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Chapter 1 Introduction

1. 1 Background

GaAs and related cbmpound semiconductor heteroepitaxial layers on silicon (Si) substrate have
received considerable interest because they can be used to integrate the superior properties of the
compound semiconductors with the sophisticated technology of silicon' . It opens the way to
monolithically integrate the vast potential of Si microelectronics with the optoelectronic and long
wavelength capabilities of III-V compound semiconductor, which in their majority are of direct
band structures (contrary to the indirect Si band structures), as shown in Table 1. 1. Besides
allowing monolithic integration, the GaAs epitaxy on Si substrate has many other advantages. The
importaﬁt ones are as follows:

(1) Compound semiconductor substrates are 3 in. or less in diameter compared to 8-. or 12-in.
silicon wafers. Larger diameter wafer production requires highly mature technologies. GaAs on Si
allows for the exploitation of the mature Si wafer technology to produce large diameter of GaAs
epilayers that cdn just as effectively function as "GaAs substrates”.

(2) At room temperature, the thermal conductivity of Si is three times higher than that of Ga.As.
Therefore, growing GaAs on Si is good for the heat sinking of GaAs devices. For example, GaAs
circuits fabricated on Si substrates can exhibit higher resistance to thermal burnout and runaway
than those fabricated on GaAs substrates.

(3) Silicon exhibits superior mechanical properties: To achieve the same mechanical strength as
GaAs on Si, it requires much thicker GaAs substrate. Thicker substrates increase cost, weight and
requiring new processing equipment fo accommodate the increa.lse in thickness. Especially for space
based applicatiohs like solar cells on satellites, etc., the GaAs on Si is a better choice than GaAs on
“thicker" GaAs.

4) Si Wafers cost pracﬁcally a little fraction of GaAs wafers. The process of epilayer growth is

expensive, but for structures that inherently require epitaxial growth, i.e., heterostructures,
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Table 1. 1 Properties of Si and GaAs at 300 K.

Si GaAs
Mobility (cm2/V-s) 1500 8500
Electron arrival
velocity (cm/s) 1 x107 3 x107
Bandgap energy (eV) 1.12 1.424
Thermal conductivity 1.5 0.46

(W/K-cm)

Thermal expansion 6 6
coefficient (°C-1) 2.6 x10 6.86 x10
Density (g/cm3)  2.328 5.32
Lattice constant (nm) 0.5431 0.5653
Intrinsic resistivity 2.3 x10° 1 x108
(Q2-cm)
Dislocation density 0 <105
(cm2) -
Band structure Indriect Driect
Crystal structure Diamond Zincblend
Mechanical strength Strong Fragile
Heterojunction Difficult Easy
Wafer size (inches) - Z12 =4
Price Cheap Expensive
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MODFETs, quantum wells, etc., the extra effort involved in the growth of GaAs on Si is
insignificant'?.

As a result of the impressive progress in epitaxial growth of GaAs on Si, GaAs devices and
GaAs buffered devices grown on Si substrates have been successfully demonstrated. All the main
electrical and optical GaAs -devices have been grown on Si substrate, and their properties have been
compared with the same devices grown on GaAs substrates'**?. Also, in the field of photovoltaics,
GaAs on Si is useful either as single-junction solar cells, or as a technology for making very
high-efficiency multi-junction tandem solar cells, where Si is used as the bottom cell and a
GaAs-related compound semiconductor material such as AlGaAs as the top cell ma;eda123’24).
However, the perf_ormaﬁce characteristics of these device structures still can not approach those on
GaAs substrates, because Si is not a promising substrate for Singlc-crystal growth of GaAs. The
important ones among the many are initial growth of polar (GaAs) semiconductor on a nonpolar
(Si) one, 4% lattice mismatch between silicon and gallium arsenide, and 55% mismatch in thermal
expansion coefficients. The large lattice mismatch between these two materials results in the
formation of a high concentration of defects (dislocations, micro twins, and stacking faults) near the
GaAs heterointerface. The thermal mismatch creates further defects, causes wafer bowing and if the
epilayer is thick enough, crack of the epiléyer may occur. The presences of the defects, propagating
through the GaAs epilayer, have a detrimental effect on the optoelectronic properties of any devices
fabricated on GaAs/Si. For the GaAs solar cells grown on Si substrates, which are minority carrier
devices and the usﬁal solar cell structures are vertical type, the effect of dislocations particularly
thick base layer on the substrate side is crucial, because ihe dislocations act as non radiative

. . . . . . . 25
recombination centers and reduce the minority carrier lifetime*”

. Many studies have therefore been
conducted to investigate the nature of the defects present. Various methods have also been proposed
to both decrease the defect density and to suppress those present in a region close to the

heterointerface, but the dislocation density is still much higher (~10° cm™) than that is acceptable

(~10* em™) for practical applications. Therefore, passivation of the electrical activity of these
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Table 1. 2 Problems in GaAs Grown on Si Substrate

PROBLEM

SOLUTION

CAUSE
Antiphase Difference in crystalline Using tilted substrate
domains structure (Polar/nonpolar) )
(APDS) -
Misfit Lattice mismatch Using strained layer
dislocation superlattice
Propagating Three-dimensional Thermal annealing,
dislocation initial nucleation, using buffer layer,
stress light. electron-beam
irradiation
Stress Mismatch in thermal Patterning,
expansion coefficients low-temperature growth
Surface ;?;tsl:e defects, Surface polishing
morphology three-dimensional
initial pucleation
Si Si reaction with source gas | SiO2 back and side
autodoping coverage
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defects is becoming a very essential issue.

In the next section, the problems encountered in achieving high qﬁality GaAs on Si and several
approaéhes to overcome these problems, are described. Section 1. 3 is devoted to characterization A
of semiconductors with hydrogen incorporated. The purpose and organization of this dissertation

are then described in section 1. 4.

1. 2 GaAs epitaxial growth on Si

As summarized in Table 1. 2, the most important problefns encountered in GaAs growth on Si
and the main solutions proposéd are as follows:

(1) Antiphase domains (APDs)

Nonpolar semiconductors consist of a single atom, and both sub-lattices of the diamond structure
are occupied by the same atom. Polar semiconductor consist of two or more atoms, and each atom
resides in a particular sublattice. ;Epitaxial growth of polar semiconductors oﬁ nonpolar substrates
often leads to structure defects known as antiphase boundaries (APBs) due to constituent atoms
occupying incorrect sublattice. When epilayers of GaAs are grown on Si (100), Ga_and As atoms
can exhibit ambiguity in choosing lattice sites. The lattice sites on the (100) planes are
indistinguishable and so there are no preferential nucleation sites for Ga and As. This results in
arsenic-arsenic or gallium-gallium bonds. Such arsenic-arsenic or gallium-galliam bonds
boundaries are called anti-phase boundaries (APBs) or anti-phase domains (APDs). In general,
these boundaries can be highly charged and degrade overall mobilities, and are therefore deleterious
to device performance. It was found that the APDs can be self-annihilated by using a disoriented Si
(100) substrate with odd atomic layer height ste_psm. Now it is almost not a pfoblcm in growth of
GaAs on Si.

(2) Residual free electron concentration due to Si auto-doping

MOCVD grown unintentionally doped GaAs layers on Si usually have n-type conductivity, with
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carrier concentration typically in the 10' -10" em? range due to Si auto-doping>”. Some diffusion
models are proposed to explain the Si autodoping phenomenon. For example, Freundlish et al.
have proposed the "pipe" diffusion along the high density of threading dislocations, as they found
Si diffused in GaAs on Si is concentrated in channels with Si cores that correlated with the
dislocation density; Nozaki et al. have proposed gas phase transport of Si atoms to the growing
layer, etc.”®. Tt is very difficult to grow high resistivity undoped GaAs epilayers on Si using the
MOCVD technique. This becomes a crucial problem in the -fabrication of GaAs
metal-semiconductor field-effect transistors (MESFET's) and high electron mobility transistdrs
(HEMT's), because the pinch-off characteristics of GaAs MESFET's and HEMT's grown on Si
by MOCVD are often degraded by high carrier concentration in undoped layerség). It is found that
the SiO, back coating is useful in gfowing high resistivity undoped GaAs layers on Si using the
‘MOCVD technique even at a higher‘growtl-l tcmperature”) . But this back coating method increase
the complexity of the growth procedure.
(3) Dislocation due to lattice mismatch
The lattice constant of GaAs is larger than that of Si. This mismatch causes strain on the lattice of
epilayer. The energy associated with the strain is proportional to the thickness of the epilayer. When
the epilayers are thick, the associated strain energy is larger than the misfit dislocation energy.
Then dislocations are generated to relieve the strain energy. There are two predominant types of
dislocations’", one whose Burgers vector is contained at the GaAs/Si interface (type I), while the
other inclines (type II). The type I misfit dislocations are of the pure edge type; their Buréers
‘vectors and dislocation lines are perpendicular to each other. Type II misfit dislocations are of the
mixed type; their Burgers vectors are inclined by 60° to dislocation lines and at 45° to the plane of
the substrate. The type II dislocations are undesirable for two reasons: They are less effective in
accommodating misfit and they can more easily move on slip planes and generate threading
dislocations. The use of a tilted substrate preferentially induces the formation of type I dislocations.

Additionally, one can prevent many threading dislocations from reaching the surface by using a
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strained-layer supperlattice (SLS)**?*¥. The strain of SLS will bend the threading dislocations and
reduce the dislocation density near the free surface. In addition, some other attempts aré done to
eliminate the threading dislocations density in GaAs active layer, such as the growth of the low
temperature buffer layer grown at 400-600°C (two-step growth)*; growing thick GaAs epilayer'®
and using in-situ thermal cycle annealing (TCA)*”, etc..

