Chapter 2 Hydrogen Plasma Passivation Effects on GaAs Epilayer

Grown on Si Substrate

2. 1 Introduction

GaAs and related compound semiconductor heteroepitaxial layers on Si substrate have received
considerable interest because it opens a way to integrate the superior properties of the compound
semiconductors with the mature technology of silicon.” ? As described in chapter 1, to improve the
quality of the GaAs on Si layers, several attempts have been made”, such as, growth of low
temperature nucleation layers” and strained layer superlattice as buffer layers”, thermal cycle
growth®, etc. Though these efforts improved the crystallinity of the heterostructure to some extent,
dislocation density is still much higher (~10° cm’®) than that is acceptable (~10* cm™) for practical
applications. Since the generation of defects in GaAs on Si epilayers can not be avoided to the full
extent, passivation of the activity of these defects is very essential. In the past, passivation of a
wide raﬂge of shallow and deep impurities in the semiconductor by hydrogen incorporation’ was
extensively investigated.” * More recently, the H passivation effect on electrical properties of the
GaAs on Si has been reported.'” '" However, to our knowledge, the effects of H passivation on
the optical properties is not well studied, so far.

In this chapter, we present the effects of plasma hydrogenation on the optical and electrical
properties of GaAs epitaxial layers (GaAs/Si) and AlGaAs/GaAs multiple quantum well (MQW)
grown on Si substrate, which are characterized by capacitance-§oltage (C-V); photoluminescence
(PL), and deep-level traﬁsient spectra (DLTS) methods. In addition, the annealing effects on the
H, plasma passivated GaAs/Si epilayers are also presented. The organization of this chapter is as

follows: In section 2.2, the growth of GaAs epilayers on Si and the RF plasma equipment used in

the present experiment are described. The GaAs epilayer and the change induced by H, plasma
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passivation on physical properties are characterized in chapter 2. 3. Chapter 2. 4 describes the
hydrogen plasma passivation effects on AlGaAs/GaAs MQW on Si. Finally, this chapter is

summarized in section 2. 5.
2. 2 Experimental procedure
2 . 2. 1 Epitaxial growth of GaAs using low pressure MOCVD

The samples have been grown by the low pressure (76 Torr) metal-organic chemical vapor
deposition (MOCVD) using two-step growth technique. Figure 2.1 shows the schematic illustration
of the low pressure MOCVD system used'ih this growth.

The system may be grouped into four major éomponents:

(1) The gas handling system, includihg the hydrides and metalorganics source, valves, plumbing,
H, purification equipment and instruments necessary to control gas flow and mixture.

(2) The ;éactor chamber in which the deposition occurs .and the radio frequency (RF) plasma
exi)osure is performed.

(3) Infrared ray (IR) lamp unit heating system.

(4) The exhaust or low pressure pumping system.

The source materials for Ga and As are trimethylgallium and AsH, diluted to 10 % in hydrogen’

(Hi) , respectively. Si substrate with an orientation of (001), tilted 4° toward [110], was used. The
substrate was etched in aqueous solution of HF, and thermally cleaned at 1000°C for 10 rhjn.,
followed by the growth of a thin GaAs buffer layer at 400°C. Then a 3 ;,tm. thick GaAs top layer |
was grown at 750°C. All the unintentionélly doped GaAs layers were n-type and the full width at

half maximum (FWHM) of the double—crysiai x-ray diffraction were around 180 arcsec.
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Fig. 2. 2 The schematic illustration reactor chamber of the MOCVD.
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2. 2. 2 H, plasma exposure for GaAs epilayer on Si

Figure 2. 2 shows the reactor chamber in which the deposition occurs. The passivation is also
carried out in it through which molecular hydrogen is pumped at a reduced pressure (0. lTorr).’ The
hydrogen plasma is excited by radio-frequency (13.56 MHz) power via a copper coil encircling the
quartz tube. The induced power used for the hydrogen plasma is 90 W. Typical plasma exposure
conditions aré 2h at 250°C. In order to investigate the recovery of passivated donor states and the
stability of passivated deep levels, a post-hydrogenation annealing was carried out in H, ambient

or AsH, ambient at 450°C.
2. 2. 3 Methods for characterization of GaAs epilayer on Si

Carrier concentration profiles are obtained by electrochemical capacitance voltage measurement
using a Polaron model PN4200 system. PL spectra are recorded at 4.2 K using a 514.5 nm Ar-ion
laser as an excitation source, and a GaAs photo multiplier tube (PMT) as a detector. Deep level
transient spectroscopy (DLTS) measurements are carried out using an automated (HORIBA DA
1500) system at temperatures ranging from 100 K to 400 K using a gold Schottky contacts made

on GaAs epilayer surface, with AuSb/Au annjc contacts on the back side of the Si substrate.
2.3 Characterization of hydrogen plasma passivation effects on GaAs on Si
2.3.1 Passivation‘ of free éarrier in GaAs on Si

The -MOCVD-grown unintentionally doped GaAs epilayer grown on Si substrate psually has a

high catrier concentration mainly due to the Si auto diffusion from the substrate. Figure 2.3 (a)

shows free-electron depth profiles of the n-type samples (Si) obtained from the C-V profiles which
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Fig. 2. 3 Free-electron concentration depth profiles of (a) as-grown, H 5 plasma
passivated and annealed in AsH3/Hy ambient, (b) as-grown, H, plasma
passivated and annealed in pure Hy ambient,unintentionally doped GaAs

epilayers on Si.
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Fig. 2. 4 Free-hole concentration depth profiles of as-grown, H2 plasma
passivated and annealed in AsH 3/H, ambient p-type GaAs (Zn) epilayers on Si.

—316—



are taken before and after hydrogen plasma exposure, and after post hydrogenation annealing at
450°C for 10 min AsH,/H, (10%) ambient. By comparing the electrochemical C-V profiles of
as-grown and passivated samples, it can be seen that the electron concentration decreases
dramatically after the hydrogen plasma passivation process. The carrier concentration of the
reference sample (as-grown) is 1 X 10" ecm™  throughout the 3 pm thick layer, whereas the
hydrogenatedv sample shows a reduced carrier concentration throughout the thickness. This
suggests neutralization of the Si donor due to hydrogen exposure. The activity of the donor was
completely restored after annealing at 450°C for 10 min in AsH,/H,(10%) ambient. For
comparison, another sample grown at a low temperature with a carrier concentration of 1 X 10"
cm” was also passivated in H, plasma and then annealed in pure H, ambient. As shown in Fig. 2.3
(b), the activity of the donor was also compietely restored after annealing at 450°C for 10 min in
pure H, ambient. It means that there is no difference in the recovery of carrier concehtration
between the H, annealing and AsH, annealing. Fig. 2.4 shows free-hole depth profiles of the p-type
GaAs/Si (Zn). Just like free electron in n-type sample, the electrical activity of hoie was
significantly passivated ’by H atoms inéorporation. However, the activity of the acceptor was
completely restored after annealing at 450°C for 10 min in AsH,/H, ambient. These results are

consistent with previous description by Chevalier etal.'>’.

