantly．　　Consequently，　the　monOlith：Lc．inteqration　OfGaAs−based　Optical　I／O　de▽ices　with　Si−based　ULSI　chips　will　berealized　in　the　near　future．　　The　results　in　this　study　arehopefully　expected　to　give　a　helpful　guidance　fOr　the　realization　Ofpractical　GaAs−based　liqht−emittinq　de魂ces。n　Si　f・r　future　OEエCs．一134一