(4) Dislocation and residual stress due to thermal coefficient mismatch

Basically, there are two main considerations concerning the origin of residual dislocation density
in GaAs on Si. One is the large lattice mismatch between a GaAs and Si crystal, as described in
above. The other is the large difference in the thermal expansion coefficient between them, or in
other words, thé thermal stress in a GaAs crystal, since the thermal stress in GaAs can reach more
than 10° dyn/cm’ at room température. It was found that the quality of GaAs is very high at the
growth temperature and the etch pit density is only 10* cm™®. However, when the crystal is cooled
down, the etch pit density increases to about 10° or 10’ cm™. This proved that the crystal quality of
GaAs on Si is determined by the thermal stress produced during cooling and not by lattice
mismatch®™. In addition, the stress applied to the active layer in the laser structure reduces the

39)

lifetime’ =

. To minimize the stress, selective growfh4°), patterning the epilayer after growth™ and
high pressure annealing the epilayer*”, etc. have been proposed, but the residual stress in GaAs on
Si is still difficulty to be removed completely.

As discussed in above, numerous dislocation reduction techniques have been attempted,
however, none of these techniques has successfully reduced the dislocation density to below 1 x10*
cm?, where the material becomes really useful for practical applications. This motivate the interest

for finding passivation techniques to inactivate the defects, including shallow and deep defects in

GaAs on Si.
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1. 3 Hydrogen in III-V semiconductors

Since the discovery of hydrogen passivation of acceptors and donors in GaAs, a great deal of
research has been performed on hydrogen in compound semiconductors’. Usually, hydrogen is
not an electrically active substitutional impurity in III-V semiconductors. That is, if hydrogen were
incorporated in an intrinsic, undoped semiconductor, the electronic properties of the semiconductor
would not be changed by the hydrogen incorporation. However, hydrogen strongly interacts with
shallow donor and acceptor impurities and neutralized them*”. In addition, the passivation of deep
levels by atomic hydrogen is also a very effective and relatively thermally stable phenomenon45'49’.
Consequently, the electronic properties of III-V semiconductors are dramatically changed by
hydrogen incorporation5°'53). There are a number of methods available for introducing hydrogen
into semiconductors. These may be classed into two groups - methods in which the hydrogen is
introduced in an intentional aﬁd controlled manner, such as exposure to a plasma or by direct ion
implantation, and those methods in which hydrogen is injected into the semiconductor in an
uncontrolled, and often unintentional, way during the crystal growth, cleaning and device
fabrication processes. As the hydrogen implantation, which is frequently termed proton
implantation, creates defects along their implantation path by | high-energy protons, the
semiconductor thus becomes highly destroyed. On the otherwise, this mechanism is irrelevant if

hydrogen is introduced by diffusion, such as plasma exposure54’55).

1. 3. 1 Hydrogen plasma exposure

Hydrogen can be incorporated from adsorbed hydrogen on the surface into the bulk of the
semiconductors by means of diffusion. Atomic (H) and molecular (H,) hydrogen surface
populations can be generated by a low pressure (0.1 to 100 Torr) glow discharge, direct current

(dc) or radio-frequency (RF) plasma reactor. Among them, the most common method is exposure
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to a radio-frequency plasma reactor in which the sample is mounted 'down stream'. Figure 1. 1
shows one of a schematics of the arrangement used for RF-plasma exposure. The hydrogen plasma
itself is excited by radio-frequency (13.56 MHz) power via a high frequency oscillator. The sample
is heated typically to 100~400°C for a‘ period of 0.5~3 h downstream in the plasma. This leads to
hydrogen incorporation depth of anywhere from a few tenths of a micrometer to as much as 50 pm,
depending on the material itself, and the doping density within it. The 'downstream' configuration
of the sample implies that the sample is spatially removed from the radio-frequency generator, as
seen in Fig. 1. 1. The 'downstream’ formation effectively eliminates the direct bombardment
damages. The lack of exposure to a high electric field also reduces the non-uniformity of the

hydrogen surface population.
1. 3. 2 Passivation of shallow impui'ity level by atomic hydrogen

Much work on shallow impurity passivation have been performed in GaAs. It is now well
established that all of the donor impurities (Si, Ge, Sn, S, Se and Te)**>® as well as all of the

60-63)

acceptor species (Be, Mg, Cd, Zn and C) can be passivated by association with atomic
hydrogen. The commonly accepted.atomicmodel for kdonor pﬁssivation by hydrogen is shown in
Fig. 1. 2. The substitutional Si atom is fourfold coordinated. The hydrogen is in‘an interstitial (AB)
site and bound to the Si donor. One of the original Si-As bonds is broken leaving the As atoms
opposite the hydrogen atom with a lone pair of electrons. The electron count of the Si-H comf)lex
yields that the complex is neutral, i.e. H has passivated the donor atom. Although the atomic model
shown in Fig. 1. 2 has been verified for Si-H in GaAs, it is generally assumed that the model also
applies to other donor impﬁrities in III-V >semiconductors. In addition, the activation energy for the
recovery of the electrical activity, i.e. the dissociation of the donor-hydrogen bdnd, was found torbe

anti proportional to the donor-hydrogen bond strength. This interdependence between the recovery

of the electrical activify of passivated donor and the donor-hydrogen bond strength further supports
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Fig. 1. 2 Schematic representation of the group-IV donor-hydrogen complex
with hydrogen.
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Acceptor

>

Fig. 1. 3 Schematic representation of the group-II acceptor-hydrogen complex
with hydrogen.
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the model in which the hydrogen is directly bound to the donor atom. Hydrogen diffuses out of
hydrogenated semiconductors, if the samples are heated to sufficiently high temperature, typically
larger than 400°C. The originéi conductivity of hydrogenated samples can be restored by such an
annealing cycle.

Hydrogen also passivates shallow acceptors in III-V semiconductors. The atomic model for the
substitutional group-II acceptor is shown in Fig. 1. 3. The hydrogen atom is bound to an arsenic
atom and occupies a BC-site between the acceptor unpunty and the arsenic neighbdrs. The
hydrogen atom thus satisfies the electron pair requirement of the arsenic neighbor. The entire
hydrogen-impurity complex is neutral, i.e. hydrogen passivates the acceptor. To date, the atomic

model shown in Fig. 1. 3 is generally assumed to apply to all substitutional group-II acceptors.
1. 3. 3 Passivation of deep level by hydrogen

The passivation of point def¢cts—related deep levels by atomic hydrogen is a very effective and
relatively thermally stable phenomenon; temperatures in excess of 400°C are normally required to
reactivate the deep levels after it has been passivated. The mechanism of hydrogen passivation of
point defect-related dangling bond is clear that the dangling bond gives rise to a state in the
bandgap. The‘- subsequent attachment of hydrogen to the dangling bond forms bonding and
anti-bonding states, the bonding states being in the valence band and no longer electrically active,
and the unoccupied antibonding states being in the conduction band a.ndv also electrically inactive®”,
Therefore in principle, the présence of an appropriate number of hydrogen can passivate these
bonds. However, since the microstructure of all of the deep level in semiconductor is largely
~ unknown, it is not clear if direct attachment of hydrogen to a dangling bond is the passivation
mechanism in all cases.

Recently, dislocation passivation via hydrogenation has demonstrated considerable potential as an

alternative approach for the reduction or elimination of the deleterious electronic effects of
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dislocations in lattice-mismatched heteroepitaxial structures including InP/GaAs®”, GaAs/Si*®,
InGaAs/GaAs®”, and GaAs/InP*®, with thermal stabilities well in excess of that observed for point
defect passivation. Such an approach would therefore rely on the electrical control of dislocation
induced states, rather than the physical or micro structural control of the dislocation themselves. It
demonstrates significant changes in the mechanism of charge trapping at dislocations after eiposure
to hydrogen plasma, which is coupled to the observed reduction in overall trap density. As
described in above, the effects of hydrogen on the electrical activity of both shallow dopants and
deep level due to point defects have been well documented. In contrast, while strong dislocation
passivation by hydrogenation has been observed in heteroepitaxial systems, little else is known
about the electrical properties of the hydrogen-dislocation complex, the kinetics of their formation
and dissociation, or about any micro structural changes in the dislocation nétwork due to hydrogen

plasma exposure.
1. 3. 4 Hydrogen plasma-induced damages on GaAs surface

Although the 'downstream' configuration of the sample during the RF plasma exposure
eliminates the direct bombardment damages on GaAs surface to some extent, the hydrogen plasma
exposure may still creates deep compensating centers through the impact of energetic H" ions on the
GaAs surface. The atomic displacement threshold in GaAs is ~ 30 eV, and typical ion energies in a
conventional 13.56 MHz plasma are of order 200 eV. In this phenomenon the carrier density will
decrease, but the carrier mobility will also decrease because of the additional compensationﬁg'”); In
addition, a preferential loss of As from the immediate surface region may be induced, because of

™ The change in near-surface

the vastly different volatilities of arsenic and gallium hydrides
stoichiomrtry may alter the surface recombination velocity and Fermi-level pinning position. The
plasma-induced'damages dramatically negate the beneficial effects of H plasma passivation. It needs

to minimize the plasma-induced damages in practical hydrogen plasma passivation processm.
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1. 4 Purpose and Organization of dissertation

For further improving the optical and electrical properties of the GaAs on Si grown by MOCVD
for practical application, it needs to reduce the dislocation density in GaAs on Si epilayer as low as
10* cm™. Since the reduction of the density of threading dislocations to such‘a low level in GaAs on
Si epilayers can't be simply realized by present growth method and techniques, passivation of the
electrical activities of the dislocation related recombination centers is becoming very essential.
Passivation of a wide range of shallow and deep impurities in GaAs, AlGaAs and AlGaAs/GaAs
quantum well grown on Si by. hydrogen (H) plasma exposure is intensively investigated in this
study. It is found the addition of H in GaAs on Si helps to reduce the density of electrically active
dangling bonds and passivate the electrical activity of most defects and irﬁpurity states, and the
beneficial effects of the H plasma passivation are stable under usual device processing temperature

(below 450°C). ‘However, exposﬁre to H plasma induces surface roughness and depletion bof As
from the GaAs surface, and the damage effects exceed the H passivation effects, sometimes. It
needs to recover these damages without removing the beneficial effects of the hydrogen -
incorporation. The annealing in AsH, ambient after plasma exposure is helpful to recover the
plasma-induced damages, and and adding PH, into H, source during the plasma exposure seems to
suppress the generation of damages in the surface region and phophidizaﬁon of the GéAs surface.
The successful improvement §f the characteristics of solar cells and Schottky diodes on>the GaAs
on Si by hydrogen plasma exposure makes sense as a first step in improving the properties of
GaAs on Si ‘devices ny hydrogen plasma passivation techniques.