2. 3. 2 Photoluminescence study

The 4.2 K PL spectra are shown in Fig. 2. 5 for the three samples, (a) as-grown, (b) H, plasma

passivated and (c) H, plasma passivated and then annealed in AsH, ambient. Three dominant peaks

- appeared for the as-grown samples, heavy hole associated free exciton peak B (1.485 meV), carbon

impurity bound exciton peak C (1.469 meV) and recombination peak D (1.455 meV) of bound
exciton to deep defect center. Besides peaks B, C, D, and E (1.42 meV), peak A (1.50 meV) is

also weakly observed after H, plasma passivation. Peak A is attributed to excitons associated with
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Fig. 2. 5 The PL spectra of as-grown, passivated and AsH 3 annealed passivated
GaAs epilayers on Si recorded at 4.2 K.
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Fig. 2. 6 The enlarged plot of the main emission peak B shown in Fig. 2. 5.
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light holes.'?) Broad emission band E around 1.42 eV may be due to the emission from an acceptor
level related to As atom vacahcies which are produced by H plasma exposure.'” Comparing the two
PL spectra, the FWHM of peak B is decreased from 4.03 meV to 3.44 meV after passivation,
which may be due to passivation of nonradiative recombination centers such as dislocations, or
large decrease in carrier concentration by passivation. As a result, passivation reduces the
perturbation of the band edge via deformation potential, via coulomb interaction, and by forming a
band of impurity states. The intensity of peak B after passivation only shows é little increase,
though the carrier concentration has decreased and some electrical activity of deep defects was
passivated. Since the intensity of free exciton emission is supposed to increase with passivation.
However, almost no increase in the emission peak with passivation suggests that other
recombination channels have been made during H plasma exposure induced damages (peak E).
When the passivated samples are annealed under a sufficient As vapor pressure, the peak E
disappears, and the intensity of PL signal is as large as four times than the as-grown sgmples while
the FWHM (3.82 meV) of peak B is still less than the as-grown samples, the quality of GaAs on Si
epilayers are strongly improVed. The results further confirm that the improvement in PL properties

is due to the passivation of deep recombination centers such as the disloqations and defects.

| Figure 2. 6 shows the enlarged plot of the main emission peék B in figure 2. 5. It can b¢ clearly
seen that PL. peak wavelength are different for three samples and are blue-éhifted compared to the
as-grown sample. As possible physics, two possible reasons can be suggested to explain this
blue-shift: (i) decrease of tail states associated with defects, which will result in blue-shift of the |
peak and narrower spéctra, and (ii) change of the residual strain related to different concentration of -

hydrogen and defects.
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2. 3. 3 Passivation of the deep levels in GaAs on Si

It is very interesting to investigate the change of deep level concentration as the passivation is
completed, since the minority carrier lifetime of GaAs on Si epilayers can be controlled by the
existence of nonradiative recombination centers.'” Figure 2.7 shows the results of the DLTS
measurement carried out for the as-grown sample which are are presented C(z,) - C(1,) vs. T For

each temperature at which a peak occurs, an emission ratev e (T,) is calculated from Eq. (2.1),

_In(t, /1)

QL) = | @.1)

and the values of e, (T,)/T? are then plotted vs. T,'. The slopes of these Arrhenius plots give
values of the effective trap depth E, using Eq.(2.2).

€, _

= In|167m k*h7> (g, / g)e* "o, _E1
T2 n 0 1 n

kT

In (2.2)

For GaAs, the constant 167mm k*h™ =2.0x10%s 'em™K*. Itis also seen tﬁat the ’capturek Cross
section O, can , in principlé, be determined from the intercept (at 7-1=0) of the e,;(Tm)/ T? vs.
T." plot, since g,/ g, and ¢°r'* may already be known and, in any case, are usually of the order of
unity. However, there is a danger here, because a slight error or uﬁcertainty ih E, can lead to a

large error in ©,_, since itis in a In term.

As shown in Fig. 2. 8, we have analyzed the main peaks ED1 and EL2 ﬁsing Arrhenius plot and
obtained an activation energy of 0.44 eV for ED1lwhich is similar to the result reported by our -
group. This electron trap is attributed to Si-dislocation complex which has a distributed energy
centered at around 0.44 ¢V.'” On the bther hand, another main deep level EL2 with an activation

energy of 0.73 eV was obtained, which was attributed to the EL2 family.

The deep level concentration can be calculated using Eq.(2.3).

_,JAc©) |
N, 2{—%0) }ND | | 2.3)
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Fig. 2. 7 DLTS spectra for as-grown GaAs eplayer on Si, the solid lines are the
fitted results.
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Fig. 2. 8 Arrhenius plots of thermal emission rates deduced from DLTS spectra
- as shown in Fig. 2. 7.
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Here, the value of carrier concentration N, can be calculated from C-V characteristics. AC(0)is

the yalue of AC(#)just after the pulse voltage is off ( AC(t)= C(eo)— C(2)).

AC() - AC)),..,

AC(0) =
exp(— t—z) - exp[-t—’) - 24
Tm Tm ’
where
7 = 1 _ L=
&,(T,) ln(ft; ) 2.5)
1 |

Also, can be seen from Fig. 2. 9, the decrease in deep level concentration is cleaﬂy seen after H
plasma passivation, especially, the thermal emission band of deep level around 300 K (ED1) which
is almost vanished, and deep level passivation effect still persists after dehydrogenated in AsH,
(10%) ambient at 450°C. These results further confirm that the PL properties and minority carrier
lifetime are improved by passivation of the dislocation-related deep levels. However, almost no
decrease of EL2 was observed after H, plasma passivation. It suggests that some H,
plasma-induced damages negated the paésivation effects of EL2 which is related to anti site Asg,

defect complex.

2. 4 Photoluminescence study of hydrogen plasma passivated AlGaAs/GaAs MQW

on Si

Growth and fabrication of quantum well and vertical-cavity surface-emitting lasers (VCSEL) on
Si substrates have been éxtensively studied, because of their potential application for optical
interconnections in future optoelectronic integrated circuits (OEIC). However, high dislocation
density (~1061 cm?) in the GaAs epilayer grown on Si substrate (GaAs/Si), prevents the long

lifetime operation of MQW lasers and stable continuous wave (cw) operation for VCSEL on Si
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Fig. 2. 10 Schematic view of the 3 pairs Alo3Gao7As (5.5 nm)/GaAs (9 nm)
MQW structure on Si.
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Fig. 2. 11 Schematic view of AlGaAs/GaAs MQW VCSEL structure on Si
substrate.
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substrates at room temperature until now'®. Since the generation of defects in GaAs/Si epilayers
can not be avoided to the full extent, passivation of the electrical activity of these defects is
becoming very essential. In this section, we present the passivation effects of H plasma exposure
on the Al,,Ga,,As/GaAs MQW laser structure and VCSEL structure consisting of
Al, ;Ga, ,As/GaAs MQW active layer and Al, ,Ga, ,As/AlAs distributed Bragg reflector (DBR)
grown on Si substrates by photoluminescence (PL) measurement. It was .found that the H plasma
| exposure signiﬁcantly increased photluminescence emission intensity and quantum efficiency at the

MQW active layer.
2. 4. 1 Fabrication of AlGaAs/GaAs MQW and VCSEL structures on Si

In this experiment, two type laser structure was grown on n*-Si substrate oriented 2° off (100)
towards [011] by metalorganic chemical vapor deposition (MOCVD) at atmospheric pressure. As
shown in Fig. 2. 10, for the MQW laser structures, the 3 pairs Al, ;Ga, ,As (5.5 nm)/GaAs (9 nm)
MQW sandwiched by Al, ,Ga, ,As cladding layer was grown on a 2.1 um GaAs buffer layer on Si
substrate at 750°C using two step growth method. A 34 nm thick GaAs contact layer was grown at
the surface. As shown in Fig. 2. 11, for a VCSEL structures, a 20 pairs Al0 1Ga, 4As (60 nm)/AlAs
(71 nm) DBR was first grown Si substrate. Then the 10 pairs A10.3Ga0_7As (5.5 nm)/GaAs (9 nm)
sandwiched by Al,,Ga,,As cladding layer MQW-VCSEL structures layers was grown on it.
Finally, a 60 nm thick Al, ,Ga, ,As grading layer followed by a 34 nm thick GaAs contact layer was
grown at the surface. The source materials for Ga and As were trimethylgallium (TMG),
trimethylallumium (TMA) and AsH,, respectively. Diethylzinc (DEZ) and HZSé were p-type and
n-type dopants, respectively. The resonant—mod¢ wavelength of the Fabry-Perot cavity in VCSEL
structure was designéd to laser at 870 nm at room temperature. After the epitaxial growth, the
wafers were cleéved into 5-7 mm square. Sample A wés left in the as-grown state. Sample B was

subjected to a radio-frequency (13.56 MHz) H plasma. The passivation was carried out in a quartz
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Fig. 2. 12 Room temperature PL spectra of the as- grown and hydrogen plasma
passivated Alo3Gao7As/GaAs MQWs on Sl _
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tube at 0.1 Torr, 250°C for 1 hour. The input power used for the plasma was 90 W. PL spectra

were recorded at 77 K and room temperature (300 K), respectively
2 4. 2 Characterization of AIGaAs/GaAs MQW on Si

