Chapter 4. AlGaAs/GaAs Light-Emitting Devices on Si Substrates with

Small Active Regions

4.1 Introduction

As described in chapters 2 and 3, it has been demonstrated that
DLDs originating from the threading dislocations grew very rapidly
with increasing injected current density for the GaAs-based lasers

l). It is believed that the failure of the lasers on Si is

on Si
caused by the rapid DLD growth. Although many previous efforts have
been mainly focused on the reduction of the dislocation density, it
has not been realized that the dislocation density is reduced to a
level at least below ~10% cm™? observed in the GaAs layer on a GaAs
substrate.

If the sizes of active regions are drastically reduced, the
number of dislocations in the active regions can be reduced?) .
Therefore, the reliability can be expected to be improved for the
GaAs-based LEDs and lasers on Si with the small active regions.

Recently, Kapon and co-workers3~9) have demonstrated the
AlGaAs/GaAs lasers with GaAs quantum wire-like active regions by use
of the regrowth technique of MOCVD on nonplanar GaAs substrates.
The two—dimensional’quantum confinement of injected carriers has
also been observedbfrom the optical properties of the quantum wire-
like lasers®~19) Furthermore, the high-quality self-formed
nanometer-scale GaAs and InGaAs quantum dot-like islands have been
currently realized on GaAs substrates using the several growth
techniques such as droplet—epitaxyl6'l7), Stranski-Krastanow (SK)

18-26) ang self-organizing growth mode on GaAs (311)B

growth mode
substrates?/~31) The lasers with these islands in the active
regions have been also fabricated32734)



In this chapter, the successful fabrications of vertically-
stacked Quasi GaAs gquantum wires grown on a V-grooved GaAs/Si
substrate35) and self-formed GaAs islands grown by droplet-epitaxy
on a GaAs/Si substrate3®) are described. These shapes and sizes
were observed using a high-resolution SEM (HITACHI S-5000) and an
AFM (SPI 3700/SPA-300). These GaAs structures were also applied to
the active regions of an AlGaAs/GaAs laser and an LED on Si. This
chapter is organized as follows: In section 4.2, fabrication of an
AlGaAs/GaAs quantum wire-like laser on a V-grooved GaAs/Si substrate
is described. Fabrication of an AlGaAs/GaAs LED on Si with self-
formed GaAs islands active region is presented in section 4.3. This

chapter is concluded in section 4.4.

4.2 AlGaAs/GaAs Quantum Wire-Like Lasers on V-Grooved GaAs/Si

Substrates

4,2.1 Vertically-Stacked Quasi GaAs Quantum Wires

Figure 4.1 shows the flowchart of the fabrication process for
an AlGaAs/GaAs quantum wire-like laser on a V-grooved GaAs/Si
substrate. In the first growth, an initial 10-nm-thick undoped GaAs
nucleation layer and a 2.5-um-thick nT-GaAs buffer layer were grown
on an nt-Si substrate [Fig. 4.1(a)]. During growth of the nt-GaAs
layer, thermal cycle annealing was performed five times by varying
the substrate température between 350 and 850 °C in an AsHjy
atmosphere. Next, V-shaped grooves with depth of ~1.2 pm and width
of ~2.7 um were formed with a 300 pum pitch along the [011] direction
on a (100)‘GaAs/Si substrate using photolithography and wet chemical
etching techniquesv[Fig. 4.1(b)]. As a reference, a GaAs/Si
substrate with U-shaped grooves with depth of ~0.7 um, top-width of

~2.7 um and bottom-width of ~1.0 um was also prepared. The chemical
_80_
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etching in a solution Qf HySO4 : HpOp : HpO (1 : 8 : 40 by volume)
forms the V and U-grooves with (111)a side-walls3’). The V-grooved
substrate was then etched in a solution of HpSO4 : Hp0p : HpO (4 : 1

1 by volume) in o;der.to create the round corner at the bottom of
the V-groove. After the photoresist mask was removed, the
substrates were stored in methyl alcohol. The grooved substrates
were then cleaned in HCl and loaded into the reactor for the second
growth. For the second growth, the AlGaAs/GaAs laser structure was
grown on both V- and U-grooved GaAs/Si;substrateS—knz MOCVD. The
structure consisted of a 10-nm-thick nT-GaAs buffer layer, five
periods of a 10-nm-thick nt-GaAs/10-nm-thick n+—Alo.3Gao.7As buffer
superlattice, a 0.51-pum-thick n-Alg 7Gag 3As lower cladding layer, a
60-nm-thick undoped Algy 3Gapg 7As lower confining layer, three 3-nm-
thick undoped GaAs quantum wells separated by 5.5-nm-thick undoped
Aly. 3Gag, 7As Dbarrier layers, a 60—nm—thick undoped Aly 3Gag 7AsS
upper confining layer, a Oﬁ51—um—thick p-Alg 9Gap 3As upper cladding
layer and a O.l—um—thick_p+fGaAs contéct layer [Figs. 4.1(c) and
4.1(d)]. Thickness of each layer was determined from GaAs and
AlGaAs growth rates on a planar substrate.\ After the growth, the
samples were cleaved perpendicular to the direction of the groovesr
for the high-resolution SEM observation.

Figure 4.2 shows a cross-sectional SEM micrograph of the
overall AlGaAs/GaAs gquantum wire-like laser grown on a V-grooved
GaAs/Si substrate. The active layérs,of this laser are sharply
defined along the V-groove Wiﬁh (lll)A’side—walls. Near the center
of the V-groove, a (100) bottom surface is bounded between the two
(111)A side-walls. ©No cracks were observed at the center of the V-
grooves. This result indicates that relaxation of the large
residual thermal stress in the GaAs/Si did not occur after forming

the V-grooves or during cooling from the growth temperature (750 °C)



Fig. 4.2. Cross-sectional SEM micrograph of the overall
AlGaAs/GaAs quantum wire-like laser on a V-grooved

GaAs/S1i substrate.
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to room-temperature in the second growth. Figures 4.3(a) and 4.3 (b)
show a cross-sectional magnified SEM miérograph and a . schematic
diagram of the vertically-stacked quasi GaAs quantum wires near the
center of the V-groove in Fig. 4.2, respectively. As shown in Fig.
4.3(a), the crescent-shaped quasi GaAs quantum wires of size (11-15
nm thick at its center) X (83-127 nm wide) are successfully grown on
the V-grooved GaAs/Si substrate. They are realized by Ga atom
accumulatioh from (111)A side-walls to the (100) bottom surface of
the V—grooVelO); However, nonuniformity.among‘éaCh guantum wire can
also be seen. In going from the first (bottom) to the third (top)
quantum wire, the lateral width of each quantum wire is increased
and the vertical thicknéss is~decrea$ed. The reason may be that the
5.5-nm-thick Algy 3Gagp 7As barrier layers are too thin to recover the
larger curvature of the center of the subsequently grown gquantum
wireslo'13'15). Another significant result is that each quantum
wire seems to be independent of the quantum well groWn on the (111)A
side-walls, which resﬁlts in the ‘formation of quantum wires of a
small size. This indicates that thié Qﬁantum wire-like laser has a
much attractive advantage of low dislocation number arising from the
reduction in the size of the active region. For example, assuming
that the dislocation density 1is 1x107 cm_z,the dislocation number
of this quantum wire-like laser with 300-um-long cavity is estimated
to be ~3, while that of the conventional gquantum well laser on Si
with 10-um-wide stripe contact window and 300-um-long cavity (shown
in Fig. 2.1) are ~300. This reduction of dislocations contributes
to the suppression of rapid degradation for GaAs-based lasers on Si.

Additionally, the growth of quantum wells on a U-grooved
GaAs/Si substrate have been also studied. The overall AlGaAs/GaAs
laser structure grown on the U-grooved substrate is shown in Fig.

4.4 (a). The active layers of this laser do not seem to be sharply
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SEM micrograph and (b) schematic diagram.
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Fig. 4.4. Cross-sectional SEM micrographs: (a) overall
AlGaAs/GaAs patterned gquantum well laser on a U-grooved

GaAs/Si substrate and (b) vertically-stacked GaAs patterned
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formed along the U-groove which has a (100) bottom surface and
(111)A side-walls. Figure 4.4 (b) shows the vertically-stacked GaAs
patterned quantum wells near the center of the U-groove in Fig.
4.4(a). The crescent-shaped GaAs quantum wires seen in Fig. 4.3(a)
are not formed on the U-grooved substrate because another new facet -
in addition to the (111)A appears near the center of the U-groove.
This new facet is thought to be (311)A by the measurement of the
angle from the SEM micrograph of Fig. 4.4 (b). This results in the
formation of GaAs patterned/quantum wells on the U-grooved substrate
and indicates that the sharp V-groove with (111)A side-walls plays

an important role in the successful formation of GaAs quantum wires.

4.2.2 Lasing Characteristics

The extremely low-threshold characteristics of an AlGaAs/GaAs
laser with the vertically-stacked quasi GaAs quantum wires of size
(20-21 nm) X (100-260 nm) grown on a V-grooved GaAs/Si substrate were
also demonstrated38-40) This quantum wire-like laser has been
fabricated by the growth of three 9-nm-thick GaAs quantum wells and
a p+—GaAs currént—blocking layer. Laser devices were fabricated as
follows: A 0.l-um-thick Si0, insulating layer was deposited on the
p+—GaAs contact layer and 2-Uum-wide stripe contact windows were
opened just on the grooves by wet chemical etching of Si0y in order
to confine the injected current. Ti/Au was then evaporated on the
pt-Gaas layer as the p-contact. After thinning the n'-Si substrate
to a thickness of ~100 um, AuSb/Au was evaporated on the §i
substrate to form the n-contact. In order to reduce the series
resistance, the contacts were annealed in a N, atmosphere at 380 °C.
The samples were then cleaved into chips and mounted on In soldered
Cu heatsinks in the p-side-up configuration. This quantum wire-like

laser was tested at room-temperature under pulsed (0.2 Us pulses at



5 kHz repetition rate) and cw conditions.

