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1. Intrbduction

1.1 Introduction

In the end of 20t century, progress in silicon fabrication technology has created
information society )through rapid ‘progress in information technology (I’f) industry.
Progress in IT industry further demanded for immediate and low-latency access for
large volume of data which then merged into information and communication
technology (ICT). Worldwide spreading of internet is the core factor which pushed rapid
devélopment in the indgstry. Sincé the early 21% century, a new ubiquitous society has
started to ‘be born through the advancement in ICT industry. In ubiquitous society, |
access to information is “anytime, anywhere, with anyone and with anythiﬁg”.

As a result for information accessibility by the society, copper-based cable
communication can no longer serve the large volume of information at low-latency,
which then pushes for optical-based communication like fiber-optics. Cell phone
previously a medium for voice communication has emerged into smart phoﬁe which
carries voice, video and data communications, demanding for more base stations with
more efficient use of wavelength to serve the growing volume of data transmission.
Radio and video broadcast through analog wave signal need to be converted into digital
signal to significantly improve radio wéve utilization, while at the‘ same time
broadcasting more information with better quaiity to the audiences. Vehicles previously
a solely mechanical products with combustion engine, have emerged into smart vehicles
with mechanical-electrical hybrid engine, supported by intelligent transportation system

(ITS) for improved safety, security and efficiency in surface transportation system.



, Ubiquitdus society has demanded for enormoﬁs utilization of resources and electricity.
The vast amounts of data also need to be efficiently stored and archived, which
demanded for higher density datavstqrage.

Optoelectronic devices such as light emitting diode (LED) and laser diode (LD)
play a very important role in telecommunication, data storage, printing, display, etc.
GaAs and InP-basyed materials have long been used for LED and LD applications in red,
near infra—red (NIR) and infra-red (IR) light region. LD with 1.3-1.5 um wavelength -
band is being used in optical communications, while LD ’with 650 nm wavelength is
being used in data storage such as digital versatile disc (DVD).

Research breakthroughs by H P. Maruska, I. Akasaki, and S. Nakamura groups
in 1970s until 1990s have led to successful material growth and device fabrication for
-gallium nitride ’(GaN)-based I-nitride electrbnics and optoelectrohic devices.
GaN-based semiconductor is highly anticipated as ohe of the most important materials
to solve many problems related to demands in recent ubiquitous society. |

Ill-nitride-based materials can be applied in wide area of optoelectronics and
electronics products. As shown in Fig. 1.1, the wide band-gap energy of II-nitride
alloys from 0.7 eV for InN to 6.2 eV for AIN can cover the ‘whole light spectrum from
deep ultra-violet (DUV; until IR region, therefore giving high expectations for

‘applications in light emission devices such as LED and LD. InGaN-based active layer
has been» used for fabrication of high-brightness blue and green LED [1-2].
: AlInGaN-based quétemary active layer is used in fabrication of UV-LED shorter than

365 nm wavelength [3-4]. InGaN-based active layer with emission wavelength at 400

nm has also been applied in LD for high-density Blu-ray DVD (BD) standard [5-6].
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Fig. 1.1. Band-gap energy as a function of lattice constant for common semiconductor

materials.



1.2 Progress of I1I-Nitride Research

Growth of GaN on sapphire substrate was first reported by H. P. Maruska et al.
from Radio Corporation of Americé (RCA) Laboratories in 1969 [7]. HCI and Ga as the
source for group-IIl material wére flowed together in carrier gas, forming GaCl‘and
GaCl; group-III halide by using halide vapor phase epitaxy growth method. The growth
method is also known as hydride vapor phase epitaxy (HVPE) because _hydridé-based
ammonia (NH3) is used as source material for group-V. It has been determined that GaN
has a direct energy band-gap of 3.39 eV and the GaN film was n-type with electron
concentration typically above 101,9 cm® without intentiopal doping. A great interest for
application in blue-violet light emitting devices was born from this discovery. J. L
Pankove et al. reported first blue?LED ‘with n-type single-crystal GaN using
metal-insulator-semiconductor (MIS) structure [8]. However, the operation voltage was
very high and external quantum efficiency (Neqe) at 430-490 nm emission wavelength
- Wwas just around 0.02 — 0.12% [9-10], which is very low compared to LED emitting at
other wavelength regions. GaN film grown at that time has (1) poor surface flatness and
.many cracks, (2) relatively high deep-level emission resulted from crystal defects
compared fo band-edge emission, and (3‘) high residual donor impurities creating strong
unintentional n-type film even without any doﬁiﬁg, thus reaiizing p-type GaN ﬁlm for
p-n junction was difficult.

' In 1983, Yoshida et al. were able to obtain a strong band-edge emission by
. coating single-crystal AIN on sapphire substrate prior to GaN growth, using gas-soufce
molecular beam epitaf(y (MBE) [11]. However, residual electron concentration was still

high at 10" cm” with low electron mobility of 35 cm®V™'s™ . High quality GaN film
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was 6nly possible in 1986 By Amano et al using low-temperature AIN buffer layer
using metal organic chemical vapor deposition (MOCVD) groyvt'h [12]. Using this
method, a crack;frée' flat surface crystal growth for GaN was made possible.
Furthermore, the sample also showed a weaker deep-level emission caused by crystal
defects, and a lower residual electron concentration, which made contrdl of electronic
cohductivity in GaN to be nearlyvp‘orssible. Low-temperature AIN buffer layer has solved
problem (1) to (3) stated earlier, and .rapidly improves electrical and optical
characteristics in GaN-based materials which acts as foundation for further growth of
GaN research [13].