Room temperature PL spectra from the as grown sample of 3 pairs Al, ,Ga, ,As/GaAs MQWSs on
Si and after hydrogenation is shown in Fig. 2. 12. The improvement in PL interisity from the
MQWs is clearly seen. It may further be seen frofn this figure that is a appreciable decrease in the
spectral width of emission from MQW on hydrogenation. This observation on improvement in PL
signal with chénge in spectra width suggests that hydrogenation passivates the defects in the core of
QW on Si and the interface feature responsible for line broad are also inﬂuénced by

hydrogenation'”.
2. 4. 3 Characterization of AlGaAs/GaAs VCSEL on Si

The room temperature PL sﬁectra are shown in Fig. 2. 13 for AlGaAs/GaAs MQW VCSEL on
Si before énd aﬁer hydrogen plasma passivation, respectively. Two emission peaks were observed
for both samples: peak A (866.4 nm) and peak B (817.2 nm). Because the emission wavelength of
peak A was very near the designed resonant-mode wavelength of the Fabry-Perot cavity (870 nm),
peak A was recognized as the DBR reflection PL peak of the VCSEL. Peak B was originated from
the recombination emission of the Al ,Ga, ,As top grading layer. After H plasma passivation, the
intensity of the cavity mode peak (peak A) was énhanced as large as 3 times. However, almost no
increase was observed for Peak B, it seemed that some plasma induced damages negated the
beneficial effects of H atoms incorporation in the surface region.'® As a result, the integrated
intensity of the room temperature luminescenée was greatly increased only by the increased DBR

reflection PL emission. The excitation power dependencies of peak A were shown in Fig. 2. 14. It
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Fig. 2.13 The room temperature PL spectra for AlGaAs/GaAs MQW VCSEL
on Si (i) before and (ii) after hydrogen plasma passivation, respectively.
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Flg 2. 14 The excitation power dependencies of room temperature cavity mode
emission intensity for AlGaAs/GaAs MQW VCSEL on Si (i) before and (i1)

after hydrogen plasma passivation, respectively.
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Fig. 2. 15 77K PL spectra for AlGaAs/GaAs MQW VCSEL on Si before and
after hydrogen plasma passivation, respectively.
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should be mentioned that the spectra shape did not change when the excitation power was increased
from 6 to 700 mW, indicating that the spontaneous emission was the dominaﬁt recombination
process and the stimulated emission was negligibly small, even though the MQW and the DBR
reflection PL emission were in resonance at room temperature. Just like efficient diodes, from Fig.
2. 14, we can see that the quantum efficiency of the H, plasma passivated Al,,Ga,,As/GaAs
VCSEL on Si substrate was increased as large as 3 times compared with that of the as-grown
sample at room temperature.

The low temperature (77 K) PL spectra are shown in Fig. 2. 15. Since the cavity mode was not
designed to be equal to the MQW wavelength at this temperature, both the splitted MQW emission

19)

peaks C (824.6 nm: heavy hole related emission), D(834.8: heavy hole related emission) ~’ and the
cavity mode emission peak A (865‘.6 nm) were observed. The separation of the MQW and' DBRY
reflection peaks was attributed to the fact that the MQW peak shifts to shorter wavelength faster
than the cavity mode peak with decreasing the temperature’”. In addition, the wavelength of
Al, ,Ga, ;As top layer emission peak B waS shifted to 785.2 nm. It can be seen that the PL inténsity
of MQW peaks (peaks C and D) of the H plasma passivated sami)le were dramatically increased as
large as 6 times compared to that of the as-grown sample. As aresult, the DBR reflection émission
peak A was enhanced as the same order. This directly proved that the enhancement of spontaneous
emission from VCSEL structure by H plasma passivation was dominantly attributed to the

passivation effects on the nonradiative recombination centers which enhanced the MQW exciton

emission.
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2. 5 Conclusion

In summary, we have demonstrated a significant improvement in the optical and electrical
properties of GaAs on Si by H plasma passivation followed by annealing in AsH; ambient. Both
the shallow and deep states in GaAs/Si epilayers were effectively passivated by H, plasma
passivation. The properties of PL or bulk and MQW materials on Si was obviously improved, and
are attributed to the passivation of the defects-related deep recombination centers. The passivation
effect of Si-dislocation complex (0.44 eV) still persists even after 450°C dehydrogenation process,
which is the usual process temperature. This result also suggests that the H plasma passivation