This dissertation is divided in to seven chapters, each of which is summarized below.

In chapter 2, the effeéts of plasma hydrogenation (H,) on the optical and electrical properties of
GaAs epitaxial layers (GaAs/Si) and AlGaAs/GaAs multiquantum well (MQW) grown on Si
substrate are described. It is shown that a signiﬁqant improvement in the optical and electrical

properties of GaAs epilayers on Si is realized by H plasma passivation. It is also found that the H
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plasma exposure significantly incrgased photoluminescence emission intensity and quantum
efficiency at the AlGaAs/GaAs multi quantum well (MQW) grown on Si. These improvements are
attributed to the passivation of the defeéts-related, such as dislocation, deep recoinbination centers
in GaAs on Si‘.

In chapter 3, a detailed study of I-‘I2 plasma exposure and annealing effects on the photovoltaic
properties of GaAs solar cells grown on Si substrates. It is found that the conversion efficiency of
the H, plasma passivated GaAs on Si solar cell is improved, and this improvement is stable under ’
the 450°C annealing in AsH, ambient, which is the usual solar cell process temperature. This can
tI>e attributed to the increased minority carrier lifetime by the H passivation of the defect-related non
radiative recombination centers in GaAs/Si.

In chapter 4, the hydrogen plasma passivation effects on photoluminescence (PL) characteristics
of Al ,,Ga, 4,As bepilayer grown on a Si substrate are investigated. It has been found that the 4.2 K
PL intensity increases for the H plasma passivated sample with reduced carrier concentration,
owing to the passivation of nonradiative recombination centers. The passivation of residual
impurity carbon in the Alj,,Ga,z,As on Si epilayer was directly confirmed based on the
observations of the 4.2 K PL spectra of the samples. The passivation effect is found to persist even
following annealing at 450°C for 10 min.
~ In chapter 5, the PH;+H, plasma passivation effects on MOCVD-grown GaAs on Si were
studied in detail. It showed that both the surface phosphidization and defect hydrogenation can be
realized simultaneously. The optical aﬁd electrical properties of GaAs/Si were effectively improved.
In addition, the surface phosphidization suppresses the hydrogen plasmé induced damages due to
the phosphorus atoms in_corporation. As aresult, the PH,+H, plasma exposure results in;very high
open circuit voltage V.. (0.93 V) and fill factor FF (80.9%) for GaAs/Si solar cell, and the
conversion efficiency (E; ) is significantly improved. | |

In chapter 6, PH,+H, passivation effects on GaAs Schottky dibdes grown on Si substrates are

investigated. It is found that the PH, plasma passivation has a merit to realize the phosphidization



and hydrogenation effect on GaAs on Si simultaneously by the P and H atoms incorporation. As a
result, the characteristics of Schottky diode made on GaAs on Si are improved. In addition, the PH,
plasma exposed GaAs Schottky diodes on Si have an excellent thermal stability compared to that of
the H, plasma exposed diodes.

In chapter 7, the summary of this research is described. The scope for future work is also