Figures 4.5(a) and 4.5(b) show a cross-sectional SEM micrograph
of the overall AlGaAs/GaAs quantum wire-like laser on Si with the
p+—GaAs current-blocking layer and a schematic diagram of the
injected current distribution, respectively. As shown 1in Fig.
4.5(a), a 1.6-pm-thick n'-GaAs and a 1.0-pum-thick p*-GaAs (Zn-doped,
1x1019 cm™3) layers were grown on a Si as a GaAs buffer layer.
Figure 4.5(b) shows that the p+—GaAs layer acts as an internal
current-blocking layer and prevents the current leakége path outside
the V-groove. This internal current blocking is provided by the p-
n-p-n junction structure outside the V-groove. However, the process
of Si0, opening just on the V—groovermust be carefully carried out,
because the Si0O, on both edges of the groove are easily removed and
the light can be emitted at these edges due to the current leakage
path.

Figure 4.6 shows the I-V characteristics of this quantum wire-
like laser outside the V-groove with a pT-GaAs current-blocking
layer and inside the V-groove without the layer.. The turn-on
voltage was 1.2 V without the current-blocking layer. On the other
hand, no current fiow was observed with the layer up to 5 V. This
result indicates that the p+—GaAs layer is useful enough to confine
the injected current into the quantum wires near the center of the
V-groove.

Figure 4.7 shows the L-I characteristic and the emission
spectrum of this quantum wire-like laser under pulsed condition at
room-temperature. A pulsed Iiy as low as 9.8 mA was obtained for
the 123-um-long laser. The value of Mg was 21 %. The peak emission
wavelength was 858 nm at 2.0XTIyp. In addition, the laser beam was
mainly polarized parallel to the (100) substrate plane (TE-like

mode) . In order to compare the lasing characteristics, a
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Fig. 4.6. 1I-V chracteristics of the quantum wire-like laser
on Si outside the V-groove with p*—GaAs current-blocking

layer and inside the V-groove without the layer.
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conventional AlGaAs/GaAs quantum well laser grown on a planar
GaAs/Si substrate with three 9-nm-thick GaAs quantum wells and a 2-
um-wide stripe contact window was prepared. Under cw operation, the
distribution of Ithvagainst cavity length for the quantum wire-like
lasers and the conventional quantum well lasers on Si were measured.
The minimum Iy was 24-64 mA for the quantum well laser cavities of
length 100-380 pum. For the quantum wire-like lasers, Iy was as low
as 16-20 mA for cavities of length 150-380 um. In/particular, to
date, a pulsed Iip of 9.8 mA and a cw Iyp of 16 mA for the qguantum
wire-like lasers are the lowest wvalues so far reported for
conventional quantum well lasers on 5141-47) The improvement in

I+, is thought to have been achieved by employing quantum wire

structures with a reduction in the size of the active region.

4.3 AlGaAs/GaAs LEDs on Si with Self-Formed GaAs Islands Active

Regions

4.3.1 Self-Formed GaAs Islands on GaAs/Si Substrates

| A 2.5-um-thick thermal-cycle annealed nT-GaAs buffer layer was
grown on an n'-Si substrate by the two-step growth technique. The
growth temperature was 750 °C except for the initial 10-nm-thick
undoped GaAs nucleation layer which was grown on Si at 400 °C. In
the preliminary experiment, the GaAs islands were grown on the nt-
GaAs/Si substrate at 700 °C using droplet—epitaxyl7) by the supply
of TMG and successive ASH3 supply. At the same time, the GaAs
islands were also grown side-by-side on an n*—GaAs (100) substrate
as a reference. Figure 4.8 shows the typical supply sequence of TMG
and AsHzy for droplet-epitaxy. The details about growth sequence of
this droplet-epitaxy is as follows: After the substrate temperature
reached the growth temperature at 700 °C, the AsH; flow was stopped.
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5 s later, the TMG was supplied for 6 s. Ga droplets were formed at

this stage. The AsH3 was supplied again with 5 s interval after
stopping the TMG supply. At this stage, the Ga droplets were
transformed to GaAs islands. This growth mechanism is believed to

be similar to the vapor-liquid-solid (VLS) equilibrium phase growth
mode148-50) Using an AFM, the self-formed GaAs islands on the
GaAs/Si substrate were observed as shown in Fig. 4.9. In this
experiment, the TMG flow rate and time were 10 sccm and 6 s,
respectively. This growth condition corresponds to a 5-nm-thick
GaAs layer by the simultaneous supply of TMG and AsHj. It can be
seen that the GaAs islands on  the GalAs/Si are randomly formed as
well as the islands on the GaAs substrate in spite of the surface
roughness (~20 nm) of the GaAs layer on si°1) | ’The islands
exhibited the conical éhape with the heights of 90-170 nm, the
effective diameters of 600-750 nm and the density of 1-2X107 cm 2.
It was also observed that the islands aligned on the cracks of
GaAs/Si. This self-alignment of the islands seems to be caused by
the Ga droplet accumulation on the bottom of the cracks. In
addition, the size and density of self-formed GaAs islands could be
controlled by the growth condition such as the TMG flow rate.
Figures 4.10(a) and 4.10(b) show the dependence of island size and
density on the TMG flow rate. The TMG flow time was kept constant
at 6 s. As shown in Fig. 4.10(a), the island height decreases with
the increase of the TMG flow rate, while the diameter increases with
increasing the TMG flow rate. Figure 4.10(b) shows that the island
density can be controlled between 106 and 107 cm™2 by varying the
TMG flow rate, which results from increasing density of the Ga dimer

of critical nucleus with the increase of TMG flow rate.

4,3,2 L-I Characteristics
_94_
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Fig. 4.9. AFM image of the self-formed GaAs islands on
GaAs/Si substrate. The TMG flow rate and time were 10 sccm

and 6 s, respectively.
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Figures 4.1l1l(a) and 4.11(b) show cross—sectional SEM
micrographs of the overall LED on Si and the magnified GaAs islands
active region, respectively. The LED structure comprised a 2.5-um-
thick thermal-cycle annealed nt-GaAs buffer layer, a 0.74-um-thick
n-Alg 7Gag 3As lower cladding layer, a 70-nm-thick undoped
Alg 3Gag 7As lower confining layer; undoped GaAs 1islands active
region formed by droplet-epitaxy, a 70-nm-thick undoped Algy 3Gag 7As
upper confining layer and a 0.74-pum-thick p-Aly 4Gagy 3As upper
cladding layer. An 80-nm-thick pt-Gaas contact. layer was finally
grown. After the growth, surface-emitting LED was fabricated from
this wafer by depositing Ti/Au contact ring as the p-side electrode.
AuSb/Au were evaporated on the nT-Si substrate as the n-side
electrode. During the droplet-epitaxy in the LED growth, the TMG
flow rate and time were 10 sccm and 6 s, respectively. This growth
condition is the same as that shown in Fig. 4.9. As shown in Fig.
4.11(a), it is found that two bright areas in Al 3Gay JAs/GaAs
region are GaAs islands. The island is connected to some extent
with a very thin GaAs layer at.the interface of the Aly 3Gag 9As
layers. However, it can not be seen that the islands are connected
each other.

Figure 4.12 shows a typical L-I characteristic of this LED
under dc condition at room-temperature. The insets 1in Fig. 4.12
show a top-viewed electroluminescence (EL) topogréph and an emission
spectrum of this LED. It is found that the light i1s emitted from
each GaAs island. This LED was operated up to 27 uWw at 190 mA, and
the light output power increased linearly with increasing current up
to 21 UW at 130 mA. At higher current, however, it was saturated
because of thermal heating. This tendency was confirmed by the fact
that the output power increased linearly up to higher current

without saturation under pulsed (0.2 Us pulses at 5 kHz repetition
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Fig. 4.11. Cross-sectional SEM micrographs: (a) overall
AlGaAs/GaAs LED on Si with self-formed GaAs islands active

region and (b) magnified GaAs island active region.
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rate) operation. The peak emission wavelength at 80 mA was 868 nm
and the full width at half maximum (FWHM) was 49 nm. An AlGaAs/GaAs
LED on Si with a 9-nm-thick GaAs quantum well active region was also
prepared as a reference. The structure of this LED was the same as
that of an LED with the islands active region except for the active
region structure. The output power of the LED with the islands
active region decreased by ~1/10 of that of the LED with a quantum
well active region due to the reduction in the size of the active
region. From this result, however, it can be estimated that the
output power density in the active region of the LED with the
islands 1is about twice as high as that of the LED with a guantum
well at the same injected current. This indicates that thé high—
quality GaAs islands could be successfully formed on Si. In
addition, considering the island size and density, the dislocation
number of the LED with the islands active region is estimated to be
reduced to ~1/100 of that of the LED with a quantum well active
region.