~ may be a useful way to improve the properties of GaAs devices grown on Si substrates.
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Chapter　2　Hydrogen　Plasma　passivation　Effects　on　GaAs　EpilayerGrown　on　Si　Substrate．2・　11ntroduction　　GaAs　and　related　compound　se血cond亡ctor　heteroepitaxial　layers　on　Si　substrate　have．receivedconsiderable　interest　because　it　opens　a　way　to　integrate．　the　superior　properties　of　the　60mpound・e血・・nd・・t・rs　with出・m・t�p・tech・・1・gy・f・ili・・n．1・2’A・d・・c・ib・d　i・・h・pt・・1，　t・imp・・v・血・q・訓iけ・f血・G訟・・nSi　l・yers，．9・ve・田・“・mpt・h・v・．been　m・de3’，・u・h・・，9・・wth・f　1・wt・mp・・a傭・nuclead・n　1・yers4）and・往・i・・d　l・yer　sup・・1・面ce　a・b雌・1・yers5），血・�o飢・y・1・9・・wth6’，・t・・Th・ugh血・・e曲n・imp・・ved　the　c・y・t・U蜘・fth・h・t・…tm・t・・e　t…me　ext・nt，disl�tati6n　density　is　stiII　much　higher（〜106�p’2）than　that　is　acceptable．（〜104　cm曹2）fbr　practicalapplications．　Si血ce　the　generation　of　defbcts　in　GaAs　on　Si　epilayers　can　not　be、avoided　to　the」臣lUextent・passivation　of　the　acdvity　of　these　defbcts　is　very　essendal．　In　the　past，　passivation　6f　awide　range　of　shallow　and　deep　impurities　in由e　semic6nductor　by　hydrogen　incoIporation　was・xt・n・i・・ly　inve・dg・t・d．勘M・・e・ecently，止・Hpas・i・・ti・n　e鑑・t・n・lec頃・記P・・P・ni・S・f　th・GaAs　op　Si　has　been　reported．10’11）H6wever，　to　our�qowledge，血e　e価cts　of　H　passivation．@onthe　optibal　properties　is　not　well　studied参so　far．．1・t�q・bh・pt6士，　w・p・esent血e　e挽・ts・f　plasma　hyd・・genati・n・n血・・pd¢訓and・lec面・訓P「Q戸e践ies　of　G訟s　ep’圃1ayers｛G訟・！si）副G訟・！G姶・四脚・・m　w・u（MQ恥9・・w・・nSl．・ub3旋・t・・whi・hπe・h邸act・囲by　capacit�pce−v・lt・g・（C−V），　ph・t・1・�qne・c・h・e（PL），　and　deep−level　transient　spectra（DLTS）methods．　In　addition，・the　annealing　effects　on　theH2　plasma　passivated　GaAs1Si　epilayers　a釦e　also　presented．　The　organizadon　of　this　chapter　is　as飴11・w・・1・・ecd・n　2．2，血・g・・wth・f　G狙・epil・yers・n　Si�pd　th・RF　plasma　eq・ipment・・ed　i直the　present　experimpnt　3re　described．　The　GaAs　epilayer　and　the　6hange　induced　by　H2　plasma一309一passiヤ・d・n・�Jhy・i・訓P・・P・血・・継e　ch肛�tt・dzed　i・・h3pt・・2．3．　Ch・pt・・2．4d・・cdb・・血・hydrogen　plasma　passivadon　ef飴cts　on　AlGaAs1GaAs　MQw　on　Si・．Finally，　this　chapter　issu�o漉ed　ln　secdon　2．5．2．2Experimenta露procedure2．2．1Epitaxial　growth　of　GaAs　using　low　presshre　MOCVD　The　samples　have．サeen　grown．　by　the　low　pressure（76　Torr）metal−organic　chemical　vapord・p・・i・i・・（M�t叩）・・i・g・w・一s・・pgr・w山・ech・i4…Fig・・e　2・1．・h・w・・h・・ch・m・d・ill・・歴・ti・nof　the　low　pressure　M�tVD　system　used．in　this　growth．Th・・y・�n・mm・yb・g・・up・d　i・t・飴・・鯛・・c・mp・n・nt・・（1）Th・g・・h�pd’i・g・y…m・i・・’・出・g血・hyd・’d・・�pdm・t烈・・g即irss・u「ce・v副Yes・P’uゆng・9・P・面caゆ・q・’pmen・�pd’……・＄早・c・・吻t…nな・lg・3　H・脚d�uxtu「e・｛2）Th・　c…ch�oゆw猛・h・h・d・p・・’d・n・cρμrs・�pd血e「a雌quency（躍）plasmaexposure　is　perfb�oed．　　（3）Inffared　ray（IR）1amp　unit　heating．system．．．　　　　　．　　　．　　　＼一　　（4）The　exhaust　or　low　pressure　pumping　system．職…μ・cem…畑・飴・G・�pd　A・餅・ゆ・血ylg母1i…d　A・月・dil・・ed・・1・％i・hyd・・9・n「（Hl）・・r・pect’・・’y・S’・ub・曾・t・with飢・d・ntat’。n　of（001）・t丑led40　tgw訂d［”0］・was　gsrd・．�he．r・b・加…w・・e・・h・din　aq…us　s・1・・i・n．ﾄHF・�pd・h・岬ly　Cl・興・d・・．100QOr鉛・．ゆ卑i…．食・llrw6d　by・he　grow・h　of　a・hin　GaAs　pu聴r．layer嘩．4ρOoC・．↑hrn『3μや・hic翠ρaAs・oかllayerw・・g・・wn　at750℃・．細th・u血ntention司’配岬r鈴llζγe「lwe「g：n’ly即lh6釦1’widthathalf　maximum（FwHM）of　the　double−crys士al　x−ray　dif仕abdon　were　aroUbd　l　80　arcsec．一含10．一　1留一　1OU了5’忙RN2CV700．P1702PN2δタ8タ．くF770MV770RV770F771NV770P1770AV770AV601RV601F601H2　Pu�uibrBLOWER111　　l奎±§±O　　ooo§〉Σ7．δF》　　AsH3Σ乱；oo9》Σ　製＞oq〉Σ9．ΣPH3AV124MFC12MV825MV804MV848MV849MV861MV860Σ．MV104AV100RV1008配．MV12F101MV105AV120RV120む．9…LMFC1MFC71F121MFC12RV800MV126NV850　AV850MV127MV125F122AV12AV126AV127NV840Fl脚竃　　　　≧1st．SCRUB．SV801PlA　800AV710XMV710AV1031AV123A旧．LEAκ話≧§蓬2nd．SCRUB．MV643DPI710AV102AV122MV844Mve42MV711FUMIDlFlERAV800例A840OUTAV610AV620MFC61MFC62AV621MV721．DPI72。　XMV720MFC72AV720AV142AV143AV345AV346AV305AV306AV585NV340NV300AV586MV145MFC141CV141MV14でAV7021AV600MV143CV140MV140F141RV140AV140o藷ミ。り罵〉く§▽§ミi§ミiNV580§己苺墨く雷雪《NV681　　MV681MV712P1602F140，L藁▽TMIαマ。＞《TEG�poo9＞くDEZ＝琴ΣMV815↓MV803RεACTORP1811高塗ΣMV7221nP　TRAPMV802CV600由MV144H2SeMFC321ヒ羽〉ΣAV801　　BV810PIC600F1600§ミ蕊ミむ器LP1820BV820P1721MV713M．B．8塁く器≡器蓬MV723AV821T．MP．MFC301蕾≧AV802竃ミAV811oo�@o＞く尉ooゆ〉くMFC58EV600．お雪くF．T．PI810MV6110．M．F．NV820　F1820　　MV820R．P．2R．P，1日目810　FI810　MV810NV816MV814MV816MV890Fig．2．1Schematic　illustration　of　the　low　pressure　MOCVD　system．REFLECTORRFfENERATOR一レ　　　　　　　　　　　　SAMPLE　→PH31N　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　VACUUM　　　　THERMOCOUPLElOCVD　REACTORLAMPgEATERFig．2．2The　schematic　illustratioh　reactor　chamber　of　the　MOCVD．一312一2。2．2H2plasma　exposure　f6r　GaAs　epi置ayer　on　Si　Figure　2．2shows　the　peactor　chamber　in　which　theζeposition�tcurs．　