presented.
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4．　「Si基板上GaA系化合物半導体内欠陥の　　　水素プラズマによる不活性化に関する研究」Chapter　l　Introduction1・1Background　　GaAs　and　related　compound　semiconductor　heter�tpitaxial　layerS　on　silicon（Si）substrate　have・eご・i・・d・・n・id・・め1・�qt・・e・tbec鋤・e　th・y・�pb・u・ed　t・i・t・g・at・血・・up・・i・r1P・・邸i…ft無・・・mp・und・e�u・・nd・・t・rs　with血…ph・廿cat・d　tec�q・IQgy・f・ili・・nト13’．　lt・P・n・th・吻t。monolithically　integrate　the　vast　potential　of　Si　micr�tlectronics　with　the　opt�tlectfonic　and　Iongwavelength　capabihti6s　of　IH−V　compound　semiconductor，　which　in　their　m勾ority　are　bf　dh幽ectband　structures（contr3ry　to　the　ind血�tt　Si　band　structures），　as　shown　in　Table　l．1．　Besides田1・wi・g　m・n・1価・i・tpg・ati・n，血・G訟・epit欲y・n　Si．Eub・哲・t・h・・mmy・th・・ad・・nt・g・・．恥・1mportant　ones　ale　as　fbllows：　　（1）Compound　se血conductor　substrates　are　3　in50r　less　in　diameter　compared　to　8一．　or　12−in．・ili・・n　w・艶rs・Lag・・崩・m・t・・w・琵・p・・d・・d・n・eq・i・6・hgUy　m・鱒・tech・・1・gi・・．　G・A・・n．Siallo脚s　fbr　the　exploitadon　of　the　mature　Si　wa飴r　tec�qology　to　produce　lI賦ge　dialneter　of　GaAsep皿ayers　that　can　just　as　effbctively　fimction　as”GaAs　substrates”．（2）At　room　teml児rature，　the　the�o田condμcdvi砂of　Si　is血ee　dmes　higher　than出at　of　GaAs．Therefbre，　growing　GaAs　on　Si　is　good　fbr　the　heat　sinking　of　GaAs　devices．　For　example，　GaAscircuits　fabricated．on　Si　substrates　c3n　exhibit　higher　resistance　to　the�oal　bumgut　and　runawaythall　those　fabricated　on　G3As　substrates．　　（3）Silicon　exhibits　superior　m�thanical　properties：To　achieve　the　same　mechani6al　strength　asG訟・・nSi，　it・eq・i・e・m・・h価・k・・G・As　sub・鉦at・．　Th・ker　s亡b・t・at・・i…ea・e　c・・t，　w・ight　andrequiring　new　processing　equipment　to　acco�umodate　the　increase　in　thi6kness．　Especially　fbr　spaceb・・ed・pPll・ad・n・1郎・1…11・・n・a・・lli・・・・・・…出・G・A・・n　Si　i・a悦t…ch・ice・h�pG・A・、・n．”thicker”GaAs．．（4）Si　w・飴rs　c・・t　p・acd・訓ly　a　H踊a・ti・n・fG訟・wa飴・s．乃・p・・ce・s・f・pil・y。，　g，。wth　i、exp・n・ive・b・t　f・r・�q・t・・e・that　i血・・e・dy・eq・i・e．・pit翻9・・wth，　i・e・，　h・t・…tm・t・・e・，＼一287一Table　1．1Properties　of　Si　and　GaAs　at　300　K．siGaAsMobility（cm2／V−s）Electron　ardvalvelocity（c】mls）Bandgap　energy（6V）Ther止nal　conductivity　　　　　　　（W！K−cm）The�oal　expansioncoefficient　（oC4）Density（9／cm3）LattiCe　COnStant（nm）　　　　　　　　　　　　ロ　　　　　　　　　　　　　　　ロ　　　　　　　　　　　　ロIntnnSIC　reSISt1Vlty（Ω一cm）Dislocation　d6nsity（cm−2）Band　structureCrystal　structureMechanical　strengthHeter（加hctionW蜘rSize．（inches）Price15001x107’1．121．52．6x10聯62．3280．54312．3x105OIndriectDiamond．StrongDiffi¢ult≦12qheap85003x107i．4240．466．86x1．O−65．320．56531x108＜105D4ectZincblendFr3gileEasy≦4Expensive一2887、●MOD町s・qu蜘m　w・ll…t…山e　ex碇a　e伽丘inv・1・・d　i・血・g・・wth・fG訟・．・n　Si．1・inSigni負Cant14）．A・a・e・ult・f　th・imp・essi・・p・・9・ess　i・・pi町田gr・wth・f　G・A・・n　Si・G・A・dg・ice・�pdGaAs　buffbred　devices　grown　on　Si　substrates　have　been　successfUlly　demonstrated．　AU　the　mainelectrical　and　optical　GaAs・devices　h碑ve　been　grown　on　Si　subst止ate，　and　their　properties　have　be6hcρmpared脚ith　the　same　devices　grown　on　GaAs　substrates15卿22）．．`lso，　in　the　field　of　photovoltaics，G訟・・nSi　i・u・e血1・i血・・as　si摯gl・伽d・…1肛ce11S…．・・atech・・1・gy飴・m網・g　Y・琢姐gh−e茄・i・n・y　m劇・h・d・n　t�pd・m・・1漉・ll・，　wh・・e　Si　i・u・edζ・血・b・tt・mce11�pd．．EG吟s一・e1・t・d・・mp・und・e�u・・ゆ・…m…劇・u・h・・NG餓・．…h…pcell　m・！・d誕23’24），H・w・v・・，th・ゆ�o�pce　ch訂・・t・曲・・f山・・e　d・vice・�q・加・es　still・�p・・t・pP・・ach　th・・e・nG・As　sub・t・at・・，　becau・e　Si　i・n・t・p・・�u・i耳9・ub・仕・t・鉛・忌i・gle−c琢・t田9・qwth・f　G・A・．　Th・�qP・剛・n・・�o・ngth・’m�py�p・i醐9・・ゆ・fp・1町（GaAs）・e�u・・nd・・t…nan・np・1肛（Si）one，4％1attice　mismatch　between　silicon　and　gallium　arsenide，　and　55％mismatch　in　themlalexpansion　coeffiρients．　The　large　latUce　mismatch　between　these　two　materials　result串in　thefbrmation　of　a．high　concentration　of　defbcts（dislocations，　micro　twins，　and　stacki血g　faults）near　theGaAs　heterointe�qce．　The由e�o田mismatch　creates血ゆer　de飴cts，　causes　wa飴r　bowing　and　if　theepilayer　is血ick　enough，　crack　of　the　epilayer　may　occur．　The　presences　of　the　defbcts，　propagatingthrough　the　GaAs　epilayer，　have．a　detr量mental　eff�tt　on　the　opt�tlectronic　properties　6f　any　devices毎bdcatゆn　G・A・！Si・F・・t取・G訟s　s・1飢ce11・g・・w・・n　Si・ub・t・at…Whi・h鷹�u…ity・飢・i・・devices　and　the　usual　solar　cell　structures　ale　verdcal　type，　the　effbct　of　disloca廿ons　pardcularlythick　base　layer　on　the　substrate　side　is　crucial，　because　the　dislocations　act　a忌　non　radiativerecombination　centers　and　reduce　the　minority　carder五飴�qe25）．　Many　studies　ha》e　therefbre　beenconducted　to　investigate中e　nature　of　the　defヒcts　present．　Various　methods　havとalso　been　proposed・・b・血dec・ease血・d・飴・・母en・iW　and…upp・ess・h・・e　p・e・eh・in　a・egi・n・1・・e・b・h・h・t…i・t・血ce，　b・t山・diS1・cad・n　d・n・iψis　sdll　m・・h　hgh・・（一106　cm’2）血m血・t　i・acce蜘1・（一104�p’2）飴士P・acti・烈・pP1icati・n・。　Th・・e飴・e，　P…i・・d・n・f山e　el�t�q・副・・ti・iΨ・f山・・e一289一Table　1．2Proble1ns　in　GaAs．　GrOwn　on　Si　SubstratePROBLEMCAUSESOLUTIONAntiphaseр盾高≠奄獅刀iAPDS）Diffbrence　in　crystalline．東撃モ狽浮窒?（Polar！nonpolar）Using　tilted　substrate@　　　♂Misfitр奄唐撃盾モ≠狽奄盾Lattice　mismatchUsing　stralned　layer唐浮垂?ｒｌａｔｔｉｃ?Propagatingр奄唐撃盾モ≠狽奄盾Three−dimensional奄獅奄狽奄≠戟@nUCIeatiOn，唐狽窒?ＳSThe�oahmne記ing，浮唐奄獅�　buff6r　layer，撃奄��?ｔ．　electron−beam奄窒窒≠р奄≠狽奄盾、S止ressMismatch　in．　the�oal?ｘｐａｎｓｉｏｎ　coefficientsPatterning，撃盾浴|temperature　growthSurface高盾窒垂?ｏｌｏｇｙ、Lattice　defbcts，唐狽窒?ＳS，Surface　polishingSi≠浮狽盾р盾垂奄獅Si　reaction　with　source　gasSiO2　back　and　sideモ盾魔?ｒａｇ?一290一defbcts　is　becoming．a　very　essen廿al　i〜sue．　In　the　next　section，　the　problems　encolmtered　in　achieving　high　quality　GaAs　on　Si　and　severalapproaches　to　overcome　these　problems，　are　described．　Section　l．3is　devoted　to　characterizationof　semiconductors　with　hydrogell　incorporated．　The　purpose　and　organtzation　of．t取is　dissertationare　then　descrlbed　in　section　1．4．1．2GaAs．epltaxia1．growth　on　SiAs　s�o面zeζi・．T・bl信1・2，止・血・・t　imp・舳t　p・・bl・m・en・・unt・・ed　i・G・A・g・・wth・・n　Siand　the　main　solutions　proposed　are．　as　fbllows：　　（1）Antiphage　domainS（APDs）　Nonpolar　semiconductors　conslst　of　a　singleζtom・and　bQth　sub−lattices・of　the　diamond　stmctureare�tcupied　by　the　same　atom．　