In order to investigate the reliability of the LED on Si with
GaAs islands active regioh, the automatic current control (ACC)
aging test was carried out under room-temperature dc condition at a
constant current of 60 mA (0.5 kA/cmz). This test was also carried
out for an LED on Si with a quantum well active region. Figure 4.13
shows a typical degradation data under ACC aging tests of these
LEDs. As shown in Fig. 4.13, the LED with a quantum well showed a
rapid degradation in which the output power decreased rapidly to a
half of the initial wvalue only in a few minutes. In contrast, the
output power of LED with the islands decreased very slowly and
reached to a half of the initial wvalue after ~14 hours in spite of
the higher output power density in the active region. In

particular, it should be noted that the decrease in the output power
—-100—
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of the LED with the islands is much more suppressed than that of the
LED with a quantum well at the initial degradation stage within few
minutes.

In order to study in detail the differences of degradation in
these LEDs, EL observations were carried out on 10-Uum-wide stripe
contact laser structures fabricated from the same each LED wafer.
The fabrication of these laser structures has been described 1in
section 2.2. Figure 4.14 shows top-viewed EL topographs of
progressive degradation stages of a laser structure with the islands
active region at 20 °C. The injected current density during this
observation was 0.5 kA/cmZ. For a laser structure with a quantum
v'vell, the EL topographs have been shown in Fig. 2.9. In the laser
structure with a quantum well, a few <100> DLDs originating from the
threading dislocations were generated and rapidly extended toward
the center of the stripez) . On the other hand, it was observed that
the DLDs growth was suppressed and only two bright spots  (arrows
shown in Fig. 4.14(a)) emitted from the islands vanished after 30
min in the laser structure with the islands [Fig. 4.14(b)]. At the
subsequent degradation stage after 60 min, the degradation seems not
to progress so fast because no change was observed on the EL
topograph [Fig. 4.14(c)]. In the more progressive degradation
stage, 1t was observed that almost bright spots gradually darkened.
Figure 4.14 probably indicates that most of the islands (except
these islands marked by arrows as shown in Fig. 4.14(a)) could avoid
the threading dislpcations and nonradiative recombination at the
disiocations was drastically reduced by thé confinement of the
injected carriers in the islands. This resulted in improving the
initial degradation as shown in Fig. 4.13. The subsequent slow
degradation as shown in Fig. 4.13 is thought to be caused by the

darkened islands probably due to gradual condensation of point

-102—-
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defects in the islands. After all, this improved reliability is
believed to have been caused by low dislocation numbers and
suppressed <100> DLD growth in the active region due to reduction in

the size of the active region.
4.4 Conclusions

The successful fabricétion of an AlGaAs/GaAs quantum wire-like
laser on Si with wvertically-stacked quasi GaAs gquantum wires was
described. 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 e#tremely low~threshold current (9.8 mA)
AlGaAs/GaAs quantum wire-like laser on Si, which has the vertically-
stacked quantum wires of size (20-21 nm) X (100-260 nm), was also
demonstrated.

The fabrication of an AlGaAs/GaAs LED on Si with self-formed
GalAs islands active region was also presented. The GaAs island size
and density could be controlled by the TMG flow rate. At the TMG
flow rate of 10 sccm and time of 6 s, the islands showed the conical
shape with the heights of 90-170 nm, the diameters of 600-750 nm and
the density of 1-2X107 em™2. This LED could be operated under dc
condition at room-temperature. The reliability of this LED was much
superior to that of an LED with a quantum well active region because
of low dislocation numbers and suppressed DLD growth due to