The　passivation　is　alsoc面・d・・ti・it　t�q・ugh　wh・h　m・1�t曲hyd・・9・n　i・p・mp・d飢・・educed　p・essu・e（0・1T・π）・．　n・hy血・9・n　p1・・m・i・ex・it・dby・adi・一門・quen・y（13．56　M翫）P・w・・via　a・・p¢・c・江・ゆ・h・g出・qua並z　tube．　The　induced　power　used　fbr．　the　hydrogen　plasma　is　90　W．　Typical　plasma　exposureconditions　are　2h　at　2500　C・In　oτder　to　inves耳gate血e　reρoveτy　oギpassiYated　donor　states　and　thestability　of　passivated　deep　levels，且posレhydrogenation　anneahng　was　ca�ued　out　in　H2　ambientor　AsH3　ambient　at　4500C．2．2．3Methods　fbr　lモb≠苧ｫcteri2ation　of　GaAs　epi雇ayer　on　S　iC�q・・c・ncen噸・n　p・・丘1・・�g・bt樋・・d　by・lec�q�th・�u・組・如acit�pce　v・lt・g・mea・u・em・ntusing　a　Polaron血odel　PN4200　system．　PL　spectra　a【e　recorded　at　4．2　K　using　a　514．5　nm　Ar−ion1・・e・a・�p・x・it・直・…uナce，�pd・G・A・ph…m面pH・・晦（PMT）・・ad・・ec…．脱・p．1・ve1な�p・i・n・・pec曾・・c・py（DLTS）m6・・田・m・nt・飢・・�q・d・ut・・i・g．叩・pt・m…d（HORBA　DA1500）system　at　temperatures　ranging丘om　l　OO　K　to　400　K　using　a　gold　Sc耳ottky　contacts　madeon　GaAs　epilayer　surface，　with　AuSb1Au　ohmic　contacts　on　the　back　side　of　the．ri　substrate．2・きCh・蝋eri・ati・n・f　hyd・・g帥夏・・血・p・ssi・・ti・n・f艶・t・・n　G・A・・n　1Si2．3．lPassivation　offree　camierinGaAs　onSi職eMocvw一9「own　uni・t・nti・助d・鎚d　G訟・rpil・y・・g・・w・6・si・ub…a・・F・u訓ly　h・・a員igh・�q・・c・ncen杜・d・n　m毎皿y　due　t・山・．Si・ut・di飾・i・n丘・m　th・・ub・t・at・．　Fig・・e　2．3（・）shows　fゴee−electron　depth．垂窒盾?ｉｌｅｓ　of　the　n−type　s�oples（Si）obtained　f止om　the　C−V　profiles　which一313一　曽目．ε．9　8　89屋　＄£10191018101710161015（a）as“9「wnannealing　in　AsH3旧2　ambientpasslv　tlon．01　　　　2Depth（μm）’．R4バ1目ε　o．5お「　q．．　o．　o　口　o　o　口　oと　Q　oり　�J　ゆ　2匹1、0161015（b）as’9「own＼　　　　　　　　　　　　　／annealing　in　pure　H2　alllbient　　　　　　．passlvatlon．0．51．01．52．02．5．Depth（μm）Fig．2．3Free−electron　concentration　depth　profiles　of（a）as一εrown，　H　2　plasmapassivat・d・nd・nnea16d・in　ASH3旧2ρmbi・nt，（b）as−9・g鴨H2　pl・・m・P繰ssiマatサd　and　annealed　ln　pure　H2　ambient，unintentionally　doped　GaAsepilayers　on　Si．一314一　曽．　自　口　o●．口お　口　o　o　口　o　o　む5国．10191018io17as−grown飢1nサaling　in　AsH31H2　ambientHplasma　passsivation0．51．01．52．02．5．3．0Depth（μm）Fig．2．4Free」hole　concentfatiob．　depth　profiles　of　as−grown，　H　2　plasma．passivated　and　annealed　in　AsH31H2　ambient　p−type　GaAs（Zn）epilayers　on　Si．一315−9肛・t・k。・励・e・nd血・f　hy血・9・・p紬a　exp・・u・e・・nd諭・・p・・t与y血・9サ・・d・n�p・・訓i・g・t4500C　fbr　10　min　AsH3／H2（10％）ambient．　By　comparing　the　el�t虻�themical　C−V　profiles　ofas−grown　and　passivated　sampleS，　it　can　be　seen　that　the　electron　concentra口on　decreases血・�o�u・紐ly狙・・．戟Ehyd・・9・n　p1・・m・passi・・ロ・n　p・・ce・S価e　c面・・c・ncenα・ti・n・f血・・e色・ence蜘・（as−9・・w・）i・IX1・17　cm・3　t�q・ugh・u・血・3μm面・k　l・y・・，　wh・・ea・・h・hy血・genat・4・�opl・・h・w・a・educed・蹴i・・c・ncen仕・d・n　t�q・ugh・ut血・thi・�q・串s・Thissuggests　neutra血zation　of　the　Si　donor　due　to　hydrogen　exposure．　The　acdvity　of　the　donor　wascompletely　restored　after．@annealing　at　4500C　fbr　10　min　in　AsH31H2（10％）．ambient・For、。蜘、。n，　m・・her　s�pP1・g・・w・…1・w・・m鉾・a餌e　wi・h・・�q・・c・bcen仕・直・n・f　1　X　l・’6c�u3@salso　passiVa・rd　in　H、　plasma　and・hrg　annealed　inρu笥e　H、？mbien・・As　shown　in　Fig・2・3（b），止・�tU・iW・f血・d・n・・w・・al・…即1・t・1y・e・t・・ed・血…�o6紐血9・t　4500C　fq・10�u・i・pure　H2　ambient．　It　means　that　there　is　no　diffbrence　in　the　recovery　of　camer　concentratlon．betweentheH・�pne訓ing�pdAsH・�pne烈ing・Fig・2・4　shﾏws丘ee噛holedep山P「o∬lesof中rP−typeGaAs1Si（Zn）．　Just　hke丘ee　electron　in　n−type　sample，　the　electrical　activity　of　hole　was・ig・i負・�ptly　passivat・d　by　H・tQm・i・6・Φ・・ati・n．　H・w・v・・，山e　a・d・iW・f．the　accept・・w・・・・mpl・t・ly・e・t・・ed謡・・�o・曲g瓠4500C飴・10血・i・A・H，涯｛・ambi・nt・Th・・e・r・ult・匪・・・n・i・tentwi血P・evi・u・d・・cdp丘・n　by　Chev副i・・et記．12’．2．3．2PhotOluminescence　study　The　42　K　PL　spectra　are　shown　ih　Fig．2．5fbr　the　three　samplとs，（a）as−grown，（b）H2　plasmapassivat・伽d（・）H・pl・・m・passivat・d�pd・hen�p・・組・d　i・A・H即bi・nt・hee　do�un�pt　pe泳s如P・紅・d』aEthe　as−9・・w・・ampl…heaW　h・le　ass�ti・t・d食ee　ex・it・無P・欲B（1・485　meV）・c訂bonimp・h・y　b・・nd　p・・i・・n　p・欲C（1・469　m・V）�pd・ec・mbi・・U6・p・欲P（1・455加・V）of　boundexciton　to　deep　d6fbct　centerl　Besides　peaks　B，　C，　D，　and　E（1．42　meV），　peak　A（1．50　meV）is．also　weakly　observed　after　H2　plasma　passivation．　Peak　A　is　attributed　to　excitons　associated　with一316一窃．暑『§冨莚H（c）annealed　in　AsH　3　ambient（b）H2　plasma　exposed（a）as−grownE×3ADCB×31．381．401．421．441．461．48150Energy（eV）Fig．2．5The　PL　spectra　of　as−grown，　passivated　and　AsH　3　annealed　passivatedGaAs　epilayers　on　Si　recorded　at　4．2　K．一317一奮零婁墓目annealedH2　plasma　passivatedas−grown1．4751．4801．4851．4901．495Energy（eV）Fig．2．6The　enlarged　plot　of　the　main　emission　peak　B　shown　in　Fig．2．5．一318一ligh・h・1…1P’B・g・d・血ssi・n　b�pdE．…d　l．42・V�oy加．d・…．血e　e�ussi・面・一accep…lr・・1・e1・t・d・g　A・翫・m　vac�p¢i・・wh・h甲・P・・duced　by　H　plasmaexp・…e・’4’C・mゆg・h・・w・PL　sp�ttfa・the　FWHM　of　peak　B　is　d�treased　ffom　4．03　meV　tQ　3．