Polar　semiconductor　consist　of　two　or　more　atoms，　and　each　atom　　　　　　　　　　　　　　　　　　　　　　　　　　●resid6s　in　a　pゆcular　sublattice．　Epitaxial　growt毎of　polar　semiconductors　on　nonpolar　substrates・丘・n．lead・t・・�q・血・e　d・免・t・�q・wn　a・�p丘ph・・e　b・und鍵i・・（APB・）：d・・t…n・tituent．・t・m、occupying　incorrect　sublattice♂When　epilayers・of　GaAs　are　grown　on　Si（100），　Ga　and　As　atomscan　exhibit　ambiguiW　in　choosing　lattice　sites．　The　lattice　sites　on．the　（100）　plahes　areindi・ti・g・i・h・b1・�pd・・血・・e．�p・．　h・P・eや・enti田nu・leati・n・it・・飴・G・�pd　A・・This　r6・ult・in　1訂senic“肛senic　o「g記lium−9訓1ium　boﾏds・S・・h飢・eni・二肛・eni…g興li・m−9記li・m　b・nd・b・und訂i・・�pe　c訓1・d�p・i・ph・・e　b・μ・d副・・｛AP耳・）・・�pti−phζ・e　d・舳・（APD・）・・1・gene・al・these　boundaries　can　be　highly　charged’≠獅п@degrade．ovefall　mobilities，．and　are　therefbre　deleterioust・d・vice似飴�o�pce．　It　w・・bund血・t血・畑D・c�pb・・el套�p曲・t・d　by。・i・g・面…ient，d　Si（100）sψstrate　with　odd　atomic　layer　h6ight　steps26）．　Now　it　is　almost　not　a　problem　in　growth　ofGaAs　on　SL　（2）Residua1丘ee　elegtron　concentration　due　to　Si　auto−dopingMocvD　9・・wn　uni・tenti・n訓ly　d・鉾d　G・A・1・yers・・．　si・・u訓ly　have　n−type　c・nd・・ti・ity，　with．一291一・�q・・c・ncen症・d・n卯i・烈ly　i・山・1016−1017�p’3　r�p9・・d・・t・Si　aut・一d・pi・g27’．　S・血・．di飾・i・nmodels　are　proposed　to　explain　the　Si　autodoping　phenomenon．　For　example，　Freundlish　et　al．hav・p・・p・r・d血e”pipe●’di血・i・・田・ng血・high　d・n・i可・f血・a出・g　4iSl・cati・n…Sth・y．bundSi　diffu＄ed　in　GaAs　on　Si　is　concentrated�qchannels　with　Si　cores　that　correlated　with　thedislocation　density；Nozaki　et　al．　have　proposed　gas　phase　transport　of　Si　atoms　to　the　growinglayer，　etc．28）．　It　is　very　difficult　to　grow垣gh　resis‡ivity　undoped　GaAs．epilayers　on　Si　using　theM�otec�qiq…Thi・加・・m・・3・m・i副P・・bl・m　in　th・伽dcad・n’・f　G・A・m6tal−semiconductor　field−e脆ct　transistors（MESFET’s）and　high　electron　mobility　transistors（HEム4T’s），　because　the　pinch−6ff　characteris口cs　of　GaAs　MESFET’s　and　HEMT’s　grown　on　Siby　M�o跡。。血。n　d。g，ad・d　by　high・瞭i・・c・ncenな・U・n　in　und・鉾d　l・yers2’）．1・i・飴und血・・the　SiOl　back　coating　is　useful　in　growing　high　resistivity　undΦed　GaAs　layers　on　Si　using　the』M�tyD・ec脚e　ev・n…hgh・・．9・・w・h．・・m画・嘘e30）・B・・．血i・b・・k・・ad・g血・血・d　i…ea・ethe　complexity　of　the　g止bvゆprocedure．　　（3）Dislocation　due　to　l3ttice血smatchTh・1・血ce　c・n・・鋤・．EfG・A・i・1飢9・・．・h舳…fSi・Thi・�u・m・・rhcau・es　s・・樋・・n　th・1・髄ice・fepilayer．　The　energy　associated　with　the　strain　is　propo式ional　to　the　thic�qess　of　the　epilayer．　When・he　epU・yers�p・・hi・k・・he　ass�ti…d・往・i・・…gy　i・．1継9…h卿・�u・且t　disl�tadon　ene「gy・職en　di・1・・ati・M69・n・・at・d　t・・eli・v・血・・t・毎n　en・・gy．職・・e飢・t蜘p・ed・血・�pt　typ…fdi・1・・a・i・ns31），・n・Ψh・・e　B・・gers　vec…i・．・・n・撮ned翫・h・G・A・1Si　i…血ce（type　I）・wb1・・h・・th・・i・・ii…（typ・II）．　Th・typ・1�u・負t　di・1・cati・P・田・・f　th・p・・e　edg・け鉾；th・k　B・・gersvectors　and　dis1�tation　lines　are　perpendicular　to　each　other．　Type　II　misfit　dislocations　are　of　the�uxed　type；．the丘Burgers　vectors　are　inclined　by　600　to　disl�tation　lines　and　at　450　to　the　plane　o≠th・・ub・tf・t・．　Th・typ・II　di6bcati・n・蝕・und・・k・bl・飴・tw・・ea・・n・・Th・y　a・less　e伽・・i・acc・�o・d・ti・g血・五t　and．　th・y．・�pm・・e　e塒m・ve・n・lip　Pl�p・・�pd　g・ne「ate　t�qeadingdi・1・cati・n・．　Th・u・e・f・t丑t・d・ub・t・at・p・e琵・enti記ly　i・duce・血・鉛�o・ti・n・f．typ・Idi・1・cati・n・・Additi・n訓ly，・ne　c�pP・event　m�py　t�q・adi・g　dl・1岬i・n・食・m・±ea・hi・耳血・・u・飴・e　by　using　a一292一strained−layer　supperlattice（SLS）32’34）．　The　strain　of　SLS　will　bend　the　threading　dislocations　andreduce　the　dis1�tation　density　near　the　ffee　surface．　In　addition，　some　other　attempts　are　done　toe1�qinate　the　threading　dislocations　density　in　GaAs　active　layer，　such　as　the　growth　of　the　lowtemperature　buffbr　layer　grown　at　400−6000C（two−step　growth）35）；growing　thick　GaAs　epilayer36）�pd・・i・gin−sit・血・nn記・y・1・町・副i・g（TCA）37），・t・．．（4）Dislocadon鋤d　residual　stress　due　to．血em組。�tf丘cient　Inismatch　Basically，　there　are　two　main．considerations　conceming　the　origin　of・residual　disl�tation　densityin　GaAs　on　Si．　One　is　the　large　latdce　mismatch　between　a　GaAs　and　Si　crystal，F@as　described　inabove．　The　other　is　the　large　di衡ence　in血e血e�o副expansion　c�tfficient　between　them，　or　ino血er　words，　the血e�o記stress　in　a　GaAs．crystal，　since血e　the�o紐s頓ess　in　GaAs　can　reach　more中�p10’d）ψm2　a・・g・m・・mづ・・a加・e．1・w・・bund山・t血・q・蜘・f　G笛・i・v・可high・t　th・growth　temperature　and　the　etch　pit　density　is　only　104　cm曹2．　However，　when　the　crystal　is　cooleddown，　the　etch　pit　density　increases　to　about　1060r　l　O7　cm’2．　This　proved　that　the　crystal．　quality　ofGaAs　on　Si　is　dete�oined　by血e血e�o訓stress　produced　during　cooling　and　not　by　latdce�u・m…h38’．　ln　additi・n，血・…ess　apPli・d　t・lhe　acd・・1・y・・i・．Eh・1・・er　s・m・加・e・educe・th・li飴�qe39’．　T・�u血通ze血。・t・ess，6。1�t廿ve　g，。w血40），　P。伽i。g血e　epil・y・・面・・窪・・wth41）and厨gh　p・essu・e　anne母i・g血e　epn・yer4”；・t・．　have　been　p・・P・・ed，　b・t　th・・e・id・烈・tress　i・G・A・・nSi　is　st血difficulty　to　be　removed　completely．　　As　discussed　in　above，　numerous　dislocation　reduction　techniques　have　been　attempted，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　4however，　none　of　these　tec�qiques　has　successfully　reduced　the　disl�ta廿on　density』to　below　l　x　10�p・2Cwb・，e　th。　m。t。咽bec。m。、，e誕ly。、e血1　b，　p，acti、瓠。pPlicati。n呂．．盟、血・d・・…h・i・…e・tfbr　findillg　passivation　techniques　to�qactivate　the　defbcts，　including　shallow　and　deep　defbcts　inGaAs　on　Si．・一293一馳1．3Hydrogen　in　III・V　semiconductors　．　since　the　discovery　of　hydrogen　passivation　of即ceptors　and　donors　in　GaAs，　a　great　deal　of・e・e紅・h．h・・加・n　p・面�o・d・n　hyd・・9・画・・mp・und・e�u・・nd・…rs43’・U・u・11y・．　hy血・琴・取i・nρt孕nelec�qba血y　active　substitutional�qpu戯ty　in　m犀v　semiconducto「s・Th飢is・if　hyd「ogen　we「eincorporated　in　aロintrin呂ic・undoped　se血conductor・the（｝1�ttrgnic　properUes　of血e　ser【liconductorwould　not　be　change¢by　the　hydrog6n　incorporation．　However，　hydrogen　strongly　interacts　with・h訓1・wd・n・・�pdaccep…�qP面d・・�pdne舳zed牛・m44’・in　addi・i・n・．岬ss’・争・i・n・fdeepl・v・1・by「＝E・�u・hy血・9・p　i・創・・av・麟ecd・・�pd・el・・ively血・�o副ly…bl・ph・ngm6・・n45臓conseqgently・the　elec“onic　prope並ies　of　m−v　s『miconductors．are　dramad『ally　changed　byhyd・・9・n　i…Φ・・a・i・n5び53’・Th・一a撃・mb…fm・・h・と・av皿・bl・飴・i・官・ducl・g　hyd・・genlnto　se�uconducto「s・These甲ay　be　dassed　into．two　9「oups　r　methods牟．　