reduction of the active region by use of the small GaAs island

structure.
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Chap七e：r　4．　ゑユGaAs／GaAsS瀟aユ1Actネve　RegionsLight一玉�qitting　Devices　on　Si　Subst：rates　with4．1　　1ntroduction　　　　　As　described　in　chapters　2　and　3，．　it　has　been　demOnstrated　thatDLDs　originatinq　from　the　threadinq　dislocations　qrew　very　rapidlywith　increasing　inゴected　current　density　for　the　GaAs−based　lasers。n　Si1）．エt　is　belie▽ed　that　the　failure。f　the　lasers。n　Si　iscaused　by　�nhe　rapid　DLD　qrowth．　Althouqh　many　pre▽ious　effOrts　havebeen　mainly　focused　on　the　reduction　of　the．　dislocation　density，　ithas　not　been　realized　that　the　dislocation　density　is　reduced　to　al・▽・1・tlea・tb・1。w−104・m−2・b・e・v・dinth・G・A。1。y。。。naG。A。substrate．　　　　　If　the　sizes　of　acti▽e　regions　are　drastically　reduced，　thenumber・f　di…cati。n。　i。ピhe　active　regi。n。　can　be　reduced2）．TherefOre，　the　reliability　can　be　expected　tO　be　imprOved　for　theGaAs−based　LEDs　and　lasers　On　Si　with　the　small　acti▽e　reg⊥ons．　　　　　Recently，　KapOn　and　cO−workers3−5）　ha▽e　demonstrated　theAlGaAs／GaAs　lasers　with　GaAs　quantum　wire−like　active　reqiOns　by　useof　the　reglrowth　technique　Of　MOCVD　on　nonplanar　GaAs　substrates．The　tw。rdimensirn・1．quant・m・・nfin・ment。f　inゴect・d　carr⊥・・s　h・・・1・・been。b・ervgd』?・・m　th・．。ptical　p・。perti・・。f　th。　quantum　wi。e−lik・1・・ers6−15）．　Furtherm・re，　th・high一’曹普Blity　self−f。。m。dpanometer−scale　GaAs　and　InGaAs　quantum　dOt−like　islands　have　上）eencurrently　realized　on　GaAs　substrates　usinq　the　se▽eral　grOwthtechniques　such　as　dr・plet−epitaxy16’！7），　Stran。ki−Kエastan。w（SK）q・・wth　m・d・18−26）and・elf一・rgani。ing　q。。wゆm。d。。n　G。A。（31ユ）Bsubstrates27−31）．　　The　．lasers　with　these　islands　in　the　acti▽eregions　have　been　also　：εabricated32−34）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一79一　　　　　工n．thiS　chapter，　the　succes3ful　fabrications．　Of　vertically−3tack。d　qua。i　G。A6　quant・m　wire・g・・wn・。n　a　V−q・。・ved　G・A・／Si・ub・trat・35）and・e・f−f・rm・d　G・A・i・・and・g・・wnやy　d・・P・・t−epitaxyon．@a　GaAs／Si　substrate36）　are　described．　　These　shapes　and　sizeswere。b・erv・d　u・ing・hキqh一res。luti。n　SEM（HITACHエS−5000）and．　anAFM　（SP工　3700／SPA−300）．　　These　GaAs　structures　were　also　appl土ed　tOthe　active　regions　Of　an　AlGaAs／GaAs　laser　and　an　LED　On　Si．．Thischapter　is　Organized　as　follows：・　In　sectiOn　4．2，　fabrication　Of．anAlG。A。／G。A。　quantum　wire−lik・laser．Bn　a　V−9・。・ved　G・A・／Si・ub・t・at・is　described．　　甘abricatiOn　of　an　A工GaAs／GaAs　：LED　On　Si　with　self−formed．GaAS　islands　a（ゴtive　region　is　presented　in　sectiOn　4．3．　Thischapter　is　concluded　in　sectiOn　4．4。4．2　　AlGaAs／GaAs　Ωuantum　四ire−Like　I．asers　On　V−GrOOved　GaAs／SiSubstrates　　．　　　　、4．2i．1　　Vertically−StackedΩuasi　GaAs　Ωuantum　W⊥res　　　　　Figu：ごe　．4．1　shOws　the　：ElOwchart　Of　the　fabrication　prOdess旨foran　AIGaAs／GaAs　quantum　wire−like　laser　on　a　V−grOoved　GaAs／Sisubstrate．　　In　the　first　qrOwth，　an　initial　10−nln−thick　undOped　GaAsnucleati。n　layer　and　a　2．5一μm−thick．n＋一GaAs　buffe・layer　were　gr・w血．。n　an　n＋一Si。ub。t。6t。［Fiq．4．．1（。）］．・During　9・・wth・f　the　n＋一G・A・layer，　thermal　cycle　annealinq　was　performed　：εive　、times　by　varyingthe　substrate　temp』erature　between　350　and　850　0C　in　an　AsH3atmosphere．　　Next，．V−shaped　qrOO▽es　with　depth　Of　〜1．2　μm　and　w⊥dthof　〜2．7　μm　Were　formed　with　a　300　μm　pitch　alOng　the　［011］　direction「On　a　（100）　GaAs／Si　substrate　using　phOtOlithOgraphy　and　wet二　chemic昌1・tching　technique・．［hg．4・1（b）］・A・a・eference’・G・A・／Sisubstrate　wit算　U−shaped　groOves　with　depth　Of　〜0．7　μm，　top−width　Of−2．7μmand　b。tt・m−width。f一・．0μm　w・・a…P・epar自d・．・he　ch・mica・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一80一　　　　n＋一GaAs』咽（一・一　　　　buffer　layer　　　n＋一Si←　　　substrate（111）A／＼（100）GaAs　quantum　wire　GaAs　quantum　we11／　　　　n−Alo．7Gao．3As〈唖＿ノ／cladding　layer’←_n−GaAs／　　　　Ah3Gao．7As　　　　buffer　layer、P＋一GaAsCOntaCt　layer　　　嘉…………………磁…………1）一Alo．7Gao．3Ascladding　layer　　　盤………………、……………F．奄早D　4．1．　　Flowchart　of　the　fabrication　process　for　anAIGaAs／GaAs　quantum　wire−1．ike　laser　On　a　V続groO▽edGaAs／Si　忌ubstrate．一81一・t・hing　ib・…u・i・ngfH2Sg4・H2・2・H2・（・・8・4gbyv…m・）f。rms　th。　V。nd　U−qr。。ve。　with（i11）A・ide−w・ll・37）．　Th・V−9…▽・d．substrate　was　then　etched　in　a　solution　Of．H2SO4　：　H202　：H20　（4　：　1・1by　v・lum・》in。ギd・r・t・cギeat・the　r。und・。rner　at　th・b・ttOm　Ofthe　V−groo▽e．　　After　the　photoresist　mask　was　removed，　thesubstrates　were　stored　in　methyl　alcohOl．　　The　groo▽ed　substrateswere　then　cleaned　in．HCI　and　loaded　intO．the　reactor　fOr　the　secOnd9。。wth．　F・r　th・・ec・nd　q・。wtぬ，　th・AIG・A・／G・A・1・・er・tructure　w・・9。。wn。n　b。th　V−andσ二9・。。v・d　G・A・／Si∫3ub・t・at・・．by　MOC�S．　Th・串t・ucture　c。n・i・t・d。f．　a　10¶m−thi・k．・＋一G・A・buffer　l・yer，　fiv・peri・d・・f・10−nm−thi・k　n＋一G・A・／10−n血一thi・k　n＋一AlO．3G・0．7A・buffersuperlattice，　a　O・51一μm−thick　n−AlO．7GaO．3As　lOwer　cladding　layer’　a60−nm−thi・k　und。P・d　AlO．3G・0．7A・1・wer　c。nfini叩laye「・．th「ee　3¶m−thick　und。ped　G・A・quantum　w・il・．separat6d　by　5・5−nm−thi・k　und・p・dA・。．3G・。．7A・barrier・・yer・，・6・一nm−thi・k　und・p・d　A・。．3G・。．7A・upPer　c・nfining　l・yer’・0・．51一μmrth手rや7Al・．7Ga・．3As　upPe「cladding・・yer　and・…一μm−thi・k．ρ＋IG・A6¢φ蜘、↓・yer［・iq・・4・・（・）and4．1（d）］．　　Thickness　of　each　layer　was　determined　：Erom　GaAs　andAlGaAs　growth　rates　on　a　planar　substrate．　　After　the　growth，　the・ampl・・were　cleav・d　perpendicul・・tO　thr　di「ectiOn　Of　the　gギ○○▽esf・・th・h’gh−re・・’uti・nDrEゆ・erY・t土・n・．　　　　　Figu「e　4・2　shows　a　c「oss7sertional．『EM　mic「。9「aph　Of　the。verall　AIGaAs／G・A・quantum．wire−like　rD1・由・qr。wn・n　a　V−9…v・dG・A・／Si・ub・trat…与・．4ρ�k⊥Y6．｝・y6r・9帥’・’・・er　are・h・・p’yd。fined。1。ng　th・V−q・。。ve　with（111）A〆side−wall・．　Nea・the　cent・・Of　the　V−groove，　a　（100）　bOttom　surface　is　bounded　between　the　twO（：L：L1）A　side−walls．　No　cracks　were　obser▽ed　at　the　center　of　the　v−9ギ・・ve・・．　Thi・re・ult　indicat6・th・t　relaxati・n・f　the！a「geresidual　thermal　stress　in　the　GaAs／Si　did　nOt　Occur　after　formirlgthe　V−grrOoves　or　during　coOling　frOm　the．　grOwth　temperature　（750　0　C）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一82一Fig．　4．2．　Cross−sectional　SEM　micrograph　of　the　overallAIGaAs／GaAs　quantum　wire−like　laser　on　a　V−groovedGaAS／Si　Substrate．一83一t・r・・m−t・mperature類th・・ec・nd　g・・wth・Fiqur6・4・3（・）and　4・3（b）show　a　cross−sectional　magnified　SEM　mi6rOqraph　and　a、schematicdiagram　Of　the　▽ertically−stacked　quasi　GaAs　quantum　wires　near　thecenter　Of　the　V−groove　in　Fig．　4．2，　respectively．　As　shOwn　in　Fiq。4．3（a），　the　crescent−shaped　quasi　GaAs　quantum　wires　of　size　（11−15nm　thick　at　its　center）×（83−127　nm　wide）　are　successfu：Lly　qrOwn　Onthe　V−gr。。