44　meV　a丘er　passivation，w姐・h呵比d・・t・passi・・d・n・f・・脚・ti…ec・曲inad・n　ce直t・・S＄・・h・・出・1・cad・n・，・・large　de¢rease．　in　carder　concentradon　by　passivation．　As　a　fesult，　passivation　reduces　theper加rbadon　of　the　band　edge　via　defb�oadon　potential，　via　coulon愛）intera（｝tiqn，　and　by　fbr�ung　aband　of�qpurity　states．　The　intensity　oずpeak　B　a章er　passivation　qnly　shows　a　litde　inごreaSe，though　the　ca�uer　concentration　has　decreased　and　sohle　electrical　activity　of　deep　defbcts　waspasSivated．　Since　the　intensity　of　free　exciton　emission　is　supposed　to　increase　with　passivation．H・w・v…曲・t・・．i…ea・6．血血e　e即ssi・n嘩with　pas・i・・ti・n・ug9・・t・血・t・出・・駕・曲甜・n・h血ne1・h・v・加・nm・d・d曲gHpl斧m・サ・p・・m・iゆ・edd�o・g・・（鰍E）・When　thp　paSsivated　samples　are　annealed』under　a　suf五cient　As　vap6r　pressure，　the　peak　Edi・apP・飢・，�p�I・i血ten・iW・f　PL・i岬i・a・1飢ge　a・b・・�q・・舳th6・・二9・・w・・�ppl・・w凪1・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ノ血e即?●８2膿V）of畔B’ss甲’lers，剛eas’9「oツnsamp’es・血eq蜘fr訟sonSi・pi1・yers雛・・t・・ngly　imp・・v・d・：臣・・er・lt・釦貢h・・c・n且血血舳・imp・・v・ment　i・PL　p・・P・丘i・・il　dμ『to　the　passivadon　of　deep　r6Combinatio再ceρters　such　as牛e　di忌lgration・and　de飴cts・F’即「e戟怩Ushows血e．en1肛ged．P’otof山em掘ne血ss’on雌B卿le2・5・平。�pbg　cle肛’yseen山at　PL嘩ツavelen帥跡・雌・ent　bf血ee・�qP1・・�pd膿blue−sh食・d・卿町rd・・血・as−9「oΨn　sample・As　possible　physicr・two　possib1・・ea・・n・cゆ・・ug9・・tサd　t・・xpl錘ゆ・b’ue蜘1）dlc「easrダt紐stζtes　as・�t’瓠・dw’t与“・琵・t・・咄’・h壷’11・e・ult’只b’ue一・hi食・f・h・．麟�pdn罎owρ「sper鰭a・and（ii）・h�p9・・坤・・e・id・訓・図郭・・bl・t・d・t・曲en・．・・ncen住・・1・n・f’hydrogen　and　defects．1一319三2．3．3Passivation　ofthedeep　leve盈s　inGaAs　onSi丘i・ve琢i・t6・e・・i・g・・．@inv・・dg…山e　ch�p96・f　deep　l・v・1・・nCe噸ロ・n・・血・．passivad・n　i・completed，　sihce　the　minority　carrier　lifbtime　of　GaAs’On　Si　epilayers　can　be　controlled　by　theexistence　of　nonradiative　recombination　centOrs．14）Figure　2．7　shows　the　results　Of　the　DLTSmeasurement　carried　out　fbr　the　as−grown　sample．　which　are　ale　presentedαらノーα∫2♪vs．τ．　For。�tht・mp・・a臆e　at　whi・h・p・雄・ccu・s，�p・�ussi・n・atelﾊ2　i・c記・u1・t曲・m　Eq．（2・1），　　　　　　　　　ln�P2〃1）　　θ．（殊）＝．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．1）　　　　　　　　　　（∫2一∫1）　　碑nd　the　values　ofθπ（2覧）ノ婿are山en　plo枕ed　vs．　7；7�dThe　slgpes　of　these　Arfhenius　plots　give＞飢・…fthe　e価・dve仕・p¢・戸th．島u・i・g　Eq・（2・2）・1・ｵ16粛3（80191）許鴫÷．@．＿＿（2ρF・・G・A・，・he　c・n・・�p・16御1た2ゐ一3＝1．・×1・20・一1r配一2k−2・1・i・副…een血・仙e　c騨ec・・ss、ecd。nσ。．．、�p，r@i加，i。、ip16，　b，　d。・・面・・d丘・m．止・ibt・・cep・（at　7’一1＝0）・f出・・。（鴎）1婿・・．町’pl・t，・ibce　8。181�pd，・・1・m・y血eady加�q・w・・nd，　i・�py　ca・e，肛…u・lly・f血…d…funity．　H・w・ve・，　th・・e　i・ad�p9・・h・士・，．b・・au・e　a・light・m・…un・6伽ty　i・E。　c�plead　t・・large　errOr　inσ。。。，　SinCe　it　iS　in　a　In　term・As　sh・w・i・Fig・2・8・w・have鋤2・d血・脚P・欲・．EDI血dEL2・・i・g�qheni・r．PIQ・�pd・b・錘・・d�pa・・ivad・n・ne・gy・f・・44・V飴・Ebiwh・h　is　si�u1鉦・g・h・・e・ul・・rP・炊・4　by・u・9・・up・Thi・elec紅・n紅・p　i・at由b・t・d　t・Si一磁・1・・ati・n・・mpl・x　whi・h　h・・adi・t・ib・t・d　en・・琴ycent・・bd・t肛・und　O．廟・V．15’0・th・・th・・h・nd，・n・th6・圃n　d6・p　l・v・I　EL2Ψith．・n　acdva丘・n・ne・gy・fo．73・v　w・・．・bt樋・・d，　whi・h　w・・細b・t・d　t・血・EL2　fゆly・　　The　deep　level　cQncentration　can　be　calculated　using　Eq・（2・3）・N・一一320一締　ロ〇一×匹u＜54321　　　　　　11ms1100　ms　　　　　　　　　　　　　　　　5層　　　　0．9ms190　ms　　　　　　　　　　　　　　　　　♂　　0．8nls180　ms　　　　　　　　　　　　　　　　　’　0．7ms170　ms’　　　　　　　　　　　　　　　　　占’0．6ms160　ms　　’　rノグ　，7ダ　ク『　　　0．5ms150　ms・0．4ms140　ms　　　　　　　　　　ひ鄭＿髪油Fグ・　　『　　　，9”　・　　y’‘8　　　，　9　『100150200250300350400Te甲perature（K）Fig、2．7DLTS　spectra　fbr　as−groWn　GaAs　eplayer　on　Si，　the　solid　lines　are　thefitted　results．　　　　　　　　　　　　．一321一　■【の尊】Nミ♂三一7．0・7．年・7．4．7．6・7．8・8．00．73eVEL20．44eVED　12．62．72．82．93．03．13．210001T（K’与Fig．2．8Aπhenius　plots　of　the�oal　emis串ion　rates　deduced丘om　DLTS　spectraas　shown　in　Fig．2．7．一322一詮1ヨむ90一　h．謡　の　o℃2おぢ　の。2．52．01．51．00．50．0rate　window　46．52　s”as−grownannealed　in　AsH3ambient　　　　　　　EL2（0．73　eV）ED　1（0．44　eV）2plasmexpo6ed100150200．250300350400Temperature（K）Fig・2・9DLTS・pect・a飴・a・・9・・wn，　passlvat・d　and�pn・飢・d　in　A・H，／H2�obi・血tpassivated　GaAs　epilayers　on　Si．一323一　Here，　the　value　of　ca】�uer　concentrationハ弓）can　be　calculated　f止om　C−Vcharacteristics．△C（0）isthe　Yalue　of△C（∫）just　a丘er　the　pulse　voltage　is　off（△C（’）詔C（◎o）一C（∫））・△c（0）＝　where�e＝AIS・・ca・b・・ee面・m　Fig・2・9・血r．dec・ease　i・deep　l・v・1・・ncenα・ロ・n　i・cl・副y・een・章・・Hpl・・m・passivati・n…peci記ly・血・血・酬・血ssi・n　b餌・fdeep　l・Y・1飢ρμ・d　300ド（ED1）whchis　almost　vanished，　and　deep　level　passivation　ef6ect　still　persists　after．dehydrogenated　in　ASH3（10％）・mbi・・t飢4500C・Th・・e・e・ult・血貰h・・c・面�o血・t血・PL　p・・卿i・S�pd�u・・h呼・師・・1i脚e紅eゆ「ovpd　by　pass’vadon　of血e崩slocadonl愈rlated　deep　levels・Howeve「・撮most　nodecrease　of　EL2　was　observed　after　H2　plasma　passiマation．　It　sugεests　that．　some　H2plasma−induced　damages　negated　the　passivation　ef飴cts　of　EL2　which　is　related　to　an虚．site　AsG、defbct　complex．2．