wh’ch　the　hy血ogen　isintroduced　in　an　intentional　and　controlled　manner，．such　as　exposure　to　a　plasma　or　by　direct　ionimpl�pt・ti・脚d　th・・e　m6th・d・i・whi・h　hy血・9・n　i・．　i司ect・d　i・t・血・・e�u・g・d・・t・・i・�pun・・nt・・ll・d・�pd・負en　uni・tenti・n烈・w・y　d・・i・g巾r・理・t烈9・・wth・．・1・�pi・g　and　d・vice鋤hcaUon　processρs．　As血e　hydrogen　i卑plantation，　which　is丘equently　te�oed　protonimp1�pt・d・n…ea！es』d・琵・t・al・ng　th・k．�qPlmt・d・n　p・血．　by�qgh“ene「gy　p「otons・the・emi・・nd・・t・・th・・bec・m・・屈ghly　d・・t・・y・d．0・th・・th6・wi・6，　t屈・m・φ�pi・m　i・iπ・1・v�pt　i’hyd・・9・n　i・i・1・・d・ced　by　difh・i・n，・u・h・忌pl・・maexp・・u・e54・55’．1．3．1．Hydroge．n　plasma　exposureHy血・9・…．aE’…Φ・・a・・dゆ・d…be岬・・亭・n・n．中・・u・蜘ntr　the．b“lk　of．tlese�uconducto「s．by　means　of　dlfhslon舳。（H）．即d．mo｝ec岬ゴ）．．kd「o自en　su血ceP・P・1・・i・n・c�pb・g・nサ・at・dby・1・wp・醜酵（Oll　t・100T・π）91qw　di・ch訂9・ldk・rt・�oent（d・）・rradi・一丘・4・・n・y（RF）pl・・m・・eact・・．　Am・ng　th・m，　th・m・・t・q�o・n　m・th・d　l・exp・・u・e一294一RFGENERATOROVEN　or　LAMPVACUUMSAMPLE［＝］／THERMOLCOUPLEH21NFig．1．1Schematic　representation　of　radio−f止equency（RF）plasma　hdrogenationsystem．一295一to　a　radio−f士equen6y　plasma　reactor　in　which　the　sample　is　mounted’down　stream’・Figure　L　lshows　one　of　a　schematics　of　the　arrangement　used　fbr　RF−plasma　exposure．　The　hydrogen　plasmait・elfi・ex・i・・dby・adi・一h・quen・y（13・56　MH・）pQw・・via　a�qgh．丘・q・・n・y・・cill・t…Th・・amplris　heated　typically　to　100〜4000C　fbr　a　period　of　O．5〜3　h　downstream　in　the　plasma．　This　leads　tohy盃・g・n　i…甲・・a・i・n　d・pth・f�pywh・・e仕・m・琵w　t・n血・・f・�u…m・…t⇔・・m・・h・・50　Fm・depending　on　the　material　itself，　and　the　doping　denslty　within　it．　The’downstream’confiεurationof　the　sample　implies　that　the　sample　is　spatially　removed茸om　the　radio−f士equency　generator，　as・een　i・．Fig・1・1・噛・’d・w・・t・eam’鉛�q・ti・・．e伽・tively・hmi・・t・・山・dh・ρt　b・mb訂dmentdamages．　The　lack　of　exposure　to　a　high　e1�tt1ic　field　also　reduces　the　non−unifbrmity　of　thehydrogen　surface　populatヰon・　r　　　　　　　．　　　　　　　　　　．1．3．2Passivation　of　sllaHow　impurity　level　by　atomic　hydr6genMuch　work　on　shallow　impurity　passivation　have　been　pe�ub�oed　in　GaAs．　It　is　now　well．r…b耳・h・d・h・t岨・fth・d6…’mp・dt’r・（S’・9・・S・・S・S・岬丁・）5　）a・we”as狙of　the・・r・p・・rs匪・i・・（B・・Mg・．rd・Zワ�pdC）6　）c猟P・r・i・a・・dby　as・�ti・・i・画th　at・�u・hyd・・gen・距…�o・皿y　accept・d・t・血cm磁・1脚・n・・passivati・n　by．hyd・・gen　is　shown　inFig．1．2．　The　substitutional　Si　atom　is　fburfbld　coordinated．　The　hydrogen　is　in　an　intersti尊a1（AB）site　and　bound　to　the　Si　donor．　One　of　the　original　Si−As　bonds　is　broken　leaving　the　As　atoms・pP・・it・th・hy血・gen　at・m　with・1・ne蜘・f・lect・・n・・乃e　e1サ・t・・n・・unt・f血・Si−H・・mpl・不yi・ld・th・t　the　c・mpl・x　i・n・u圃・i・e・Hha・p皐ssi・・t・d血・d・n・r・t・m・組th・ugh　the　at・�uc　model・h・w・i・Fig．1．2h・・been　ve面・d　f・・si，H　i・G・A・，　it　i・g・n・・訓ly　assu�u・d血・t　th・m・母・1・1・6、apPlies　to　other　donor　impu「ities　in　II【一V．．se�ucondugto「s・In　additiop・the　actixation　ene「gy　fbr　the・ec・v・取・?・heelec面・田ac・i・i・第’・el・hrd’ss・d・d・n・ft坤・⇔「7hy血。琴enbgn岬s垣un←to．be�p・ψ・・P・貰i・n・1…h・d・n・r−hyd・・geゆq・d…eng・h・Thi・’玲t・・dr鉾ndence加twlrnt熱　cove琢・f・he　el�t頃・訓…i・i｛y・f　passiva・・d　d・n・・and血・4ρ・・士一hyd・・9・nb・nd　3・・eng・h触her　supP・震・一296一　　　りDonor＼、．r聯博“’芯繍る：“。●●、誕塁：略H．欝魁醤鰹≦：きi譲i舗蹴∴鴇商、：・・◎減、・Ga・．・o・。・．’。慧・．“．・：・ひ駕・＝・薄。、、’・�d’・＝・’・’轟’・、■●、幽∴，，●・・、、，創くくくウ。”“、、、■’　　　　oFig・1・2Schematic　representation　of　the　group−IV　donor−hydrogen　complexwith　hydrogen．一297一AcceptorAs’＼隊士　　　　　Ga譲購黙灘．灘i…聯葬，…難理灘螺Fig．1，3Schematic　representation　of　the　group−II　acceptor−hydrogen　complexwith　hydrogen．一298一the　model　in　which　the　hydrogen　is　d鵬ctly　bound　to　the　donor　atom．　Hydrogen　diffUses　out　ofhydrogenated　sβmicQnductors，　if　the　samples　ale　heated　to　sufficiendy　high　temperature，　typically1貫9・曲鋤4000C・艶・・dε囲・・nd・・丘・i砂・f　hy血・96na・磁・�oP1・・c�pb・・e・…eと．by・u・h・・annealing　cycle．　Hydrogen　also　bassivates　shallow　acceptors　in血：一V　semiconductors．　The　atomic　model　fbr　ther・b・踊・n組．9・・up−H．　accept・・is　sh・w・血Fig・1・3・職・hy血・9・n・t・m　i・b・und　t・�p．盆・eni・．3tom�pd�tcupi・・aBC−sit・加伽een由・a・cept・・�qP晦�p＃血・肛・e盃。　neighb・rs・Th・hyd・・gen　at・m　thus　sati・丘・・血e　elec仕・n．P紐・・eq磁・ement・f血e　ar・e出・n・ighb・・．：』e　end・ehydrogen−impurity　complex　is　neutral，　i．e．　hydrogen　passivates　the　acceptor．　To　date，　the　atomicmω・1・h・w・血Fig・1・3i・gene・胡y　assum・d…pPly・・姐・ub・d加・i・・撮9・・up−n　acceb・・rs．1・3・3Passivation　of　deep　level　by　hydrogen血・p欝・iva・i・n・f　p・i・t　d・聯也s一・el・t・d　deep　l・v・1・by・t・麺・hyd・・9・n　i・ave耀・脱・tive．�pd’elaUvely山e�o田ly・田bl・phen・m・n・n；t・即・・a血・・�qexcrss・f　4000C肛・…田ly・eq岬・・Ieactivate　the　deep　levels　a丘er　it　has　been　passiマated、　The．mechanism　of　hydrogen　passivation　ofpoiht　de」勉t−related　dangling　bond　is　clear廿1at　the　dangling　bond　gives　rise　to　a　state　in　thebmdg・p・Thr’・ub・eq・・nt・賃ac�qent・f　hyd・・9・n　t・血・’dmgli・g　b・nd飴�o・b・ndi・g�pd�iti−bonding．states，　the　bonding　states　being　in　the　valence　band　and　no．longer　elec頃cally　active，�pdthe　unoccupi・d・�ptib・繭・耳・・・…加i・g　i・血e　cg・d…i・n　band�pd訓・・elec�q・記ly　inac・i・664）・Therefbre　in　principle，　the　presence　of　an　appropriate　number　of　hydrogen　can　passivate　thesebgnds．　However，　since　the　microstmcture　of　an　of　the　deep　leyel．　in　semiconductor　is　largelyun�qown，　it　is　not　cle飢if（血ect　a血。�qent　of　hydrogen　to　a　d�pghng　bond　is血e　passivationInechanism　in　aU　cases．　Recently，　disl�tation　passivation　via．hydrogenation　has　demonstrated　considerable　potential　as　analtemative　approach　fりr　the　reduction　or　elimination　of　the　deleterious　electronic　effbcts　of一299一di・1・め・d・n・i・1・tdce−mi・m・t・h・d　h・t…epi�q訓・血・t血・・i・・1・di・g　I・PIG・As65’，　G・A・！Si66’，hGaAs1G．aAs67），　and　GaAsπnP68），．　wi血the�o田stabili口es　well　in　excess　of　that　observed　fbr　pointdefbct　passivation．　Such　an　apbroach　would　therefbre　rely　on　the　eleごtfical　control　of　diSlocationi・duced・t・t・・，・ath・・th�pth・phy・i・組・・mi・…血・t・・組・・n曾・1・fth・出・lr℃・ti・n　th・m・el・…Itdemonstrates　significant　changes　in　the　mechanism　of　charge　trapping　at　dis1�tations　after　exposureto　hydrogen　plasma，　which．is　coupled　to　the　observed　reductiQh　in　overall　trap．　density・．Asd・・chb・d　in　ab・v・，　the　e伽・t・・f　hyd・・9・n・n血e・le面・訓�td・i取・f　b・th・h副1・Ψd・脚t・�pddeep　level　due　to　point　defbcts　have　been　well　documented．　