In 1988, Amano et al. reported that a remarkable change in emission
characteristics was observed when a MOCVD grown Zn-doped GaN (GaN:Zn) was
treated by low-energy electron beam irradiation (LEEBI) [14]. In the following year,
Amano et al reported that the LEEBI treatment not only improved emission
~ characteristics, but also drastically improvea electrical characteristics in Mg-doped GaN
(GaN:Mg) [15]. From this invehtion, ‘p-type GaN was realized, and GaN-baSed p-n
junction LED was reported for the first time which shows a great improvement in
operating voltage compared to MIS-type LED reported previously [1 5]'.

Afterwards, Nakamura reported high-quality GaN film using low—témperature
, GaN buffer layer, which shows electron density of 4x10'® cm™ and electron mobility
~ of 600 cm?V's? at room-temperature (RT), and electron density of 8x10"° cm’ and
electron mobility of 1500 cm®V™'s’ at 77 K [16]. Furthermore, Nakamura er al.
discovered that Mg-doped GaNb can be activated by heat-treatment in nitrogen-gas
ambient to form a p-type GaN [17]. This method gives big impact on improving

efficiency in mass-production environment.



InGaN which has a smaﬂer band-gap than GaN is important for light-emitters
in visible light region. InGaN film was previously grown at low temperature lower than
650°C , which shows poor crystal quality and no report on light emission characteristics
, | [18]. In 1991, Yoshimoto ef al. reported growth of InGaN at higher temperature of
800°C, and successfully obtained a good quality InGaN film with low-pressure growth
at 76 Torr, with NHj; flow of 20 1/min and V/III ratio of 20000 [19]. On the other hand,
Nakamura ef al. reported better material properties of InGaN with growth temperature
between 780 to 830 °C [20]. A sharp band-edge e.,mission" with full-width at
half-maximum in the range of 70-110 meV in 400-450 nm wavelength region was
- observed, with smaller deep-level emission reported by Yoshimoto et al., which confirm
a high-quality InGaN film [20]. It is then reported that a high V/III ratio and high N,
pressure is necessary for InGaN growth [21,22]. Investigation on application of InGaN
as active region in LED proceeded [23,24], and in 1994, Nakamura et al. reported 1 cd
class high-brightness LED ﬁsing p-n junction made of InGaN/AlGaN hetero-structure in
the active region [25]. The emission wavelength was 450 nm with Nege of 2.7% at 20
mA operatiﬁg current. Development of blue LED emission at 450 nm [26], green LED
. at 525 nm [27], and with the successful realization of quantum well (QW) structure,
high brightness LED was realized, such as 12 cd InGaN-based green LED which was
100 times brighter than 0.1‘ cd GaP-based LED [28]. Mass-production of these LEDs
was started in April 1994, which then allows realization of high-brightness outdoor
full-color display. In 1996, Nakamura et al. reported first RT pulse-oscillation
GaN-based laser diode (LD) using InGaN-based multi quantum well (MQW) structure
[5]. Shortly in the same year, RT CW-oscillation GaN-based LD was reported by the

- same group [29]. Improvement in lifetime of GaN-based LD was achieved by using



- epitaxial lateral overgrowth (ELO) method allowing the LD lifetime to exceed 10,000

hours [30].
1.3 Research Objective and Organization of Dissertation

This research concentrates on improving the characteristics of GaN-based light
emitting devices grown on Si(111) substrate, by insertion of Algo6Gag04N/GaN
strained-layer superlattices F(SLS)‘ cladding »underlayer_ prior to the growth | of
InGaN-based MQW active layer. The work results a significant improvement in
controlling threading dislocaﬁons (TDs), internal qhant,um efficiency (nig), light
emission characteristics and electrical characteristics.

The dissertation composed of six chapters and each of them is summarized as
follows. | |

Chapter 1 gives brief introduction about the technological progress which
demands for a more cost efficient electronic and optoelectronic devices, such as in
high-density storage, genéral lighting, illumination, etc. A brief explanation on progress
of GaN research is also described.

In chapter 2, a few established growth techniques are described for GaN-based
epitaxy on major substrates such as sapphire, Si, SiC and GaN free-standing substrate.
Further detailed growtﬁ mechanism for GaN hetero-epitaxy on Si substrate is also
explained, which is the fundamental subject for this research. Demand for GaN-based
electronic and optoelectronic devices grown on low-cost Si substrate is emphasized to
meet the challenging progress of the industry.

Chapter 3 describes major characterization method essential for GaN-based



thin-film epitaXy and devices, such as, X-ray diffraction (XRD); photoluminescence
(PL), transmission electron miéroscopy (TEM) and device characterization method.
Emphasize is made for conventional characteristics that shoﬁld be expected from GaN
thin-film grown by MOCVD method.

| Major investigation for the éffecf of A10,06'Ga0‘94N/GaN SLS underlayer prior to
InGaN-based MQW growth is described in chapter 4. The first seétion of the chapter
'characterizes Alg 06GagoaN/GaN SLS underlayer relative to normal‘ Alg 13GagorN
cladding underlayer. The second section in the chapter analyies A10,06Ga0_94N/GaN SLS |
underlayer relative to conventional GaN layer, which is normally used in LED
’fabrication. The study also suggests mechanism for improvement in MQW light
emission by the insertion of the AlgosGagosN/GaN SLS underlayer. The third Section
analyzes LD structure grown on Si(111) substrate with AlGaN bulk cladding layer and
AlGaN/GaN SLS cladding layer. A standard LD structure grown on GaN(0001)
free-standing substrate is also shown for comparison.