ved　GaAs／Si　substrate・　They　are　reali・ed　by　Ga　atgmaccumulation　from　（111）A　side−wal：Ls　tO．　the　（100）　bOttom　surface　Of・h・▽一9…セ・平q）一二．且・w・ver〆n・nunlifg畔y−rゆg．baごh．qUan�num　w’re　can・’・・be　seenr　In　g。ing　f窒nm　theξi「st（bOttom）tO　the　thi「d』（tOP）quantumDw’「e’the’ateｼρ’叫dth　of　each　q卿m　w’「e’s’nc「6asedand　th・v・・t’ca’thicNness．’s　ldec「ea吊◎d・The「easOn　may　be　that　the5・5−nm7thi・k　A平・．3G・・．・A・b・．・ri・…yer・are　t・・thin　t・・ec・ver　th・larqer　curv。七hre・f　the　center。f　the　subSequently　g・・wn　quantumwi。e』・・’・3’i5）．舳。・her・ig・ifican・．．resu・t　i・ヒh・t　each　quant・mwi「eD　seems　tO　be．inderendent．of　the．r岬tum　we”g「o噸on　the（111）A・ide−w・…’脚re…t・1．i・th・’fr・血r・i・n．・f　l　quant・m　w土res・f・small　si・e．　This　indiCate．s　thaヒth手＄quantum　wire−likeユase・has　amuch　attractive　ad》antage　Of　lOw　dislocation　number　arising　frOm　the・educti・n　i・th・・i吊・・f　the　acti▽e　regi。n・F。r　example’assum手ngthat　th。とi。1。cati。n　den。ity　i。1×107．・m−2，　th・di・1・cati・n　number・fthi・quantum　wire一・ikと・・3er　wi・h　3b・一μm一・⇔ng　ca▽ity　i・e・・im・t・dt。b。．3，　whil。　th。t。f　the　c。。v。。ti。nal　quantum　w・11．1・・er　6・Siwith　10一μm−wide　st・ipe　c・ntact　wキ・d・w　and　300一μm−1・ng　cavity．（sh。wnin　Fiq．　2．1）　are．〜300．　　This　reduction　Of　dislOcatiOns　cOntributesto　the　suppressiOn　of　rapid　degrradatiOn　for　GaAs−based　lasers　On　Si．　　　　　AdditiOnally，　the　growth　of　quantum　wells　on　a　U−qrOOvedGaAs／Si　substrate　have　been　alsO　studied．　　The　o▽erall　AlGaAs／GaAslaser　structure　grOwn　On．the　U−qroOved　substエ｝ate　is　shOwn　in　F⊥q．4．4（a）．　　丁耳e　acti▽e　layers　Of　this　laser　dO　not　seem　tO　be　sharply　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−84一’∫孕。　’｛，・∵：・欲ナ∴．．P−AlO．7GaO．3As1’．ξぎξ’ゴ：瞠　　　　熱が．！’騒騒禽：顎　　　　　　　　　　　　　AlO．3GaO．7As　　　　　　　　　　　　　confining　layers・’@　　　　AlO．3GaO．7Asヂ．　　　　　　barrier　layersquasi　GaAs　qum�owiresFig．　4．3．　Cross−sectiOnal　image　of　the　vertically−stackedquasi　GaAs　quantum　wires　of　size　（11−15　nm）×（83−127　nm）near　the　center　of　the　V−groove　in　Fig．　4．2：　（a）　magnifiedSEM　Inicroqraph　and　（b）　schematic　diaq：ram．一85一Fig・4・4・C「。昼�一ｓ�?ｃｔｉＯnal　SEM　mi¢「09「aphs：（a）．ove「allAIGaAs／GaAs　patterned　quantum　well　laser　On　a　U−qrOovedGaAs／Si　substrate　and　（b＞　vertically−stacked　GaAs　pattern（ラdquantum　wells　near　the　cente：r　Of　the　U−9：rOove．一86一formed　along　the　U−groove　which　has　a　　（100）　bottom　sur：Eace　and（111）A　side−walls．　　Figure　4．4（b）　shows　the　vertically−stacked　GaAspatterned　quantum　．wells　near　the　center　of　the　U−groO▽e　in　Fig．4．4（a）．　　The　crescent−shaped　GaAs　quantum　wires　seen　in　Fig．　4．3（a）are　not　formed　on　the　U−grooved　substrate　because　another　new　facetin　addition　to　the　（111）A　appears　near　the　center　of　the　U−groOve．丁耳is　new　facet　is　thought　tO　be　（311）A　by　the　measurement　of　theangle　from　the　SEM　microqraph　of　Fiq．　4。4（b）．　　This　results　in　theformation　of　GaAs　patterned　quantum　wells　on　the　U−grOdved　substrateand　indicates　that　the　sharp　V−grOove　wit：h　（111＞A　side−walls　plays　　　コ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　コan　■mpOrtant　role　■n　the　successful　formatiOn　of　GaAs　quantum　wires．4．2．2　　：Lasing　Characteristics　　　　　The　extremely　low−t：hreshold　characteristics　of　an　AlGaAs／GaAslaser　with　the　vertically−stacked　quasi　GaAs　quantum　wires　Of　size（20−21　nm）×（100−260　nm）　qrown　On　a　V−grOO▽ed　GaAs／Si　substrεlte　were…。d・m。n・trat・d38−40）．　Thi。　quantum　wire．、ik。エaser　h。。　been．fab「icated．by　Fhe　g「。wth・f　three　9−nm−thi・k　G・A・quantum　w・…a・d・p＋一G・As　current−bl・ckinq　l・yer．　L。。er　d。▽ice。　were　f。b。icat。d。。f611・w・・AO・1一μm−thi・k　SiO2　in・ul・tingユ・yer　was　d・p・・it・d．En　th・P＋一G・A・c・ntact　l・yer　and　2一μm・wide　st。ipe　c。ntact　wind。w。　were。penedゴu・t・n　the　gr・・ves　by　wet　chemical　etchinq。f　SiO2　in・・dertO　confine　the　inゴected　current．　　Ti／Au　was　then　e▽apOrated　On　theP＋一G・A・layer　as　th・p−c・ntact．　After　thinning　the　n＋一Si。ub。trat。to　a　thickness　Of　〜100　μm，　AuSb／Au　was　e▽aporated　On　the　Sisubstrate　to　fOrm　the　n−cOntact．　　　In　Order　tO　reduce　the　seriesresistance’the　c・ntacts　were　annealed　in　a　N2　atm。sphere　at　3800C．The　samples　were　then　clea▽ed　in亡O　chips　and　mounted　on　Irl　sOlderedCu　heatsinks　in　the　p−side−up　cOnfiguration．　　This　quantum　wire−likelaser　was　tested　at　room−temperature　under　pulsed　（0．2　μs　pulses　．at　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−87一5　kHz　repetition　rate）　and　cw　conditiOns．　　　　　Figures　4．5（a）．and　4．5（b）　show　a．crOss−sectiOnal　SEM　m土crograph。f　th。。verall　AIG。A。／GaA。　quantum　wire−like　l・・er・n　Si　with　th・p＋一GaAs　current−blOckinq．　layer　and　a　schematic　diaqram　Of　theinゴected　cu：rrent　（ユistribution，　respectively．　　As　shOwn　in　Fig．4．5（a），a1．6一ドm−thi・k　n＋一G・As　and・1．0一μm−thi・k　p＋一G・A・（Zn−d・P・d’・×・01♀。m−3）・。yer。　were　q。・wn。n　a　Si　as　a．f・A・b・ffer・・yer．Figure　4．5（b）・h・w・t摯・t　th・p＋一G・A・layer　act・as　an土nternalcurrent−blocking．layer　and　pre▽ents　the　current　leakage　path　Outsidethe　V−groove．　　This　internal　current　b：Lockinq　is　p：rovided　by　the　p−n−p−n　ゴunction　structure　outside　the　V−grOove．　　HOwe▽er，　the　process・fSiO2・peningゴu・t。n　th・V−q・。・v・mu・t　be　ca・efully　carried・ut’becau・e　the　SiO2。n　b・th・dg…　f　th・g・。・Ye　are　easilyどem・v・d　andth年light　can．be　emitted　at　these　edges　due　t・the　current　leakagepath．　　　　　Figure　4．6　shows　the　工一V　characteristics　Of　this　quantum　wire一・ik・・aser　q・t・id・th・▽一9…▽・with・p＋一G・A・current−b！・ckinqlayer　and　inside　the　V−grrOo▽e　without　the　I　layerゼ　　The　turn−on▽oltaqe　was　l．2　V　withOut　the　current−blocking　layer．　On　the　otherhand，　bo　qurrent　flow　was　observed　with　the　layer　up　to　5　V．　Thisresult　indicates　that　the　p＋一GaAs　layer　is　useful　enough　ヒO　confinethe　inゴected　current　int・the　quantpm　wi・es　nea・the　center・f　theV−groove．　　　　　Figure「4．7　shows　the　L−I　characteristic　and　the　emissiOnspectrum　of　this　qUantu孤　wire−like　laser　under　pulsed　cOndit⊥on　atr・・m−temperature．　A　pulsedエth　as．』1。w　as　9・8　mA　was・btained　f。・the　123一μm−long　laser．　The　va工ue　ofηd　was　21　宅・　The　peak　emissiOnw・v・・ength・w・・858ρm・t　2・0×lth・In　additi。n’the　lase「beam　wasmainly　pOlarized　paral：Lel　to　the　　（100）　substrate　plane　　（TE−like　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ　　　　　　　　　　　コmode）．　　工n　Order　to　cOmpare　the　．　lasing．．character■st］．cs，　、a　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−88一Ti！Au1◎◎Φ1＜トーSio2AuSb／Au2FmFig．　4．5．　Cross−sect二iOnal　image　Ofp＋一GaAs　current−blocking　layer：　（a）current　distribution．the　overall　AlGaAs／GaAs　quantum　wire−like　lase：r　on　Si　withSEM　micrograph　and　（b）　schematic　diagram　Of　the　inj　ected　＜ヨご冒彗。2016．12840．