4Photoluminescence　study　of　hydrogen　plasma　passivated　A蓋GaAs／GaAs　MQWon　Si　Growth　and　fabrication、　of　quantum　well　and　verdcal−cavity　su血ce−emitting　lasers（VCSEL）onSi　subsロates　have　been　extensively　studied，　because　of　theh’poten廿al　apPlicadon　fbr　opdcalinterconnections　in　fUture　optoelectronic　integrated　circuits（OEIC）．　However，　high　dislocationd，b、ity（一10・�p一2）血th。　G。A、　epil。y6，　g，。w。。n　si、ub、α・t・（GaA・！si），　P・e》・孕t・山・1・ngli飴time　operation　of　MQw　lasers　and　stable¢ontinuous　wave（cw）operadon　fbr　vCsEL　on　si一324一p＋一GaAs　　　　　　　　　　　　　（80　nm）P−A10．7GaO．3As　　　　　．、　　　（1　Fm）　　I`IO．3G・0．7A・　　　　　（60・甲）faAs　　　　　　　　　　　　　　　（9　nm）`lo．3Gao．7As　　　　　　　　　　　（5．5　nm）faAs　　　　　　　　　　　　　　　（9　nm）`lo．3Gao．7As　　　　　　　　　　　（5．5　nm）’faAs　　　　　　　　　　　　　　　（9　nm）`lO．3GaO．7As　　　　　　　　　　　（60　nm）血一A10．7G・0．3A・　　　　　（1湛m）n＋一GaAs、　　　　　　　　　　　　（2．1μm）n＋一Si　substrateTQWFig．2．・1qSchematic　view　of　the　3　pairs　Al　o．3Gao．7As（5．5　nm）1GaAs（9　nm）MQw　structure　on　Si．一325一Fig．2．11Schematic　vlew　of　AIGaAs1GaAs　MQw　VCSEL　structure　on　Sisubstrate．二326一・ub・食・t・・飢…mt・m卿�om田・・w16’・Since血・gene・ad・n・f　d・�qt・i・G訟・1Si・pU・yerscan　not　be　avoided　to　the　血皿　extent，　passivation　of血e　e1�tむdcal　ac口vity　of　these　d6fbcts　is加6・mi耳9・・曙essend田・In　ths　secti・n，　w・p・e・ent山e　pas・ivati・n・働t・・f　H　plasma　exp・…eon　the　Alo．3Gao．7A評GaAs　MQw　laser　structure　and　vcsEL　structure　consisdng　ofAlo．3G’ao．7As1GaAs　MQW．　acdve　layer　and　AIo．1Gao．gAs1AIAs　dis面buted　Bragg　renector（DBR）grown　on　Si　substrates　by　photoluminescence（PL）meashrement．　It　was　fbund　that　the　H　plaslnaexposure　significantly　increased　photluminescence　e血sgion　intensity　and　quantum　ef匠ciency　at　theMQw　acdve　layer．2．4．1Fabrication　of　AIGaAs1GaAs　MQW　and　VCS肌structures　on．Si　　In　this　experiment，　two．type　laser　structure　was　grown　on　n�`Si　substrate　oriented　200ff（100）towards［011］by　nietalorganic　che血cal　vapor　deposition（MOCVD）at　a�qospheric　presSure．　As・h・w・i・Fig・2・10・．飴曲・MQWI・・er　s�q・t・・e・，血・3P血・淘。．，G％．，A・（5．5・m）1G飴・（9・m）MQW　sandwiched　by　Alo．7Gao．3As　cladding　layer　was　grown　bn　a　2．1μm　GaAs　buffbr　Iayer　on　Si・ub・廿・te　at7500C・・i・g　tw・・t・p　9・・wth．香E血・d．　A34・m面・kG飢、c。n愉、t　l。y。，w。、　g，。w。。t出・・u血ce・△s　sh・w・血Fig・2・11・b士・VCSEL・血・加・e・，a．2・P撮rs周。．1G馬．，A・（6・・m）！AIA・．（71nm）DBR　was　first　grown．Si　substrate．　Then　the　10pairs　Alo．3Gao．7As（5．5　nm）1GaAs（9　nm）sandwic耳ed　by　Alo．7Gao．3As　cladding　hyer　MQW−VCSBL　structurgs　layers．　was　grown　on　it．F圃ly・・60・m　t匝・k湘。．IG％．，A・ε・adl耳g　l・y・・珂1・w・d　by・34・m　t臆・k　G蛤・c・ntム・t　1・y・・w・、grown　at　the　surface．　The　source　materials　fbr　Ga　and　As　were　trimethylgallium（TMG），面methylallumium（rMA）and　AsH3，　respectively．．Diethylzinc（DEZ）and　H2Se　were　p−type　and〃一t塑do脚ls・「e・pecti・・1y・、乃・・e・・脚t姻r　w・v・16・帥・f血・F・bW−P…tcavi呼i・YCSELs血。加「ewas．d窒唐奄�ｎ�?ｄ‡ｑ　lase「at　870　nm・t…平tr雌・a加・e・岨・・．Φe　epi・翻9・・w・h・血・噸swere　cleaved�qto　5−7�osqu孤e．　S�ople　Awas　le丘in血e　as−gfown　state．　S�ople　B　wassu切ect・d　t・a・a酵i・一食・queh・y（13・56　MH・）Hpl・・m・・乃・passi瞬・n　w・・c面・d・ut　in　a　q・・血一327一含．昌qゴお　h．冒の。｝りし1．山Room　Te血P．H2　plaspassivatedas−　rown800082008400860088009000Wavelength（A）Fig．2．12　Roolh　temperature　PL　sp亭ctra　of　the　as−grown　and　hydrogen‘垂撃≠唐高passivated　Alo．3Gao．7As／GaAs　MQws　on　Si．一328一tube　at．0．　l　Torr，2500C　fbr　l　hour．　The　input　power　used　fbr　the　plasma　was　90　W．　PL　spectraw・・e・ec・・d・d・t　77　K・nd…mt・mp・・a伽β00　K），�戟Epecti・・ly2．4．2Characterization　of　AIGaAs1GaAs　MQW　on　S　iRoom　temperature．PL　spectra　fヒom　the　as　grown　sample　of　3　pairs　Alo．3Gao．7As1GaAs　MQ脚s　onSi�pd韻・・hy血・9・n・d・n　i・9h・w・i・Fig．2．12』1e　imp・・》・m・nt　i・PL血ten、i雛。m　th。MQWs　is　clearly　seen・It　may　fi血her　be　seen丘om　this且gure　that　is　a　apPr�tiable　decrease　in血espectral　wid山of　emission丘om　MQw　o血hydrogenadon．　This　observadon　on�qprovement　in　PL・ig・田with・h�p9・�q・pect・a　width・ug9・・t・血・t　hyd・・genadb・passi・・t・・血・．d。免、t、献血e　c。，e。fQw・n　Si�pd血・i…血ce脚・・e・p・n・ibl・飴・1血・b…d�p・組・・i・n・6nced　byhydrogenation　I　7）．2．4．3Chara¢terization　of　AIGaAs1GaAs　VCSEL　on　S　i　　The　room　teml鳩rature　PL　spectra　are　shown　in　Fig．2．13　fbr　A1（｝aAs！GaAs　MQw　vCsEL　onSi　befbre　and　a食er　hydrogen　plasma　passivation，　respectively．　Two　e血ssion　peaks　were　observedb・b・th・�oP1…麟A（866．4・m）�pd　p・欲B（817．2・m）．　Becau・e由e　e血ssi・n　w・v・1。ngth。fpeak　A　was　vely　near　the　designed　resonant−mode　wavelength　of　the　Fabry−Perot　cavity（870　nm），peak　A　was　recognized　as　the　DBR　refl�ttion　PL　peak　of　the　VCSEL．　Peak　B　was　originated　from血・・ec・田bi・ad・・師ssi・n・f血e．母。．ρ％．，A・t・P　9・adi・g　1・y・・．　A蝕Hかlasm・passivati・n，血・intensity　of　the　cavity　mode　peak（peak　A）was　enhanced　as　large　as　3　times．　However，　almost　nolncrease　was　observed　fbr　peak　B，　it　seemed　that　some　plasrna．　ind血ced　damages　negated　the加ne五・i組・艶・t・・f　H・t・m・血・6Φ・・ad・n　i・‘R・・�uace・egi・n・18’A・a・e・ult，山・i・t・g・1・di・t・n・卿f血・…mt卿・r・皿・．