In chapter 5, fabrication and device evaluation of blue LED gfonn on Si(111)
substrate is performed, with insertion of Alo.ov6Gao_94N/GaN SLS underlayer, relative to
conventional structure without the underlayer.

Achievements from the work in this research are summarized in chapter 6. ‘
Furthermore, suggeStions for further imprdvements in ~epitaxial quality | and device

performance are also included in the chapter.
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2. GaN Hetero-Epitaxial Growth by MOCVD Method

2.1 Introdu;tion

GaN-based materials have a very good expectation for applications in
high-perfor’maﬁce devices such as high-density optical data storage, illumination and
power electronics. However, the biggest barrier in the early years of GaN-based
material growth is the non-existence of GaN substrate, which pushed researchers to rely
~ on epitaxial growth on different substrate materials (hete'rg—epitaxy).

A

2.2 Comparison of Growth Substrate Materials for GaN-based Epitaxy

GaN grthh has beén widely performed on sapphire substrate dué to its
considerably good properties, which is stable at high temperature, having the same
wurtzite crystal structure as GaN, and acceptable lattic¢ and thermal mismatch with
GaN. However, sapphire has a few limitations, such as ifs native physical property as an
insulator which prevents fabrication of devices with vertical-typ¢ electrode structure.
Sapphire also has a relatively low» thermal conductivity which restricts thermal
dissipation in high-power devices. Maximum diameter size for sapphire wafer is limited
to 4 inches which limits mass-production quantity.

Hetero-epitaxy of GaN on 6H-SiC has beenv tremendously in\;estigated by
several groups [5,6], with successful fabrication of electronic and optoelectronic devices
such as high electron mobility transistor (HEMT) [7], light emitting diode (LED) [8],

and laser diode (LD) [9,10]. However, 6H-SiC substrate has limited availability,
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restricted to small diameter size and relatively far more expensive than sapphire and Si
substrate, which limits mass production quantity and interests for device fabrication.

Homo-epitaxy of GaN on free-standing GaN substrate has reached dislocation
density as low as 10° cm™ [11]. However, such substrate has maximum diametet size
of oniy 2 inches and very limited availability, which pushes its price to become
extremely expensive. Free-standing GaN substrate is only deployed in
high-performance devices which need low dislocation density such as blue-violet LD.

While growth technology of GaN on sapphire, 6H-SiC and GaN free-standing
substrate can be considered well established, there are demands for technological
breakthrough for GaN-based epitaxy onr Si substrate. Si substrate is widely available,
having large diameter size of up to 12 inches, and very cost effectjve. The biggest
‘advantage in successful growth of GaN-based materials on Si substrate is monolithic
integration of GaN-based devices with Well-éstablished Si-based electronic devices such
as integrated-circuits (ICs), photo-detectors (PDs), etc, allowing fabrication of
multi-function hybrid deviée on a single wafer.

In contrast to sapphire, Si is a native semiconductor where electrical
conductivity can be controlled by doping, allowing the fabrication of devices with
vertical-type electrodé structure. Si has better thermal conducﬁvity than sapphire which
improves thermal dissipation during high-ternperature device- operation (see Table IL.I).

However, GaN epitaxy on Si substrate is more challenging than that of on
sapphire or SiC substrates. Large thermal coefficient mismatch of 116% between GaN
and Si is considered as the main reason for cracks to occur during cooling down after
growth, even though lattice mismatch for GaN/Si(111) (-17%) is almost similar to

GaN/sapphire (16%). Ga-Si reaction during growth causes amorphous meltback-etching
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layer, and Si gas from the substrate causes low-doping density in p-type GaN epitaxial
layer. These growth challenges have been addressed by many types of buffer layer
~ techniques to obtain good quality GaN epitaxy on Si suBstrate. |

GéN epitaxy on Si substrate has typical diglocation density of afound
107 - 10" cm™ [12], and can still be improved by optimizing its growth techniques.
‘However, as shown in Fig. 2.1, GaN grown on Si with low-temperature AIN buffer
layer is more prone to cracks when the growth temperature is cooled down to room
temperature (RT), due to large thermal expansion mismatch and lattice mismatch. In
sapphire substrate, GaN epilayer undergo compressiye strain when growth .temperature
is returned to RT. In contrast, GaN epilayer grdwﬁ on Si substrate suffers tensile stress
when gréwth temperature is cooled down to RT making Si substrate more prone to
cracks compared to sapphire substrate for layer thicker than 1 pm.

This research concentrates on GaN epitaxy on Si substrate grown with
high-temperature AIN nucleation layer and AIN/GaN multilayer (ML). Further
improvement on material and optical properties have been achieved by insertion of

Al 06GagosN/GaN .cladd‘ing underlayer prior to growth of active layer for LED [13-14].
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Table I1.1: Comparison of substrates for GaN epitaxial growth [1-4].