4←wi血6ut　p＋一G・A・　　　　　　　　current−blocking　layerwith　p＋一G繰As．current−blockihg　layer0．246Voltage．（V）Fiq．　4．6．　　工一▽　chracteristics　of　the　quantum　wire−like　laser。n　Si。ut。id。　th。　V−9。。。▽。　with．o†一G。A。．current−bl・ckinglayer　and　inside　the　V−groO▽e　withOut　the　layer．一90一ε5お≧oq誉。3210RT：Pulsed今肩εゐ●お9国Cavity　length：123μm　　　Ith＝9．8　mA　　　　ηd＝21％　　　　…ﾉ＝858nm@　　　……840850　　　　860　　　　870Wavelength（nm）8＄00102030405060Current（mA）Fiq・4・7・L一工・h・ギacteri・tic　and・missi・n　rpectrum。f　th・quantum　wire−like　laser　On　Si　under　puユsed　condition　atroom−temperature．一91一conventional　AIGaAs／GaAs　quantum　well　laser　grown　on　a　planarG・A・／Si・亡b・trat・with　Fhree　9−nm一ヒhi・k　G・A・guantum　w・…and・2一艮m−wide　stripe　contact　window　was　prepared．　　Under　cw　OperatiOn，　thedi・t・ibuti・n。f．エth，ag・in・t　cavity　l・ngth　f。・th・quantum　wi「e−likelaser。　and　the　c。nventi。nal　quantum　w・ll　l・・er・・n　Si　were　mea・u・ed．Th・minキmum　lth　w・r　24−64皿f・r　th・quantum　well　lase「cavit土es　Oflength　100−380　μm・　　For　the　quanturp　wire一牛ike　工asers’　Ith　was　as　lowas　16−20　mA　for　cavities　Of　length　150−380　μm．　　工n　particular，　tOd・t・’・lpul・edエth・f　9・8皿・・d　a　cw　lth。f　16皿fO「the　quantumwire−like　lasers　are．the　lOwest　．▽alues　sO　far　reported　fOr。。nventi。na、　quantum　w。…aser。。n　Si4・一47）．　Th。　imp。・▽・血・nt　in・th　i・th・ught　t。　b・v・been　achi・v・d　by・mp・。ying　quantUm　wire。tructure。　with　a　reduCti。n　in　th。。i。e。f　the　active　regi・n．．4．3　　AIGaAs／GaAs　LEDs　on　Si　with　Self−Formed　GaAs　Islands　Acti▽eRegions4．3．1S・lf一恥rm・d　G・A・1・land・・n　G・Aも／Si　Sub・trat・・　　　　　A2．5一晒m−thick　therm・1−cycle　annealed　n＋一G・A・buffer牛ay6・w・・grOwn　On　an　n＋一Si　substrate　by　the　two−step　grOwt二h　technique．　　Theq。。wth　t6mperature．w・・750・C　except　f・r　th・init．i・110−nm−thi・kurldoped．GaAs　nucleatiOn　layer　which　was　grOwn　On　Si　at　400　0C．　　工nthe　preliminary　experiment，　th・GaA・i・land・were　q・・wn・n　the　n＋一G・A。／Si・ub・trate　at　700・C・・inq　d・gPユ・t−epit・・y17）．by　th・・upPly・fTMG　and・uccessiv・A・H3・upPly・At　the　sam・t土m・’℃he　GaAsi。、and。　w。。e　a、。。　q。。壷n。ide−by−sid。。n　an　n千一G。A。（…）・ub・traピ・as　a　reference．　　Figure　4．8　shOws　the　typical　supply　sequence　O：E　TMGand　A・H3　f・r　dr・pエet−epitaxy・The　d・tai1・ab・ut　gr・wth・equence・fthis　drOplet−epitaxy　is　as　：Eo：Llows：　After　the　suk）slヒrate　temperatu：rereached　the　qrOwth　temperature　at　700　0　C，　the　AsE3　flow　was　stOPPed・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一92一on　………AsH3．唱TMGoff　・・・・・・…onoff　＿．．・・．＿　　　　　＝　　　　　…　　　　　…　　　　■　　　　　　　　　　　　　　　　　　，　　　　■　　　　　　　　　　　　　　　　　　　　6　　　　●　　　　　　　　　　　　　　　　　巳．　　　　コ　　　　　　　　　　　　　　　　　　　　ロ　　　　コ　　　　　　　　　　　　　　　　　　　　コ　　　　●　　　　　　　　　　　　　　　　　　　　■　　　　■　　　　　　　　　　　　　　　　　　■　　　　●　　　　　　　　　　　　　　　　　　■5s　　6s　　5　s＝……Fiq．　4．8．　　Typical　supplydroplet−epitaxy．sequence　of　TMG　and　AsH3　for一93一5　s　later，　the　TMG　was　supplied　fOr　6　s．　　Ga　drOplets　were　formed　atthis　．stagre・　　The　AsH3　was　supPlied　again　with　5　s　inter▽al　after・t。PPing・h・TMG・upP・y・At　this　s七・g・，・h・G・d・・p・・t・w・・gtransformed　to　GaAs　islands．　　This　grOwth．mechanism　is　believed　tObe　simila：r　to　the　vapor−liquid−solid　（VLS）　equilibrium　phase　grOwt二hm。de148−50）．　U・ing　an　AFM，　th・・elf−f・rmed　G・A・i・land・・n　th・GaAs／Si　substrate　were　observed　as　shOwn　in　Fiq．　4．9．　　工n　．thisexperiment，　the　TMG　flOw　rate　and　time　were　！0　sccm　and　6　s，respectively．　This　qr・wth　6・ndiU・n　c。rresp・nds　t・a5−nm−th⊥ckGaAs　laye「by　th・・im・ltタne。us　supPly・f　TMG・nd　A・H3・エt　can　be・e臼nth。t　th。　G。A。　i。1。nd。。nth。　G。A。／Si　are士and。mly　f・rm。d・・well　as　the　islands　On　ヒhe　daAs　substrate　in　spite　of　the　surface。。ughness（．2。　nm）。f　th。　G。云。、。yer。n　Si5・）．　r　Th。　i。・andSexhibited　the　cOnical　shape　with　thl∋　heights　Of　90−170　nm，　the・ffecti▽・di・m・・・…f6・0一・ラ・nm　and・h・den3ity。f・一2×・・7・m−2・It　w・・al・。。bse。v・d　th・t　th。　i。land。．Blign。d。n　the　crack・。fGaAs／Si．　　This　self−alignment　Of　the　islands　seems　to　be　caused　bythe　Ga　droplet　accumulatiOn　on　the　bottOm　of　the　cracks．　　工nadditiOn，　the　size　and　density　O：E　self−fOrmed　GaAs　⊥slands　（10uld　becOntrOlled　by　the　qrowth　condiし」．On　such　as　the　TMG　flow　rate．Figures　4．10（a）　and　4．10（b）　shOw　the　dependence　Of　island　s⊥ze　anddensity　on　the　TMG　flOw　rate．　　The　TMG　：ElO甲　time　was　kept　cOnstant孕・6・・．`s　sh・wn　in　Fig・・…（・），・h・i・ユ・hd　h・⊥gh・decrea・e・wi・hthe　牛ncrease　Of　the　TMG　flOw　rat＝e，　while　the　diameter　increases　withincreasing　the　TMG　：E！Ow　rate．　　Fiqure　4．10（b）　shOws　that　the　islandden・ity　cah　be　c・nt・・ll・d　b・tween　106　and　107・血『2　by▽aryinq　th・TMG　flOw　rate，　which　results　frOm　increasing　density　Of　the　Ga　dime：rOf　critical　nucleus　with　the　increase　of　TMG　flOw　rζte。4．3．2　　1」一I　Characterist⊥cs一94一400200　010100μmFiq．　4．9．　　AFM　image　of　the　self−form6dGaAs／Si　substrate．　The　TMG　flOw　rate　andand　6　s，　respectively．GaAs　islands　ontime　were　10　sccm一95一　　　　　250　　　　　　　　　　　　　　　　　　　　　　　　　1100　　　　　2・・　　　　　　　　1000三豊．　　　　　　　　．9・・書　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　お一　　150℃　　100　　　　　　　　　　　　　　　　　　　　　　　　　　　　　℃　　　　　　50　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　600　　　　　　　0　　1　　　．　　　　　　　　　1　．　　　　．　　500　　　　　　　　0　　　　　　5　　　　　　10　．　　　　15　　　　　20　　　　　25　　　　　　　　　　　　　　　　　TMG．聯「ate（sccm）．　　　　　108◎　§誉　コの旨　107名窟暑H　　　　　106　　　　　　　　0　　　　　　5　　　　　　10　　　　　　15　　　　　20　　　　　　25　　　　　　　　　　　　　　　　　TMG　flow　r卸te（sccm）Fiq．　4．10．　　Dependence　of　（a）　island　size　and　（b）　islandd6nsity　on　the　T込4G　flOw　rate，　　The　TMG　f］一〇w　time　was　keptconstant　at　6　s．　　　　　　　　　　　　　　　　　　　　　　　　　　一96一　　　　　Fiqure・4．11（。）and　4．11（b）。h。w　cr。s6−secti。nal　SEMmicrographs　of　．the　overall　LED　on　Si　and　the　mag「nified　GaAs　islandsactive　region，　respectively．　　The　1」ED　structu七e　comprised　a　2．5一μm−thi・k　th・・m・・一cy。・e　anneai。d　n＋一G。A。　b。ffer・。yer，。0．74一μm−thi。kn−AlO．7G・0．3A・1。wer　cladding　layer，・70−bm−thick　und。pedAlO．3GaO．7As　lowe「c。nξininq．laye「’undoped　G・A・i・land・activeregi・n　f・rm・d　by　d・。pl・t−eかitaxy，・70−hm−thi・k　und。P・d　AlO．3G・0．7A・upPer　cOnfining　layer　and　a　O・74一μm−thick　芸）一AlO．7GaO．3As　upPercladding　layer．　　An　80−nm−thick　p＋一GaAs　contact．　layer　was　finallyq「gwn・After　th・g・・wth’sUrface−emitt土ng　LED　wa・f・bricat・d　f・・mthis　wafer　by　depositing　T土／Au　cOnta（ヰ．ring　as　the　p−side　electrode．AuSb／Au　were　ev・p・ra・・d．Ennh・兵＋一Si・ub・・rat・．…he　n−sid・electrode．　　During　the　drOplet−epitaxy　in　the　LED　qrowt二h，　the　TMGflOw　rate　and　time　were　10　sccm　and　6　s，　respectively．　　This　growthc。nditi。n　i・th・・ame　as　th・t・h・wn　in　Fig・4・9・みs　sh・wn　in　Fig・4・1ユ（a）’　it　is　found　that　two　bright　areas　in　AlO．3GaO．7As／GaAsregiOn　are　GaAs　islands．　　The　island　is　connected　to　some　extentwith　a　▽ery　thin　GaAs　layer　at・the　interface　of　the　AlO．3GaO．