In　contrast，　while　stro血g　disl�tationpassi…ig・by　hyd・・9・na・i・n　h・r　been・b・ew・d　i・h・…�tpi甑i撮・y…m・・H血e　el・r　i・�q・w・about　the　electrical　properties．of　the　hydrogen−disl�tation　compIex，　the　kinetics　of　thehl　fbrmationand　dissociation，　or　about　any　r�ucro　structu士al　changes　in　the　dislocation　network　due　to　hydrogenPlasma　exposure．1・3・4Hyd・・9・n　p1・・m・・indu・e“d・m・g…nG・As　su巾・6　Although　the’downstream蟹configurati6n　of　th¢sample　during　the　RF　plasma　exposure・li血・・t・9中・d廿ect　b・mb訂dm・nt　d�o・g…n．G訟s　su血ce　t…me　ext・nt・th・．hyd・・9・n　pl・・m・exposure　may　still　creates　deep　compensating　centers　through　the　impact　of　energetic　H＋ions　on　theGaAs　surface．　The　atomic　displacement　threshold　in　GaAs　is〜30　eV，　and　typical　ion　energies　in盆・・nv・nd・n紐13．56・MH・plおm・肛・・f・・a・止200・V．1・・�q・ph・n・m・n・n　t耳e　c蹟i・・d…i・y輌Udec，ea、e，　b。t血。・�qe・m・bili取will．旬・・d6・・ea・e　becau・e・f　the　additi・謡．・・mp・n・ad・n69’7i）．・1・addition，　a　pre艶renti剖loss　of　As丘om血e　i�oediate　su�uace　region　may　be　induced，　because　ofthe　vastly　di価・ent・・1・dlides・f訂S・nic�pd　g記li・m　hyd・ides72’．　Th・・h・ng・in　n・訂一su・魚cestoi6hiomrtry　may　alter　the　surface　recombination　vel�tity　and　Fe�oi−level　pi血ning　positiop．　Thepl・・ma−i・ducedFхo・g・・d・�o・d・田ly　neg・…h・．的ne負・i副・曲・…fHpl・・m・passi…i・n・1・need・・・曲並・血6plasma−i・ducedd�p・g・・i・p・ac姻・hyd・・9・npl・・m・passiva・i・np・・cess731・一300一1・4Purpose　and　Organization　of．dissertation　　For釦rther　improving　the　opdcal　and　electrical　properdes　of　the　GaAs．　on　Si　grown　by　MOCVD鉛・p・ac翻・pPli・ati・n，　it　need・t・・educe血・di・1�t・d・n　den・iW　i・G狙・・n　Si・p皿・y・・a・1・w・・104�p’2・Since山・・ed・・毛i・n・f血・d・n・i取・ft毎eadi・g　di・1・cad・n＄t・・u・h・1・w　level　i・G・A・・nsi　epilayers　can’t　be　simply　realized　by　present　growth　method　alld　techniques，　passivation　6f　the・1�t面・瓠acd・id…f血・出・1・・ad・n・el・t・d・ec・mb血・ti・n　centers　i・加・・�u・琴ve琢・・se・ti・1・Passivation　of　a　wide　range　of　shallow　ahd　deep　impurities　in　GaAs，　AIGaAs　and　AIGaAs1G4Asquantum　well　grown　on　Si　by　hydrogen（H）plasma　exposure　is　intensively　investigated．in　thisstudy．　It　is　fbund　the　addition　of　H　in　GaAs　on　Si　helps　to　reduce　the　density　of　el�ttrically　actived�pgli・g　b・nd・�pd　p・・Si・・t・the　elec血・組・・d・i呼・fm・・t　d・琵・t・�pd　imp蜘・t・t・・，　and　th・beneficial　effbcts　of　the　H　plasma　passivation　are　stable　under　usual．device　processing　temp6rature（below　4500C）・．However，　exposure　to　H　PIasma　inducos　surface　roughness　and　depletion　of　As丘om　the　GaAs　surface，　and　the　damage　effbcts　exceed　the　H　passivation　effects，　sometimes．　Itneeds　to　recover　these　damages　without　removing　the　beneficial　ef〔bcts　of　the　hydrogenincorporation．　The　annealing　in　AsH3　ambient’狙er　plasma　exposure　is　helpfUl　to　recover　theplasma−induced　damages，　and　and　adding　PH3　into　H2　source　during　the　plasma　exposu止e　seems　to・upP・6S・血・gene・ad・n・fd�o・g・・i・止・・u・魚ce・egi・n�pd　ph・phidizati・n・f　th・G訟s　su・魚ce．Th信successfhl　improvement　of　the　charactedstics　of　solar　cells　and　Schottky　diodes　on　the．　GaAs・nSi　by　hy血・暮・n　p1・・maexp・su・e　m欲es　sense琴・a且rst　st・p　i・imp・・vi・g　th・p・・P・貫i…fG・A・・nSiρ・vice白by　hyd・・gen　plasm・passivaU・n　t・bh・iq・…　This　dissbrtation　is　diYided　in　to　seven　chapters，　eac車of　which　is　sulnmarized　below．1・・h・pt・・2・the　e脱・t・・f　p1・・甲a　hyd・・9・n・ti・n（H、）・n　th・・p姻・nd・lec碇i・田P・・p・就i…fGaAs　epita】dal　layers（GaAs1Si）and　AIGaAs1GaAs　multiquantum　we11（MQw）grown　on　sisubst「ate�pe　desc「ib・d・It　is　sh・ツ・血・t・．・ig雌�pt　imp・・v・m・n・i・・h・・pd・田and・1ec面・団b・卿i…fG蛤・epil・yers・n　Si　is　re母i平・d　by　H　plおm・passi・・ti・n・It　i・a1・・飴und　thζt　th・h一301一plasma　exp・・b・e・ig面・�pdy　i…r欝・d　ph・tρ1・�unescencee�ussion　inte耳siW．　md　qu�p町efficiency　at　the　AlGaAs！GaAs　m磁i　quantum　we皿（MQW）grown　on　si・ThGse　improvements　a�径ttlibuted　to血e　paSsivadon　of血e　defect串一related，　suCh　as　dislocation・deep　recon止inado耳centersin　G3As　on　Si．　　In　chapter　3，　a　deta丑ed　study　of　H2．plasma　exposure　and．annealing　eff¢cts　on　the　photovoltaicP・・邸i…fG訟s　sgl肛cell・g・・w・・n　si・ub…a・…1・i・ゆd血・t止ec・hve「sion　e伍ciency　ofthe　H2　plasma　passivated　GaAs　on　Si　solar�tU　is　improved，　and中is　improvement　is　stable　underth。450・C・m・田i・g　i・A・H，�obi・nt，　w雌・h　i・th・u・u瓠・・1肛ce皿P・・cess　t・mp・・at・・e・’shi・c�p加・面加t・dt・山・i…eased血・・靭・雌・囮m・by血・Hpas・i・・d・n・f血・d・勉t−rel・t磁・n・hradia唾ve．recombhlation　centers　in　GaAs1Si．　　In　chapter　41　the　hydrogen　plasma　paSsivation　effbCts　on　photoluminescence（PL）characteristics・叫13q％．87A・epi1・yr・g・gw・・n・Si・ub・α…�p・inve・・ig…¢・1・h・・加・n飴und血・tth・4・2耳PL　i・ten・ity　i…ea・e・飴・血・Hplasm・pas・ivat・d・ampl・with・educed・・蝉・・ncen仁・ti・n・・wi・g・・．・h・passiva・i・n・f・・n�S・d・ρ・ec・mb’早・d・n　rb・ters・Th・．P・1・’vation．of「es’du田impurity　carbon　in　the　Alo．13Gao．87As　on　Si　epilayer　was（聾fectly　conf＃med　based　o皐the・b・rw・・i・n・・f血・4・2．K　PL・嘩・・f山6・�opl…�h・passiva・i・n　r描�t・i・bund・・persi・・even鉛ll・wi・g　am・曲g飢450’C血r　lO　miぬ．一1・・h・pt・・5・血・PH・＋H・pl・・脚as・ivati・n　e伽…g・M�tVD一三・w・G狙s．on　Si　wρ「r・勢d’・di・d…i’・1・・h・w・d血・tb・tゆ・・ur魚ce　phoSp�qd’zat’on�pd　de飴ct　hyd「。genation．c碑realized　simultaneously．　The　optical　and　e1�ttdα遥properdes．　of　GaAslSi　were　effbctively　improved．1・・dditi・ゆ・・u血ce　ph・・p�qdizad・n・upP・esse・lh・hy血・9・n　pl・・m・i・dh・ed　d�o・g・・dμ亭t・血・ph・・ph・m・a・・m・i耳・・中・・a・i・n　A・aτ・・u1ち血・PH・＋H・P’・・甲ae干P・…e「esultl岬．high・P・n・廿・ui・Y・1・・g・醜、（・．9鋤�pd』且U�q…FF　I8q・9％）艶・聯・ノSi・・1訂・弓11・�pd・h6・・nversi・n・雌・iency（E仔）is　sig・i負canロy　lmpτ・ved・．1・・h叩・・r6，　PH，＋H，　passiva・i・n　e錨�t1…．G・春・S・hgttky　di・d・・g・・w・．・n　Si　l・b…群・・畿inve・・ig…d．1・i・f・unと山・t　th・PH，　pl・・m・passi…i・・h・・aゆ…e丁丁・血・ph・・即diza・i6・一302一and　hydrggenation　6ffbct　on　GaAs　on　Si　simultaneously　by　the　P　and　H　atoms　incorporation．　As．aresult，　the　characteristics　of　Schottky　diode　made　on　GaAs　on　Si　ale　improved．　In　addition，　the　PHゴplasma　exposed　GaAs　Schot生y（hodes　on　Si　have　an　exce皿ent血em訓s励晦compared　to恥at　ofthe　H2　plasma　exposed　diodes．・In　chapt・・7，止・・u�o鰐・f山i・．・e騨・h　i・．d・・cdb・d・Th・・c・麗飴・釦t・・e　w・・k　i・．田・・presented．　　　　　　　．　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・一303一References：．　1）」．M．．　Olson，　M．　M．　Al−Jassim，　A．　Kibbler　and　K．　M．　Jones：J．　Crystal　Growth　77（1986）515．2）KMi・ug・・風．N・H・y・飼i・吊・・叫T・M肛・・蜘dKF脚w・・．J・．C理・・訓G・・w・hケ7（1986）509．　3）S，K．　Shastry，　S．　Zgmon　and　M．　Olen：J．　Crystal　Growth　77（1985）503．4）T．Soga，　S．　Hattori，　S．　Sakai　and　M．　Umeno：J．　