Substrate Silicon Sapphire 6H-SiC GaN
‘ (111) (0001) (0001)
Cost Very Low High Very High  Very High
Diameter Size Very Large Large Small Small
' (6 inches) (4 inches) (2 inches) (2 inches)
Lattice Constant (A) a 5.43 4758 3.08 3.189 -
| c - 12.991 15.12 5.185
Thermal Conductivity (W/cm K) 1.5 0.5 3.0-3.8 1.3
Thermal Expansion Coefficient 2.59 7.5 4.2 5.59
(in-plane) (x10-6/K)
Lattice Mismatch GaN/subst. (%) -17 16 3.5 0
Thermal Mismatch GaN/subst. (%) 116 -25 33 0
Epitaxial Growth Need Good Good Best
Improvement
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2.3 GaN-based Epitaxy on Si Substrate

Buffer and intermediate layers have been extensively investigated by many
research groups for GaN growth on Si substrate; such as AlN/AlGaN buffer and
AIN/GaN multilayer (ML) [15-18], AIN ihterlayer [19] and Sile_x interla}}er' [20]. This
research concentrates on crystal improvement for GaN epitaxvy on Si substrate using
AIN/A1GaN buffer and AIN/GaN ML intermediate layer. Different buffer and/or
intermediate layer growth techniques, such as AIN interlayer [19], Sile.x‘interlayer [20],
epitaxial lateral overgrowth (ELO) [21] and pendeo epitaxial overgrowth (PEO) [22] are

not covered in this dissertation.
2.3.1 AIN/AlGaN Buffer Layer

AIN/AlGaN layer is used to prevent formation of meltback-etching when GaN
is grown on Si substrate. AIN/AIGaN also acts as intermediate layer to create a
high-density rnucleation growth. For growth on sapphire substrate, high-density
nucleation growth is achieved by low-temperature GaN buffer layer. However, for
growth on Si substrate, low-temperature GaN buffer cannot be used due to Ga-Si
reaction which results in ‘amorphous meltback-etching layer. Therefore, materials such
as AIN énd AlGaN which are stable at high temperature are preferred for high-density
nucleation growth. Usage of AIN layer as nucleation layer for GaN growth on Si
substrate has been reported by many groups [23-28]. However, AIN layer growth suffers
poor surface flatness, which ‘ix‘lﬂuences the subsequént layer growth. There is repoﬁ of

170 nm GaN layer grown on the initial AIN nucleation layer [29]. However, while it
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depends on the Al composition, AlGaN has relatively _’b'etter coating property and is
easier to grow [30]. Therefore, AlGaN is considered as a good candidate for
intermediate layer. Our research group has'reported AIN/AlIGaN buffer layer to take
advantage of the combined material properties [15-18]. AIN layer which is stable at
high-temperature is initially grown on Si substrate to create a high-density nucleation

layer, followed by AlGaN layer to obtain a layer with good surface flatness.
2.3.2 AIN/GaN Multilayer (ML) Intermediate Layer

Multilayer (ML) and superlattice layer growth technology is very important to
control crack generation in IIl-nitride-based semiconductor layer growth. In IIl-nitride
layer growth on Si substrate, reactor temperature ramp-down to RT generates concave
wafer curvature, and cracks on the epitaxial layer due to the difference of thermal
expansion coefficient between Si substrate and Ill-nitride epitaxial layer, rendering
growth for thick epitaxial layer to be difficult. Optimization in the epitaxial structure is
necessary to successfully grow high-quality crack-free thick GaN-based layer on Si
subétrate. The necessity to grow thick epitaxial layer to improve the material quality has
~made ML intermédiate layer an important factor in controlling wafer curvature and
cracks. ML infermediate layer is also effective to reduce misfit dislocations resulted
from lattice mismatch of GaN-based epitaxial layer and the underlying Si substrate.
Threading dislocations (TDé) can be controlled to prevent them from penetrating to the
surface using strained-layer superlattices (SLS), a method which has been used
previously in GaAs-based growth on Si substrate [29,31,32]. When a stack 6f two types

of material with different lattice constant is grown coherently, lattice strain is built upon
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the interface of the two différent materials giving a strong strain when they are
~accumulated together. Therefore, TDs which reach the interface are bent by the strain,
gnd reaction between inclined TDs will create dislocation close-loop, elimihating the
TDs from penetrating vertically into the epitaxial surface. ‘The ML structure creates
multiple built-up interface strain for TD ‘incbzlination, thus, it is possible to control |
penetrations of TDs into the subsequent epitaxial layers. If the lattice strain is weék, itis
not possible to bend the threading dislocations caﬁsing it to penetrate through the MLs.
On the other hand, if the lattice strain is too’ large, new misfit dislocations might be built
due to the strain. In this research, a ML consisting of periods of AIN and GaN stacks
with respective layer thickne'ssfoptimized at 5 nm and 20 nm is used as the fundamental

intermediate layer, followed by further optimization in the succeeding layer. -
2.4 Conclusions

This chapter describes buffer and intermediate layer growth techniques and
their mechanism iﬁ improving crystal quality for GaN epitaxy on Si substrate. In our
GaN growth method on Si substrate, a thin AIN nucleation layer is grown initially on
the substrate to prevent meltback-etching due to Ga-Si reaction, followed by AlGaN
layer to improve surface roughness. Subsequently, a stack of AIN/GaN ML is gréwn to
suppress TDS; resulting 1n a high—quality GaN epitaxy in the succeeding layer. The
techniques described here i’s the fundamental techniques for ’further improvement

carried out through this research.
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3. Characterization Methods for GaN-based Epitaxy and

Light Emission Devices
3.1 Introduction

Thin film characterization me;chod is important to understand the mechanisms
in GaN-based crystal such as lattice defects, and photonic transitions in th;"band-gap. A
proper understanding in the crystal level allows easier control of parasitic properties,
hence, allows fdr optimization in growth parameters to improve GaN epitaxial quality.