7Aslayers・H・wev・・’it　can　n・t　b・・een　th・t　the　island・タre　c・nnectedeach　Other．　　　　　Figure　4．12・h。ws　a　typical　L−1・haracteri・ti・。f　thi・LEDμnde「dc　c。nditi。n　at「。。m−tempe「atu「e・丁与e　i只setr　in　Fig・4・12show・a　top−viewed　electroluminescence　（EL）　topoqraph　and　an　emissionspectrum　Of　this　I．ED。　　工t　is　fOund　that　the　light　is　emitted　frOmeach　GaAs　island．　This　：LED　was　Operated　up　to　27　μW　at　190　mA，　andthe　light　output　pOwer　increased　l⊥nearly　wit算　increasing　current　uptO　21　μW　at　130　mA．　　At　hiqher　current，　however，　it　was　saturat二edbecause　Of　thermal　heatinq．　　This　tendency　was　conf：Lrmed　by　the　factth。t　th。。utput　p。wer　increa，ed　linearly　ub　t。　higher　currentwith。ut　saturat⊥。n　under　pul。ed（0．2μ。　pulき・・at　5　kH2　rep・titi・・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一97一圃興醒圏御璽囲圃く一面瞭、＜三一p−Alo．7Gao．3As＜一Alo．3Gao．7As／GaAs・＜嗜一・血一Alo．7Gao．3As＜一�u＝GaAs4−r置．SiFig．　4．11r　Cross−sectiOnal　SEM　microqraphs：　（a＞　o▽erallAlGaAs／GaAs　］コED　On　Si　w土th　self−formed　GaAs　islands　activereqiOn　and　（b）　magnified　GaAs　island　active　regiOn．一98一　≧忌おき貸aぢ○302520151050RT：DC今面）あ．「ｯのq）一一　750．嵯．＿…．＿烹齧n一一c一C…　　　iへ’1脇馬Q＿羅　　し＿＿@　　甲A、、，・、　　　　　　　　　“、陥“軸@　監＿雌＿、@　　i　＿＿1…ぎ…　800　　850　　900　　950Wavelength（nm）050100！50200IrOected　current（mA）Fig．4．12．D　Typi。a⊥L．Lcharact。。i。しi。。f　th。　LED。n．Siunder　dc　condition　at　room−temperature．　The　insets　showa　tOp−viewed　EL　topograph　arld．an　emissiOn　spect：rum　oft二his　LED．一99一rate＞　operation．　　The　peak　emissiOn　wa▽elength　at　80　mA　was　868　nmand　the　full　width　at　half　maximum　（FWHM）　was　49　nm．　An　AlGaAs／GaAsLED．on　Si　with　a　9−nm−thick　GaAs　quantum　well　acti▽e　regiOn　was　alsoprepared　as　a　：reference．　．The　structure　of　t二his　LED　was　the　same　asthat　of　an　：LED　with　the　islands　active　regiOn　except　fOr　the　acti▽eregiOn　struc�nure．　　The　output　pOwer　of　the　LED　with　the　」一slandsactive　regi・n　decrea・ed　by一・／…ゆ・t・f　th6・ED　wi・h・quan・bmw・ll　active　reqi。n　due　tq　the　redu6ti・n　in　th・・i・e．。f　the　artiv・region．　　From　this　result，　hOwever，　it．can　be　estimated　that　the。utput　p。w。。　den。ity　i。．@the　active　regi。n・f　th・LED　with　th・islands　is　abOut　twice　as　high　as　that　of　the　LED　with　a　quantumw・・…　th・・am6手nゴect・d　current．　Thi・indicat・・th・t　th・良iqh−quality　GaAs　islands　could　be　successfully　fOrmed　on　Si。　　　工n・dditi・n’・・n・iderihg　th・i・エand・i・e　and　den・ity’th・d土・1・cati甲n舳er。f　th。　LED　wiゼh．　th。　i，land。　active　regi。n　i、　estim。t。d　t・b・reduced　to　〜1／100　0f　that　of　the　LED　with　a　quantum　well　acti▽e　　　コreg■on・　　　　　In　o：rder　to　invesセigate　the　re二Liability　of　the　LED　on　Si　withG。A。　i。land。　acti▽e　regi。血，　the　aut・m・tic　current・。nt・・1（ACC）aqinq　test　was　carried　out　under　room−temperature　dc　cOndit⊥on．at　a。。n。tant　cu。rent。f　60皿（o．5　kA／。m2）．　Thi。　t。。t　w。。　aエ。。　ca。ri。d。ut　f。r・an　LED。n　Si　with。quant・m　w・エl　acti▽e　regi。n．　Figure　4．13shows　a　typical　degradation　data　under　ACC　aq↓ng　tests　Of　these：LED3．　　As　shown　in　Fig．　4．13，　t二he　］」ED　with　a　quantum　well　shOwed　arapid　degradatiOn　in　which　the　Output　power　decreased　rapidly　tO　ah・・f．。f・h・ini・i・・▽・・ue・niy　in　a　f6w　minut…　エn　c・・tra・t’・h・Output　powe：r　Of　I．ED　with　the　i31ands　decreased　▽ery　s］一〇wly　andreached　tO　a　half　Of　the　initial　va：Lue　after　〜14　hours　in　spite　O：Ethe　hiqher．　Output　pOwer　density　in　the　act‡ve　regiOn．　　工npart：tcular，　it　shOuld　be　nOted　that　the　decrease　in　the　output　power　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−100一　　　　　　　　　　　　腎δド1お≧aぢ8．雲幕1．21．00．80．60．40．20．0　RT：DCACC：60　mAAlGaAs1GaAs　LED　on　Siwith　islands　active　region　　　　　AIGaAs／GaAs　LED　on　Si／Wi血q　tUmWeUaCtiVe「egiOn0246　　　　8Time（hours）101214Fig’．　4．13．of　the　工、EDswell　activeTypical　degradation　data　under　ACC　agingon　Si　with　the　islands　active　region　and　　　コreq■on．tests　at　room−temperaturewith　a　con▽entiOnal　quantumof　the　LED　with　the　islands　is　much　mOre　suppressed　than　that　Of　theI、ED　with　a　quantum　well　at　the　initial　degradatiOn　stage　within　few　ロm■nutes．　　　　　In　o：rde：r　to　怠tudy　in　detail　the　differences　Of　degradat⊥On　inthese　］コEDs，　E：L　obser▽ations　were　carried　out　On　10一μm−wide　stripecontact．　laser　Structures　fabricated　frOm　the　same　each　LED　wafer．The　fabrication　Of　these「laser　structures　has　been　described　insectiOn　2．2．　　Figure　4．14　s．hOws　tOp一▽iewed　E：L　topOqraphs　O：EprOgr：ressive　degradatiOn　stages　Of　a　laser　structure　with　the　islands・rti▽・・egi・n　at　20。C・Th・i・ゴect・d・μ・rent　d…ity　du・i・g　thi・・b・erV・ti・n　w・・0．5　kA／・m2．　F・r　a　laser・tructure　with・quant・mwell，　the　EL　topOqraphs　have　been　shOwn　in　Fiq．　2．91　　1n　the　laserstruc�nure　with　a　quantum　well，　a　few＜100＞　DLDs　Oriqinating　frOm　thethreading　disl・cati・ns　were　generated　and　rapidly　e冬tended　t・wardthe　cent・r。f　th・・t・ip・2）．○・th・。ther　hand，　it　w…b・er▽・d　th・tthe　DLDs　q「owth　was．@supP「essed．　and　Only　two　b「ight　spOts（a「「owsshown　⊥n　Fiq．　4．14（a））　emitted　from　the、islands　vanished　after　30min　in　the　laser　structure　with　the　islands　［F土g『．　．4．14（b）］．　’At　thesubsequent　degradatiOn　stage　after　60　min，　the　degradatiOn　seems　nOtto　prOgress　sO　fast　because　nO　change　was　Observed　On　the　ELtOpoqraph　　［Fig．　4．14（c）］．　　工n　the　mOre　prOgressive　deqradatiOnstage，　it　was　Observed　that　almOst　bright二　spOts　gradually　darkened。Fiqure　4．14　probably　indicates　that　mOst　of　the　isユands　　（excepttheSe　islands　marked　by　arrOws　as　shOwn　in　Fig．　4．14（a））　cOu：Ld　a▽Oidthe　threading　dislOcatiOns　and　nOnradiati▽e　recOmk）inatiOn　at　thedisl。cati。ns　was　drastically・educed　by亡he　c・nf土nement・f　th・ip」ected　ca「「ie「s　in午he　islands・This「esulted　in　imp「○▽ing　theinitial　degradation　as　shown　in　Fig．　4．13．　　The　subsequent　slowdeg：radatiOn　as　shOwn　in　F⊥g．　4．13　is　thOught　tO　be　caused　by　tぬedarkened　islands　prObably　due　to　qradual　cOndensatiOn　Of　point　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−102一1＜100＞＜110＞トー110μmFig．　4．14．　　Typical　EI、　tOpographs　of　the　laser　structrure　onSi　with　the　islands　active　region　after　（a）　0，　（b）　30　and（c）　60　min　under　dc　operatiOn　at　a　constant　current　densityof　O．5　kA／cm2　and　temperature　of　20　0C．一103一d・fect・in　th・i・land・・Aft・・all’．th土・imp・・▽・d　reli・bility　i・be’ieved　tO　ha▽e　been　c窒浮唐虫ﾎ．by坤d土s’OcatiOn　numbe「s　and・upPressed・・…D・D．卯rゆiゆl　ac・i▽e　reqi・n　due　t・reduct’・n’nthe　si・e・f　the　active．　rさ9土・n・．4．4　　COnclusions　　　　　The。uccessful　f。b。icati。n。f．。n．　AlG。AS／G。A。　quantum　wire一ユik・laser　on　Si　w土th　vertically−stacked　quasi　GaAs　quantum　wires　wasdescribed．　エt　was　c。nfirmed　that　the　GaA・quantum　wires・f・i・e（・・一・5nm）×（83一・2・・m！w6re　g・。wn・・aV−9・。・▽・母G・A・／串i・ub・trat・・Furthermore，　the　extr6mely　low−threshold　current　　（9．