Crystal　Growth　77（1986）498．．5）…y蹴YK・職Tu・d亀s・趣hi�pdKK舳’・短・．J・cw・・飢Gr・w・≒77（1986）490．6）N．Chand，　R．　people，　F．　A．　Baiocdhi，　K．　W．　Wecht　Imd　A．　Y．　Cho：Appl．　Physエett．49（1986）815．7）S．L．　Wright，　H．　Kroemer　and　M．　Inada，　J．　Appl．　Phys．55（1984）2916．8）S．Kalem，　J．　Chyi，　C．　W。　Litton，　H．　Morkoc，　S．　C．　Kan　and　A．　Y田v：Appl．　Phys．　Lgtt．53（1988）562．　9）M．yada，　Thin　Solid　Films　137（1986）79．10）TS・R…J・B・W・bb・D・．C・H・ught・n・J・M・B鍵ib・au・W・T・M・・脚d　7・P・Noad：Appl．　Phys．　Lett．53（1988）51．　11）J．1．Ghyi，　D．　Biswas，　S．　V．　Iyer，　N．　S．　Kumarl　H．　Morkoc，，R．　Bean，　K．　Zanio，　R．Grober　and　D．　Drew：J．　Vac．　Sci．　Technol．　B7（1989）345．　12）M．Razeghi，　F．　OmnOs，　M　Defbur　and　P≧瓢aurel，　Appl．　Phys．　Lett．52（1988）．209．13）M．Razeghi，　R　BI6ndeau，．M．　De艶ur，　F．0�o脚d　P．　M臆el：Appl．　Phys．　Lett．53（1988）854．　14）S．F．　Fang，』K．　Adomi，　S．　Iyer，　H．　Morkoc，　H．　Zabel，　C．　Choi　and　N　Otsuka：J．・Appl．Phys．68（1990）R31．　15）N．Wada，　S．　S　akai，　S．　Yoshimi，　Y．　Shintani　and　M．　Fukui：JpnJ．　AppL　Phys．33（1994）1268．一304一16）S・S勘・T・S・9・・M・T昧・y・・u「�pdM・Um・…ApPL　PhyS・卑・tt・48・（1986）413・　　17）T．Egawa，　H．　Tada，　Y．　Kobayashi，　T．　Soga，　T．　Jimbo　and　M．　Umeno：Appl．　Phys．　Lett．57（1990）1179．　　18）T．Aigo，　A．　Jono，　A．　Tachikawa，　R．　Hiratsukan　and　Moritani：Appl．　Phys．　Lett．64（1994）3127．　　19）T・Ohori，　H・SuehirQ，　K．　Kasai　and　J．　Komeno，　Jpn．　J．　ApPl．　Phys．33（1994）4499．　20）K．W．　Goossen，　G．　D．　Boyd，　J．耳Cuningham，　W．　Y．　Jan，　D．　A．　B．　Miller，　D．　S．　Chemla・�pdR・M・L・m・IE耳E　Ph・t・n・Tech・・L　L・tt・1．（1989）304・21）T．Y…a，　Y．　N・g・・him・，　T．　M・・a・e，　T」imb・and南．　Um・n・，　Jp・．　J．　ApPl．　Phy・．32（1993）L1055．　　22）J．Paslaski，　H．　Z．　Chen，　H．　Morkoc　and　A．　Yariv，　Appl．　Phys．　Lett．52（1988）1410．　　23）M．Yang，　T．　Soga，　T．　Jimbo　and　M．　Umeno：Jpn．　J．　Appl．　Phys．33（1994）6605．　　24）M．Yamaguchi　and　S．　Kondo：Mater．　Res．　Symp．　Proc．145（1989）279．　25）V．Albe質s，　J．　H．　Neethling　and　A．　W．　Leitch：J．　Appl．　Physl　75（1994）7258．　サ26）0・Ueda・T・Soga・T・Jimbo　and　M・Umen・：ApPl・Phy・I　L・tt・55σ9『9）445・　27）A．Freundlich，．A．　Leycuras，　J．　C．　Grenet　and　C．　Grattepain，　App1．　Phys．　Lett．5．3（1988）2635．28）S．Nozaki，　J．　J．　Murray，　A．　T．　Wu，　T．　Geoge，　E．　R．　Webeτand　M．　Umeno：App1．　Phys．Lett．55（1989）2402．　29）T・Egawa，　S．　Nozaki，　T．　Soga，　T．　Jimbo　an4　M．　Umeno：Extended　abstracts　of　the　22nd（19901ntertional）Confbrence　on　Slid　States　Devices　and　Materials（Sendai，1990）p．91．30）S．Nozaki，　A．　T．　Wu，　J．　J．　Murray，　T．　George，　T．　Egawa　and　M．　Umeno：Appl．　Phys．　Lett．57（1990）2669．　31）N．dtsuka，　c．　choi，　Y．　nakamura，　s．　nagakura，　R．　Foscher，　c．　K．　Peng　and　H．　Morkoc：Appl．　Phys．　Lett，49（1986）277．3字）R・Fi・ch・・，　H・M・・k…P・A・N・um・・n・H・Z・bel・C・Ch・i・N・Ot・・k・・T・L・ng・・b・ne　and一305一L．P．　Edckson：J．，　AppL　Phys．6�@（1．986）．1640．33）J．．W；．　Ma吐hews　and　A．．E．　Blakeslee：J．　Cryst．　Growth　32（1976）265．　34）P．0．Gour16y，　R．　M．　Biefdd　and　L．　R．　Dawson：AppL　Phys．　Lett．47（1985）333．35）MAkiyama，　Y．　kawarada　and　K．　kaminishi：J．　Crsyt．　Growth　68（1984）21．　36）M．・Tachikawa　and　M．　Yamaguchi：AppL　Phys．　L亭tt．56（1990）484♂3ブ）M．Y・�o即・埴，　A．　Y一・t・，．M．　Tac駄・w・，．x．　It・h�pd　M．　S・g・・ApPl．　Phy・・L・tt・53（198呂）2293．　38）M．Tachikawa　and　H．　Mori：Appl．　Phys．　Lett．56（1990）2225．　39）A．S．　Jordan，　A．　R．　von　Neida　and　R．．Caruso：J．　Cryst．　Growth　76（i986）243．40）H．P．　Lee，　S．　Wang，　Y．　H．　Huang　andρ．　Yu：ApPI・Phys・Lett・52（1988）215・　41）N．Chand　and　S．　N．　G．　Chu：Appl．　Phys．　Lett．58．（1991）74．42）H・1・hiw肛・・T・H・曲・�pdH・勧�o・・ApPL　P戸y＄・平・tt・66（’995）2573・43）S．J．　P・飢・n，」・W．　C・士b・舳d　M・Stav・1・，嗣・・8・・加C脚〃’・・5・蜘脚∫…（Sbringer，　Berlin，1992）．44）M．D．　McCluskey｛md　N．　M　Johnson：J．　Vac．　Sci．　Tec�qol．　A　17（1999）2188．　45）J．LagqWski，　M．　Kaminskam．J．　M．　Parsey，　Jr．，　H．　C．　gatos　and　M．　Lichtensteiger：AppLPhys．　Lett．41（1982）1078．46）S」・P・飢・n・EEH狙・・�pd　A，　G．・Eni・t・Elect・・n・L・tt・19（1983）1082ヅ　47）S．」．Pearton：J．　ApPl．　Phys．53（1982）4509．　48）S．」．Pearton　and　A　J．　Tavendale：Electron．　Lett．18（1982）715．．　49）S．J．　Pea丘on　and　A．　J．　Tavendale：J．　Appl．　Phys．54（1983）l154．　　50）E・Constant・N・℃aglio・」・Chevallier　and　J・C・Fesant：Electron・Lett・23（1987）．841・　　51）G．．S．　Jackson，　N．　Pan，　S．．　Peng，　G．　E．　Stillman，　N．　Holonyak　Jr．　and　R．　D．　Bumham：Appl．　Phys．　Lett．51（1987）1629．　　52）G．S．　j　ackson，　D．　C．　Ha11，　L　J．　Guido，　W．　E　Plano，　N・Pan，　N・Holonyak　Jr・and　G・E・Stillman：Appl．』ohys．　Lett．52（1988）691．’一306一53）w．c．　Dau伽emont−smi由，　J．　c．　nabity，　V．　swaminathan，　M．　stav61a，　J，　chevallier，　c．　w．Tu　and　S．　J．　Pearton：App1．　Phys．　Lett．49（1986）1098．　54）J．1．Pankove：In　5θ配∫coη伽αor3，5θ履加ε鰯5，　Vol．21D（Academic，　New　York　l　984）Cbap．13；P．261．55）W・恥・耳…en・S・J・P・飢・n�pdEEH記1…ApPL　Phy・↓・tt・44（1984）606・56）J．．bhevallier，　W．　C．　Dau従emont−Smith，　C．　W．　Tu　and　S．　J．　Pea亘on：App1．　Phys．　Lett．47（1985）108．．57）S・「J・P・飢・氏W・C・P・u仕・m・nt−S�uth・J・Ch・v田li…C・W・Tu�od　K・D・C・mmi・g・・J二Appl．　Phys．59（1986）2821．　58）Y・ρhung・D・W・Langer・R・Beckerand　D・C・Look：IEEE　Trans・ED−32（1985）410．59）Y・Chung・C・Y・Ch・n・D・W・Lmg吻d　Y・S・P飢k・J・Vac・S・i・で・・h・・1・B1（1983）799・　60）A．J．　Tavendale，　S．　J．　Pea江on，　A．　A．．Williams　Imd　D．　Alexiev：Appl．　Phys．　Lett．56（1990）1457．61）ド・M・J・h…n・R・D・Bhmh・m・R・A・S往eet制R・C・Thgmt…Phy・・Rev・B33（1986）1102．62）N．Pan，　S．　S．　B・・e，　M　H．　K・i・，　G．　E．　Stllmm，　F．　Ch、mbers，　G．　Dev�p。，　C．　R．　It6．and　M．Feng：Appl．　Phys．　Lett．51（1987）596．63）J・Ch・v飢li・・，　B・Pψ1，　A・J・li1，　k．　M・・t・飴・ui，．R．・ahbi　lad　M．　C．　B・i・y・MRS　P・・c．1�@4（1988）281．��V・A・Si・gh，　C．　WEig・1，　J．　W．　C6・b・tt�pd　L．　M．　R・血・Phy・．　St・1．　S・L　B81（1977）637．　65）B．Chatte噂ee，　S．　A．　Ringel　and　R．　Sieg：Appl．　Phys．　Lett．65（1994）5＆66）SJ．．Pearton，　C．　S．　Wu；M．　Stavola，　F．　Ren，．J．　Lopata，　W．　C．　Dautremont−Smith，　S．　M．vemon　and　v．　E．　havgn：AppL　phys．　Lett．51（1987）496．67）M・J・M・廿・g・�p・・G・P・W・t・・n・D・G・A・t，T・」・み・ders・・�pd　B・P・th�p9・y・ApPl．　Phy・．．Lett．62（1993）1417．・68）UK．　Chakrabarti，　S．　J．　Pea就6n，　W．　S．　Hobson，　J、　Lapata｛md　V．　Swaminathan：Appl．一307一Phys．　Lett．57（1990）887．　69）S．J．　Pearton：Materl　Sci．　Rep．4（1990）313．　70）D．C．　DAvanzo：正EE　Electron　Devices　29（1982）1051．．．71）F・Ren・S・J・P・飢・n・W・S・H・b・・n・T・F・llgwan・J・L・曲�p�pd　A・W・ya・o季ApPl・Phys．　Lett．56（1990）860．72）S．J．　Peart6n，　W　S．　Hobson芝U．　K．　Chackrab飢i，　G．　Derkits｛md　A．　Kinsella：J．　vac．　Sci．Tec�qol．　B8（1990）1274．73）F・R・n・J・W・Lee・C・R・A加血・thy・＄・J・．P・飢・n・R・」・Sh・1・C・Cg・・tantine　and　C・Barra“：Semicond．　Sci．　T6c�q01．12（1997）1154．一308一