3.2 Characterization of Lattice Defects*®

Most of GaN-based optoelectronics aﬁdv electronic  devices are
_hetero-epitaxially grown on third party substrate such as sapphire, SiC, and Si. However,
lattice mismatch and thermal expansion coefficient mismatc;,h with the substrate
produces large quantity of lattice defects in the GaN crystal. The lattice defect modifies |
active layer growth pattern, alters optical properties, and deteriorates device operating
characteristics and its lifetime reliability. Thus, understanding the characteristics of
lattice defect is essential to control or rembve the defects.
In a conventional high-quality GaN film grown on c-face sapphire or SiC
substrate using AIN or GaN buffer layer by metal organic chemical vapor deposition
(MOCVD) [1,2], the first 100 nm thickness after the hetero-epitaxial interface between

GaN and sapphire shows large quantity of stacking faults and c-face defects to relax the
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layer. However, after the initial 100'nm thickness, all other types of lattice imperfections
disappear, leaving only threading dislocations (TDs) with density around
10° 10" cm[3-5].

Lattice defects can be classified into point-defect, line-defect (dislocation), and
face-defect. In GaN film, the particular type of lattice defect observed is line defect
(dislocation), which largely influences device characteristics.

 Line defect can be classified intlo"edge-disloc'ation, screw-dislocation, and
mixed-dislocation [6]. Figure 3.1 shows the mechanism of edge-dislocation and
screw-dislocation in c-plane GaN. In edge-dislocation, dislocation line and Burgers
vector are in perpendivcular direction, while in screw-dislocation, the dislocation line and

Burgers vector are in parallel direction. Edge-dislocation occurs due to excess lattice
penetraﬁon on (1 150) face, with Burgers vector in b=1/3<1 120 > direction. On the

other hand, screw-dislocation occurs due to partial atomic step, with Burgers vector

b=<0001>. Mixed-dislocation is a mix of edge-dislocation and screw-dislocation,
with Burgers vector b=1/3<1123>. The line-defect described in this section is for

hexagonal crystal structure, which occurs when epitaxial growth is performed on c-face.
GaN crystal structure exists in cubic zincblende structure and hexagonal wurtzite

structure: However, the wurtzite structure is the meta-stable structure for GaN.
3.2.1 X-Ray Diffraction (XRD) Method

X-ray diffraction (XRD) w-scan method is conventionally used to characterize

structural quality of a GaN crystal, because density of line defect influence the w-scan
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full-width at.half-maximum (FWHM) liné width. Increase of screw component and
mixed component of the dislocation density increases tilt component in c-plane GaN,
and therefore increases FWHM line width of symmetric reflection in (0002) arid
(0004) diffraction peak. Meanwhile, increase of edge component and mixed
cbmponent of the dislocation density increases‘ twist component of c-plane GaN, and

therefore increases FWHM line width of asymnietric reflection.
3.2.2 Transmission Electron Microséopy (TEM) Method

Characteristics of line defects can be analyzed by transmission electron
microscopy (TEM). However, a proper method and time is necessary for sample

preparation, prior to actual cross-sectional TEM observation. In cross-sectional TEM

observation, when inversed lattice vector is g, and Burgers vector for line defectsis b,

line defects can be classified using gxb=0 invisibility criterion. Spéciﬁcally, when
g=<1120>, ‘Burge’rs vector b=<0001> that is perpendicular to this direction will
eliminate visibility of screw di\slocation component, showing only edge diélocation and
mixed dislocation components. In g =<0002 > direction, Burgers vector
b=1/3<1120> at perpendicular direction will eliminate visibility of edge dislocation
component, showing only screw dislocation and mixed dislocaiion components. Scréw

dislocation density is normally lower relative to that of edge dislocation density.
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(a) Edge Dislocation . (b) Screw Dislocation

Fig. 3.1. Mechanism of edge dislocation and screw dislocation.
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3.3 Luminescence Properties[m

The elementary excitation process of semiconductors over its béndégap energy
first creates free electrons in the conduction band, and holes in the valence band.
Subsequently, they lose energy and momentum, i.e. relax, to the lowest eﬁergy states by
emitting phoiions in general. They then form a quasi-particle that is a bound state with
Coulomb interaction in between the electron and the hole. The quantum of this
electronic polarization is called exciton.

In semiconductors, a' weakly bound electron-hole (e-h) pair whose
Wave-function‘ propagates mdre than the lattice spacing is formed and is cailed as
Mott-Wannier exciton. Conversely, in ionic crystéls or molecular crystals, e-h pair is
~strongly bound at the matrix atom or localized at its neighborhood, which is called as
Frenkel ‘exc’iton. Wannier excitons can freely move ih the crystal in a form-of mobile,
bound e-h pair, which is called as free exciton (FE) [7]. Thus, they do not contribute to
the electrical conductivity. However, they play an important role in optical absorption,
reflection, and emission processes in semiconductors. The energy states of exci‘tons
reseinble those of shallow impﬁrities._The electron turns around the hole like hydrogen
. atom, but in the material with dielectric constant £ = &8, -

| Studies on the exciton resonance structures in GaN began at the beginning of -

1970s. Due to the crystai symmetry and relatively weak spin-orbit ’interaction, the
valence band of the wurtzite hexagonal GaN (h-.GaN') is lifted to three separate bands
[8-9], as shown in Fig. 3.2. Dingle at al. {10] ha§e assigned the energies of three (A, B
and C) excitons related to transitions from the separa;[e' valence band (I,,, I';,, and

I, in Fig. 3.2.) to the conduction band (I, ) band, as E,_ (A)=3.47410.002 eV,
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E_ (B)=3.480+0.002 eV, and E_(C)=3.501£0.01eV by means of the polarized '
optical reflectance (OR) measurements at 2 K after Pankove ef al. [11] observed a
strong photoluminescence (PL) peak at 3.477 eV at 1.6 K. Monemar [12] has also
reported the exciton energy from photoluminescence excitation (PLE) spectra at 1.6 K
as ~7 E, (A)=3.4751£0.0005 eV . E_(B) ~3.481£0.001 eV , and

E, (C)=3.493+£0.005 eV, and he deduced exciton binding energy, E, of the"ground

state A-exciton as 28 meV from the E, and E_(A) values. Amano ef al. [13] and

Logothetidis et al [14] have suggested a contribution of excitons in the optical
absorption (OA) spectra of zinc-blende cubic GaN (c-GaN) and h-GaN up to
foom-temperature (RT). Shan et al [15-16v] have also assigned modulation
photo-reflectance (PR) signals to exciton reso.nance, structures up té RT.