8　mA）AlGaAs／GaAs　quantum　wire−like　laser　on　Si，　which　has　the　vertically−stacked　quantum．wires　Of　size　　（20−21　nm）×（100−260　nm），　was　alsOdemonstrated．　　　　　The　fabricatiOn　of　an　AIGaAs／GaAs　LED　On　Si　with　self−formedG・A・i・land・activ・珍gi。n　wa・al・。　P・俘・ent・d・Th・G・A・i・land・i・eand　d・n・ity・・uld　be　c。n亡r・lled　by．　th・．TMG　fl・虚rat・．　At　th・TMGflow　rate　of　10　sccm　and　time　Of　6　s，　the．　islands　shOwed　the　cOnicalshape　with　the　heights　of　90−170　nm，　the　diameters　of　600−750　nm　andth・d・n・ity・f　1−2×107　cm−2．　Thi・LED　c・uユd　b・・perat・d　under　d・conditiOn　at　rOom−t二emperature．　The　reliability　of　this　I．ED　was　muchsuperior　to　that　of　an　LED　with　a　quantum　well　acti▽e　req土On　becauseOf　low　dislocatiOn　numbers　and　suppressed　DLD　growth　due　tOreducti。n・f．　the　active　reqi・n　by　u・e・f　th6・m・ll　G・A・i・エラndstructure．一104一References　1）　Y．　Hasegawa，　T。　　　　Phys．，　34，　29942）3）4）5）6）7）8）9）10）11）12）13）14）15）　　　　　　　　　　　　　　　　　Egawa，　T．　JimbO　and　M．　UmenO，　Jpn．　J。　Appl．　　　　　　　　　　　　　　　　（1995）．E．A．　Fitzgerald，　J．　Vac．　Sci．　Technol．，　B　7，　782　（：L989）．E。　Kapon，　S．　Simhony，　R．　Bhat　and　D．　M．　Hwang，　Appl．　Phys．1」ett．，　55，　2715　（1989）．E．　Kapon，　S．　Simhony，　J．　P．　Harbison，　L．　T。　FlOrez　and　P．Worland，　Appl．　Phys．　Lett．，　56，　1825　（1990）．E．　Kapon，　Proc．　工EEE，　80，　398　（：L　992）．E．　Kapon，　D．　M．　Hwang　and　R．　Bhat，　Phys．　Rev．　Lett．，　63，　430（1989）．S．　SimhOny，　E．　Kapon，　E．　Colas，　R．　Bhat，　N．　G．　StOffel　and　D．　M。Hwang，　IEEE　Photon．　Technol．　：Lett．，　2，　305　（1990）．S．　Simhony，　E．　Kapon，　E．　Colas，　D．　M．　Hwanq，　N．　G．　Stoffel　andP．Worland，　Appl．　Phys．　Lett．，　59，　2225　（1991）．R．、．Bhat，　E．　Kapon，　S．　Simhony，　E。　COlas，　D．　M．　Hwang，　N．　G．StOffel　and　M．　A．　Koza，　J．　Cryst．　G：rowth，　107，　716　（1991）．E．　Kapon，　D．　M．　Hwang，　M．　Walther，．　R．　Bhat　and　N．　G．　Stoffel，Surf．　Sci．，　267，　593　（1992）．E．K・p・n，　K，　Kash，・．　M．　C・au・en，　J・．，　D．　M．　Hw・nq直nd　E．　C・…’Appl．　Phys．　：Lett．，　60，　477　（1992）．M．　Walther，　E．　Kapon，　J．　Christen，　D．　M。　Hwang　and　R．　Bhat，Appl．’Phys．　Lett．，　60，　521　（1992）．J．Christen，　E．　Kapon，　M。　Grundmann，　D．　M．　Hwang，　M．　JOschko　andD．　Bimberq，　Phys．　Stat．　Solり　173，　307　（1992）．J．Ch。i。ten，。．　K。p。n，。．，。・as，。．　M．　Hwang，土．　M．　S。hi。v。ne，M．Grundmann　and　D．　Bimberg，　Surf．　Sci．，　267，　257　（；L　992）．E．　Kapon，　M．　Walther，　J．　Christen，　M。　Grundmann，　C．　Caneau，　D．M．　Hwang，　E．　Colas，　R．　Bhat，　G．　H．　Song　and　D．　Bimberg，　　　　　　　　　　　　　　　　　　　　　　　　　　一105一16）ユ7）18）19）20＞21）22）23）24）25）26）27）28）29）．Superl・ttices　and　Micr。忌tructu。e。，12，491（1992）．N．　Koguchi，　S．　Takahashi　and　T．　Chikyow，　J．　Cryst。　GrOwth，　111，688　（1991）．T．．teda，　Q．　z．　GaO，　E．　Yamaichi，　C．　Yamaqishi　and　M．　Akiyama，　J．Cryst。　Growth，　145，　707　（1994）．D江。。nard，　M．　K。i。hnamurthy，　C．　M．　Reaves，　S．　P．　Denba。。，　andP．M．　Petroff，　Appl．　Phys．　Lett．，　63，　3203　（1993）．D．　］」eonard，　S．　Fafard，　K．　Pond，　Y．　H．　Zhang，　」．　1．．　Merz　and　P．M・Pet「。ff’J・Vac・Sci・Techn窒戟謔a12’2516（1’994）・J．　Oshinowo，　M．　NishiOka，　S．　Ishida　and　Y．　Arakawa，　Appl．　Phys．IJett．，　65，　］．421　（1994）．P．　Chen，　Q．　Xie，　A．　Madhukar，　Li　Chen　and　A．　KOnkar，　J．　Vac．Sci．　Technolり，　B　12，　2568　（1994）．R．、Leon，　P。　M。　Petroff，　D．　LeOnard　and　S．　Fafard，　Science，　267，1966　（1995）．S．　Ruvimov，　P．　Werner，　K：．　Scheerschmidt，　U．　GOsele，　J．H。ydenrei。h〆U．　Ri。ht。。，　N．　N．　L。dent。。▽，　M．　G。undmann，　D．Bimberg，　V．　M．　Ustinov，　A．　Yu．　EgorOv，　P．　S．　KOp冒ev　and　Zh．　1．Alferov，　Phys．　Re〜ジ．，　B　51，　14766　（1995）．D．　S．　L．　Mui，　D．　］」eOnard，　L．　A．　COldren　and　P．　M．　PetrOff，　Appl．Phys．　］コett．，　66，　1620　（1995）．M．　Kitamura，　M．　NishiOka，　J．　OshinOwO　and　Y．　Arakawa，　Appl．Phys．　：［、ett．，　66，　3663　（1995）．Qianqhua　Xie，　P．　Chen，　A．　Kalburge，　T．　R．　Ramachandran，　A．Nay：Eonov，　A．　K：onkar　and「`．　Madhukar，　J．　Cryst．　GrOwth，　150，　357（1995）．R．Notzel，　T．　Fukui，　H．　Hasegawa，　J．　Te�oyO　and　T．　Tamamura，Appl．　Phys．　Lett．，　65，　2854　（1994）．R．NOtzel，　J．　Te�oyO　and　T．　Tamamura，　Nature，369，131（1994）．R・N。t・el’J・T・�oy・and　T・．　T・m・mura’Jpn・J・ApPl・Phy・・’33’　　　　　　　　　　　　　　　　　　　　　　　　　　　一106一　　　　工、275　（1994）．3・）．R・N・t・e・，　J・T・�oy。，　HI　K・m・d・，・．　Furuta　and・．・・m・mura，　　　　Appl．　Phys．　Lett．，　65，　457　（1994）．31）R．Notzel，　J．　Te�oyo，　T．　Tamamura，　T。　Fukui　and　H．　Haseqawa，　　　　Jpn．　J．　Appl．　Phy　s．，　34，　L872　（1995）．含2）N．Ki…aed・・。，　N．　N．・。d。n・。。v，　M．　Grun曲ann，。．　Bi曲erg，　V．　M．　　　　Ustinov，　S．　S．　Ruvimov’　M．　V．　MaximO▽’　P．　S．　Kop冒ev’　Zh．　工．　　　　A・f…v；U．Ri。ht。卦，・．　Werner，　U．　G。se・e　and　J．　H。yden。ei。h，　　　　Electron．　1」ett．，　30，　1416　（1994）．33＞J．Te�oyo，　E．　KuramOchi，　M．　Sugo，　T．　Nishiya，　R．　Notzel　and　T．　　　　Tamamu「a’Electr・n・Letr・’31’209（1995）・34）D・Bi曲erg’N・N・L・dent・。v’N・Kirstaedter’。・S・h平idt’M・　　　　Grun・加ann，　V．痙．　U。ti。。▽，　A．　Yu．　Eg。。。v，　A．　E．、huk。v，　M．▽．　　　　Maximov，　P．　S．　Kop冒ev，　Zh．　工．　Alfero▽，　S．　S．　Ru▽imo▽，　U．　Gosele　　　　and　J．　Heydenreich，　Ex亡eηded　Abs亡r∂σ亡5　0f　亡he　エ995　■η亡．　Ooηf．　　　　30エ1d　5亡∂亡e　Devまces∂ηd　l54∂亡er1∂ユ5　（Osaka，　1995）　P．　716．35）　Y．Hasegawa，　T．　Egawa，　T．　Jimbo　and　M．　UmenO，　J．　Cryst．　Growth，　　　　145，　728　（1994）．36）　Y．Haseqawa，　T．　Egawa，　T．　Jimbo　and　M．　Umeno，　Ex亡eηded　Aわ5亡r∂c亡5　　　　0f　亡he　エ995　■η亡．　σoηf．　30ユ⊥d　5亡∂亡e　De▽＝〔ces　∂nd　114∂亡erゴ∂．Z5　（Osaka，　　　　1995）　p．　722．37）　S．　D．　Hersee，　E．　Barbier　and　R．　BlOndeau，　J．　Cryst．　GrOwth，　77，　　　　310　（1986）．38）　Y．　Hasegawa，　T．　Egawa，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　Appl．　　　　Phys．，　32，　509　（1993）．39）　Y．　Hasegawa，　T．　Egawa，　T．　JimbO　and　M．　UmenO，　．Jpn．　J．　Appl．　　　　Phy・・’32’L997（1993）・4「0）　Y．　Hasegawa，　T．　Egawa，　T．　Jimbo　and　M．　UmenO，　エ4亡h　■EEE　エη亡．　　　　5・澗1…d・c亡・rL・5er　C・・f・Dlge5亡（M・uヰ’1994）P・75・4！）H・K・ChOi’C・A・Wanq　aﾏd　J・C・C・Fan’J・ApP’・Phys・’68’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一ユ07一42）43）44）45）46）47）48＞49）．50）51）1916　（1990）．J．P．　van　aer　Zi6、　and　N．　Ch。hd，　J．　AかP・．　Phy。．，68．，273・（1990）．H．K．　Ch。i，　C．　A．　Wang　and　N．　H．　Karam，・EEE　Ph。t。n．D　Techn。・．Lett．，　3，　289　（1991）．H．　K．　ChOi，　C．　A．　Wang　an（i　N．　H．　Karam，　Appl．　Phys．　：Lett二．，　5912634　（1991）．T．　Eqawa　4　Y．　Hasegawa，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　Appl．Phys．，　31，　791　（1992）．Y．　H．　：Lo’　R．　Bhat’　D．　M．　Hwang’　C．　Chua　and　C．　一H．　Lin，　Appl．Phys．　］コett．，　62，　1038　〈1993）．M．Tachikawa，．s．　Yamada，　T．　Sasakli，　H．　MOri　and　Y．　KadOta，．Jpn．J・ｦ・Phy・一34’L657（・995）・’E．　工．　Givargizov，　J．　Cryst．　Growth，　31，　20　（1975）．K．　Hiruma’　・M．　Yazawa，　T．　Katsuyama’　K．　Ogawa，　K．　Haraquchi，　M．Koguchi　and　H．　Kakibayashi，　」．　Appl．　Phys．，　77，　447　（1995）．T．　Sato，　K．　Hiruma，　M．　Shirai，　K．　Tominaga，　K．　Haraquchi，　T。Katsuyama　and　T。　Shimada，　Appl’．　Phys．　Lett．，　66，　159　（：L　995）．T．　Eqawa，　Y．　Haseqawa，　T．　JimbO　and　M．　UmenO，　IEEE　PhotOn．Technol．　Lett．，　6，　681　（1994）．二108一