1面ne・cepce　w・・即eady血・・e3・ed・nly　by　th・inc・eased　DBRreflectign　PL　emission・The　excitation　power　dependencies　of　peak　A　were　shown　in　Fig．2．14．　It一329一曾●iヨ『εう●お9ロ、日山（ii）Room　Temp．BA（i）760800840880Wavelength（nm）Fig．2．13　The　room　temperature　PL　spectra　for．AIGaAs1GaAs　MQw　vCSELon　Si（i）befbre　and（ii）after　hydrogen　plasma　passivation，　respectively．一330一今5　0　眺．冒q弓口〇一一Room　Temp．・（ii）（i）．01020304050Excitation　Power　Intensity（WlcmろFig，2二14∫he　e弄・it・ti・n　p・w・・d・p・nd・n・i…f…mt・mp・・a加・e　cavi呼m・d・6mlsslon　lnte耳slty　fbr　AIGaAs！GaAs　MQw　vCSEL　on　Si（i）before　and（ii）after　hydrogen　plasma　passivation，　respectively．一331一曾εむ’お9鎖］山（ii）77KBc　DA（i）760800840880Wavelength（nm）Fig．2．1577K　PL　spectra　for　AlGaAs！GaAs　MQw　vCSEL　on　Si　before　andafter　hシdrogen　plasma　passivation，　r6spectively．一332一should　be　mendoned　that　the　spectra　shape　did　not．change　when　the　excitation．power　was　increased丘om　6　to　700　mWl　indicating　that　dle　spontaneous　emission　was　the　dominant　recombina廿onprocess　and　the　s血1ulated　emi串sion　was　negligibly　small，　even　though　the　MQW　and　the　DBR・enecti・n　PL・missi・n　w…i・・e・・n鋤ce　at・・ゆm　t・m鉾・at鵬J・・t脹e　e茄・i・nt　di・d・・，廿・m　Fig．2・14・we　c�p・ee　th・曲・q・�pt・m・茄・i・n・y・f出・H・Plasm・passivat・d　Al・．3G％，7A・！G鈴・．VCSEL　on　Si　substrate　was　increased　as　large　as　3　t�qes　compared　withτhat　of　the　as−grownsample　I辻room　temperature．職・1・面t・mp・・a加・e（77　K）PL　sp�t仕・�pe　sh・w・�qFig．2．15．　Since血e．　cavi騨・d・W・・n・tdesigned　to　be　equal　to　the　MQw　wavelength　at　this　temperature，　both　the　splitted　MQw　emissionP・盛・ρ（824・6・m・hea脚1・・e1…d・血ssi・n），　D（834・8・hea吻h・1・・el・t・d・�ussi・n）19’�pd・h・caviW　mode　emission　peak　A（865・6　nm）were　observed・The　separadon　of　the　MQw　Imd　DBR・e血ec廿・n　peak・was　a面b・t・d　t・山・血・t　th・t血e　MQw　peak・hi食s　t・sh・丘e・wavelength血ste・th�p血e　caviけm・d・嘩with　dec・ea・i・g血・t・m卿伽20）．　In　additi・n，血・w・ve1・ng血・f湖・．・G％．・A・t・pl・y・・e血＄・i・n　peak　B　was曲rd　t・785・2・m・It・�pb・．・een　th・t　th・PL　i・ten・ityof　MQW　beaks（peaks　C　and　D）of　the　H　plasma　passivated　sample　were　dramatically　increased　asl肛ge　a・6dm・・c・mp�p・d　t・血・t・fth6　as−9・・w・S・mpl・．　A・a・e・・lt，　th・DBR・e且ecti・n．・missi・np信ak　A　was　enhanced　as　the　same　order．　This血�ttly　proved　that　the　enhancement　of　spontaneousemission　f｝om　YCSEL　structure　by　H　plasma　passivation　was　do血inantly　attributed　to　thepa・9i・ad・n　e驚・t・・紬e　n・n・adi・dve・e・・曲直・ti・n　centers　whi、h。nh�pced血。　MQw　excit。n’　　　ゆ　　　　　　ロenUSSlon．一333一2．5Conclusi�@nhsu�o町，　we　have　demons仕ated　a　sig�u丘。�pt加provement血the　opdc曲d　elec頃。組properties　of　GaAS　on　Si　by　H　plasma　passivatiOn．．fbllowed．　by　annealing　in　AsH3　an｝bient・Bothth・・h紐1・w�pd　d・6P・t・t・・i・G狙・ノSi・p11・yers　w・・e・e舳・tively　p麗・i・・t・d　by　H・P1・・m・passivati・n・血・p・・P・而…fPL・・b・lk　md　MQw潤t・d組・・n　si　w・・gb・i・μ・ly　imp・・v・d・�pdare　attributed　to　the　passivation　of　the　d6fbcts−related　deep　recombination　centers．　The　passivation・脆・t・fSi一面・1�t・d・n・・mplex（0・44・V）・晦ersi・t・ev旧誼・・4500C　d・hyd・・gen・d・n　p・・cess・whi・h　i・血・u・u撮P・・cess　t・mp・・at・・e・Thi・・e・・lt撮…ug9・・t・th・t血・H．pl・Sm・passi・争ti�Sm・ybe　a　usefUl　way　t・imp・・ve血6　pr・P・nies・f　GaAs　devices　gr・w・・n　Si　sub・t止ates・一334子References31）T・S・9・・T・K・t・・M・Y�p9・T」lmb・md　M・Umen・・J・ApP1・Phy・・78（1995）4196．2）T・Eg・w・，　H．　T・d・，　Y．　K・b・y・・h，　T．　S・9・，　T．　IJimb・．�pd　M．　Um・n・，　ApPl．　Phy、．　L。tt．57（1990）l179．3）．S’RFan昏KAdo�u・S・Dlye測。「koらHZabeLC・Cho’and．N・0嘯i・ApP1・ply・・．68（1990）R31．　4）M．Akiy�oa，　Y．Kawarada　and　K．Kaminishi，」．　Clystal　Growth　68（1984）21．5）K．N・zaw・�pd　Y．H・・ikQ・hi，　Jp・．　J．　ApPl．　Phy・．36（1991）L668．6）M・Y�o・即・hi・・A・Y・血�o・t・・M■achikaw・・Y・It・h瑚M・S・g・・ApPL　Phソ・・L・tt・53．　（1988）2293．7）S・J・P・翻，W・C．　D・u�q・m・nt・S�u血，　J．　Ch・v田1i・・，　d．W．　T・�pd　K．　D．．C・�oi・g・，　J．Appl．　Phys．59（1986）2821．8）B・ch綱ee　md．s・A・Ri・g・1r　J・ApPl・Phy・・77（1995）3885．9）S・J・P・飢・n」・W・C6・加�t�pd　M・Stav・1・・嗣・・8・励C卿11∫・・∫・耽・’ぬ・∫・摺（Springer，　Berlin，1992）．　　10）S．J．　Pearton，　C．　S．　Wu，　M．　S　tavola，　F，　Ren，　J．　Lopata，　W．　C．　Da臆emont−Smith，　S．M・V・m・・�pdV．　E　Haven，　ApPi．　Phy・．　L・tt．51（1987）496．　　11）J．M．耳avada，　S．　J．　Pearton，　R．　G．　Wils6n，　C．　S．　Wu，　Michael　Stavola，　F．　Ren，　J．　Lopata，W．ゆ珈・nt−S血舳dS・W・N・賦J・ApPI・Phy・・ρ5（1989）347・12）J・Ch・v曲・・，　W．　C．　Dau住・m・hレS�uth，　C　W．　T・血d＄．　J．　Pean・n，　ApPl．　Phy、．　L。tt．49（1985）406．　13）V．Alberts，　Jpn．　J．　Appl．　Phys．33（1り94）611．14）T・S・9と，T．　Ji曲・�pd　M．　Um…，」p・．　J．　ApPl．　Phy・．3311994）1494．15）T・s・9・，s．　s瓢M．　u血・n・md　s．　H・tt・・i，　Jp・．　J．　Apゴ1．　Phy・，25（1986）1516．16）．V・Mmat響・NI　N盆anishi・T・Eg・w・・T・Jimb・・md　M・Um・n・I　Jp・・J・ApPl・Phy・・35（1996）．L1631・一335一17）P．Bimb・・g，　D．　M肛・，　J．　N．．　Mill・・，　R．　Baue・�pd　D．0・賞・1，　J．　Vac．　Sbi．　Tech・・1・B4（1986）1014．　18）P．Friedel　and　S。　Gourrier，　AppL　IPhys．　Lett．42（1983）509，　19）C．Jaga皿ath，　S．　Zemon，　P．　Norris，　and　B．　S．　Elman，　Appl．　Phys．　Lett．，51（1987）1268．　20）Y．Hanamaki，　H．．Akiyama，　and　Y．　Shiraki，　Semicond．　Sci．．Techno1．，14（1999）797．、一336一