Typical radiative recombination processes occurring in semiconductors are
schematically summarized in Fig. 3.3. In general, luminescence spectra of high purity,
high quality semiconductors are dominated by free exciton (FE) emission at low
temperature. The FE emission from wurtzite GéN at low temperature has been observed
in the early 1970s by Pankove ef al. [11] and Dingle et al. [10]. There are various forms
of exciton complex that are composed of exciton(s) and other particles [17]. Néutral
donor has an outer electron, which turns around the donor ion with larger orbit diameter.
It binds a free hoie at the position where the static dipole between the hole and the
neutral donor balances and then charge neutrality of the complex is satisfied. This
complex is an exciton bound to a neutral donor (I,) and is in general called a bound
exciton (BE). Neutral acceptor also produces the bound exciton (I;). Similarly, ionized

donor and acceptor can produce excitons bound to them. The transition energy of BEs

associated with neutral impurities is lower than that of FEs by their localization energy,
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E,,. , which is nearly one tenth of the impurity ionization energy, F

a

[18]. The relation

between E, and E, changes depend on material [19]. As E, is very small, BE

oC |

recombination is dominant at very low temperatures and FE emission dominates the
emission spectrum at intermediate temperatures bet§veen 20 K and 100 K in general
depending on the stability of excitons in the matrix. Another process involving excitons
at low temperature is a formation of exciton-polariton, which is a complex between the
'electromagnetic n(photohs) and excitons (or oscillators) that have the same resonance
frequency as the photons at ﬁnite value of very small wa&e vector, £ [20-22]. The .
contribution of exciton-polariton in optical spectra of wurtzite GaN was reported by Gil
- etal. [17,18] and Stepniewski et al. [19]. Excitons couple with several kind of phqnons.
A remarkable feature of the PL spectrum of GaN at low temperature is the appearance
of longitudinal optical (LO) phonon replicas of FE and BE lines [10]. In i‘mpurity‘ doped
semiconductors, emission due to recombination of free carriers (elecfrons or holes) and
the impurity levels (acceptors or donors) are dominaﬁt at intermedi'eltte temperature or
RT depending on Ea of the impurity. They are referred to as free-to-bound (FB) or
bound-to-free (BF) emissioﬁs. The simultaneous existence of donor and acceptor
impurities introduce a pai'r type emission betWe_en them, and is called donor-acceptor
pair (DAP) recombination. The band-td-band (BB) emission occurs in direct band-gap
semiconductors with relatively high temperature, high éarrier density, small exciton

binding energy, E,, or high number of active phonons which produce free carriers.
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Fig. 3.2. Band structures and labeling of respective transition in zincblende and wurtzite
GaN. The indications _L and // show that the transition is allowed for the light
‘polarization E perpendicular and parallel to the optic (c) axis. Parentheses‘means that
the transition is partially allowed. The value A, and A are the spin-orbit and crystal

field splitting, respectively.
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Fig. 3.3. 'Schematic drawing of radiative and recombination processés in

semiconductors preferably at low temperature where the excitonic and impurity-related

emission occur.
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3.4 Internal, Extraction, External, and Power Efficiencies”®

In a semiconductor crystal, several mechanisms for non-radiative
recombination exist, including ShoCkley-Read, Auger, and surface recombination. Even
though non-radiative recombination can be réduced, it can ﬁéver be totally eliminated.
Any semiconductor cryétal has some native defects. Even though the concentration of
these native defects can be 1o§v, it is never zero. Thermodynamic considerations predict
that if an energy E, is needed to create a specific point defect in a crystal lattice, the
probability that such a defect does indeed form at a specific lattice site, is given by the
Boltzmann factor, i.e. exp(—E,/kT). The product of the concentration of lattice sites
and the Boltzmann'factor’ gives the concentration of defects. kA native point defect or
extended defect may form a deep state in the gap and thus be a non-radiative
recombination center.

If ‘radiative lifetime in a semiconductor crystal is denoted as 7, and
non-radiative lifetime is denoted as 7_, the total probability of recombination is given

by the sum of the radiative and non-radiative probabilities,

=" +7 7 (3.1

The relative probability of radiative recombination is given by the radiative probability
over the total probability of recombination. Thus, the probability of radiative

recombination or internal quantum efficiency (niq) is given by,

T—l

niqe = Tr_l ':‘Tm—] (32)

The miqe gives the ratio of the number of light quanta emitted inside the semiconductor

to the number of charge quanta undergoing recombination.
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In device evaluation viewpoint, active region of an ideal LED emits one photon
for every electron injected. Each charge quantum-particle (electron) produces one light
quantum-particle (photon). Thus, the ideal active region of an LED has a quantum

efficiency of unity. The n;qc is defined as,

_ Number of photons emitted from active region per second
ige —

Number of electrons injected into LED per second

‘ (3.3)
— Pint / (hl))
I/e
- where P, is the optical power emitted from the active region and / is the injection
current.

In an ideal LED, all photons emitted by the active region areralso emitted into
| free space. Such an LED has unity extraction efficiency. However, in real LED, only
partial of the optical power is emitted into free space. Sdme photons may never leave
the semiconductor die, due to several possible loss mechanisms. For exainple, light
emitted by the active region can be reabsorbed in the substrate of the LED, assuming

that the substrate is absorbing at the emission wavelength. This problem is crucial for
wide band—gap InGaN-based LED grown in narrower band-gap Si substrate. Emitted |
light may be incident on a metallic contact surface and be absorbed by the metal. In
addition, the phenomenon of tofal internal reflection, also referred as trapped light
phenomenon, reduces the ability of the. light to escape from the semiconductor. Light

extraction efficiency (Mex) is defined as,

Number of photons emitted into free space per second

ext

h Number of photons emitted from active region per second
__P/(w)
By /(h0)

where P is the optical power emitted into free space.

3.4)

The Mex: can be a severe limitation for high-performance LEDs. It is quite
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difficult to increase the mex beyond 50% without resorting to highly sophisticated and
costly device processes.

The external quantum efficiency (eqe) is defined as,

_ Number of photons emitted into free space per second

Nese = Number of electrons injected into LED per second (3.5)
_Pjth) _ '
Ji /e iqe’ fext

The nMex: gives the ratio of the number of useful light particles to the number of injected
charge particles.

The power efficiency (Mpower) is defined as,

P o :
n?ower = _17/_ ‘ (36)

where IV is the electrical power provided to the LED. The power efficiency (Mpower) 18

also called wall plug efficiency.
3.5 Conclusions

This chapter describes the fundamental characterization(methpd for GaN-based
epitaxy. Lattice defects mechanism in GaN film is briefly explained, ihcluding the
characterization methods using XRD and TEM which is the comrﬁon method to
evaluate GaN crystal qualkity. Luminescence »properties from GaN ﬁlm‘is also described,
which is important to evaluate GaN crystal quality. The internal, external, extraction and.

power efficiencies are important factor to evaluate light emission devices such as LED.
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1．Research　on　improvement　of　GaN−basedlight　emitting　devices　grown　on　silicon（111）sub　strate（シリコン（111）基板上窒化ガリウム系発光デバイスの特性改善に関する研究）1．豆ntrodu¢tion1．11ntroduction　　　　　　　1・．lhe　end・f20th　cent・W，　P・・9・ess　i・．・ili・・n魚b・i・ati・n　tec�q・1・gy　h・・c・eat・din鉛颯i・n・6・i・ty　t�q・ugh・apid　p・・9・ess　i・i・恥�o・ti・n　tec�q・i・gy（IT）i・d・・t取．P・・即ess　ih　IT　i・d・・t琢蝕h・・d…d・d鉛・i�o・di飢・�pd　l・w4・t・n・y　accrss蝕1飢9・vql・m・・fd・t・w撞・h　th・h　m・・g・d　i・t・i・鉛�o四辻i・h�pd・・�o叩i・ati・nt6・I・1・gy（ICT）・恥岬d・・p・r・di・g・fi・t・騨i・thecg・e飴・t・τwh’・h⇒・・h・ρ・apidd・v・1・pm・ゆth・iゆ・鳳since　the　e肛1配21st　cent畑・・w　ubiq・it・us　s・・i・ty　h・・started　to’b?』born　through’狽?ｅ　advancement　in　ICT　industry．1血ubiquitous　society，access　to　infb�oation　is‘‘an）産ime，　anywhere，　with　ahyone　rand　with　an）詫hing”．　　　　　　　As　a　result　fbr　infbrrnation！tccessibility　by　the　society・coかper−based　cab｝e・・加muni・ati・・can　n・1・ng…e・v・th・1・・g・v・1�o・・f　i・鉛�o・ti・圃1・w−1説・n・y，which　t車en　pushes、fbr　optical−based．　comlhunication　like　fiber−optics．　Cell　phoneP・evi・u・ly・m・di�o蹴・・ice　c・mmuni・翫i・n　h・・em・・g・d　i・t・・画t　ph・n・whi・hcarries　voic6，　video　and　data　comlnunications，．　demanding　fbr　more　bζse　stations　withmore　6価cient．ule　of　wavelen鋲h　to．　sewe　the　growing　vo1�oe　of．data　transmission．Radio　and　video　broadcast　through　analog　wave　signal　need　to　be　converted　into　digitalsignal　to　significantly　l　improve止adio　wave　utilization，　while　at　the　s耳me　timeb・・�S・a・ti・琴m・・e　i・聯飢i・n輌thb6枕・・qゆ・・止・au4i・nce・・恥hi・1・・p・evi・uSly…1・ly　mρ・h・ni・al　p・・du・t・輌th・6mb・・ti・n・ngi・・，　h・v・・m・士9・d　iht・・m餌・・hi・16・．with血ech�pi・al」・1・・t士i・al　hybfi4・n≒i・・，・・pP・冠・d　by　i・t・11ig・nt　t・�p・p・丘・ti・n・y・t・m．σTS）鉛「imp「oved　sa蜘sec晦and　e缶denry　in　s曲ce　t「a玲spoヰatiOn．syste�k　　‘　　　　　　　　　　　　　　　　　　　　　一1LUbiquitous　society　has　demanded　fbr　eno�oous　utilization　of　resources　an4　el年ctricitylThe　vast�oounts　of　data　also　need　to　be　efficiently　stored　and　archived，　which←emanded飴「≒ighe「density．data「stgfage・　　　　　　　Optoelectronic　devices　such　as　light　emitting　diode（LED）and　las6r　diode（LD）pl・y・Y・・y　imp・質・n・・gl・i…lec・mmunica・i・n，　d・・・・…a36・P・i・・i・g・di・pl・y・・…GaAs　and　InP一炉a＄ed　materials　have　lohg　beenμsed　fbr　LED　and．斗D　apPlications　in　red・near　in丘a−red（NIR）and　infセa−red（IR）1ight　region．　LD　with　1．3−1．5μm　wavelengthb・nd　i・b・i・g・・ed　i・・pti・・1・・mmuniρ・ti・n・・whi1・LD．with　650�owav・1・ngth　i・b・ing　u・ed　i・4・t・・t・・a＄・・u・h・・digit・1γersalil・di・c（DVD）・　　　　　　　R・・　・hb脚・ugh・by早・．PM・噛1・Ak・・aki・�pdS・Nakamu「ag「oupgi・1970・until．P990・hav・1・d　t・・hccess釦l　m・t・・i・l　g・・頭h・nd　d・vice魚b・i・atig・釦・・9・lli�o・iτ・id・．（GaN）一b・・ed　III一浄i・・id・．・！ec…ni・・and・pt・・lect・・hi・d・vice・・G姻一b・・ed蜘i・・nd…6・i・highly�pti・ip…d・r・戸・・fth・m・・t　imp噸・ゆ・t・li・1・to　solve　many　problems　related　to　demands　in　recent　ubiquitous　society．　　　　　　　．　　　　　　　III一・it・id・7b3・eとm・…i・1・�S・apPli・d．i・wid・a・r・・f・pt・・lect・・ni・＄・nd・1P・t・・nipr　P「od・ρts・As　sho�oin　Figl　1・1・the　wide　b�pd−gap　ene「＄y　of　III−nit「ide・llgy・傘・m．・・7．・V　M・N　t・6・2・V魚・AIN・an・・v・・th帥・1・light・pectmm丘・甲d・ep・lt士a−vi・1・t（DUV）・ntil．IR・egi・n，　tb・・e鉛・e　gi・i・g　high・xpect・ti・n曲・’apかlications　in　light　emission　d6vices　such　as　LED　and　LD．　InGaN−based　active　layerhas　bee興seL「魚brlcat’on　of　high−b「ightness．　blue　and．　gfe叫ED［112］●A耳nG三一b・・ed．q・…m・域ac・i・・’・y・・i・u・ed　ih飴b・lca・i・乎・fuv一レED・h？丘・・th甲365卿w・v・1・n鋲h［3L4］・1・G・N−b・・ed・・ti・・1・γ・・with・missi・n　w・v・1・ngtねat　400nm　has．also　been　applied　in　LD　fbr　high−density　Blu−ray　DVD（BD）standard［5一←］．、一2一　〉回忌bO眺bD』o．国765432　鳳〆10AIN　　　　GaN4H三SicWZ1雛NAINGaNZB　　　r齢　一鋤ん　戯’一ゴr　　　　GaA6　　　　AlS．b　　　　　　□　In只InN　　　　Si　　　　　GaSb　　　　　　　　互nAs　　　InSb2◎030◎40050060070010002◎003000冨．喜量器≧2．03．0　　4．0　　　　5．OLattice．　constant［A］6．◎7。0Fig．1．1．B・nd−9・p・n・・gy・・a�q・ti・n・fl・賃ice�Sn・t�pt釦・c・mm・n・emi・・nd・・t・・　　　　　　　　　　　　　　　　　　　　　　　　　　　　materialS．一3一ド　　　　1．2．Progress　of　III−Nitride　Research．　　　　　Growth　of　GaN　on　sapphire　substrate　was　first　reported　by　I｛．　P．　Maruskaθ’α乙　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　へ　　　　仕9血R・di・．c・Φ・・3ti・n　6fAm・・ica（RcA）L・b・・at・・i・忌i・1969［7］・・Hcl�od　G・．・・th・　　　　・・u・cr鉛・g・・up−III　m・t・・i・l　w・・e　H・w・d　t・9・th・・in　carri・・g…�Si・g　9乱Cl．・nd　　　　GaC13　group−III　halide　by　using　halide・vapor　phase　epitaxy　growth　method．　The　growth　　　　method　is　also�qo�oas　hydride　vapor　phase　epitaxy（HVPE＞because車ydride−based　　　　・mm・ni琴（NH、）i・u・ed　as　s・u・ce　m・t・・i・1艶・g・・up−V　It　h・・been　d・t・�oi・・d　that　G姻　　　　has　a　direct　energy　band−gap　of　3．39　eV　and　the　GaN　fUm　was　n−typ6　with　electroh−c・盾モ?ＢE・a・i・h・yp’1？1’yrb・Y・，lollρ虹3畔0…t・岬d・pi・g・今9・eati・t・・e・�I．　　　　apPlication　in　blue≦マiolet　light　emitting　devices　was　bOm　ffom　this　discover）へJ．1．　　　　P蜘vζ・’・hep・式・d丘rs・bl・・」LED　with　n−typ・・i・glr−6・y・t・I　G謝・・i・g　　　　m・t・1−i・・ul・t・r−semi・・pd・6t・・．（MIS）蜘・t・・e［8］・H・w・v…th・6pr・ati・n　v・lt・g・w・・　　　　…yh’gh�pd・xl・m・l　q・�pt・mρ年・i・n・y（η・q・）・t　430−490．叩・missi・n．w孕・・1・ngth　　　　was　just　aroUnd　O．02−0．12％［9−10］，　which　ls　very　low　compared　tg　LED　emitting　at　　　　�S・・wav・1・n瑛h「egi・n・・G姻．且1卑9「・�oat　that　time　has（1）por「su「拓ce　natness　and　　　　many　cracks，．（2）relatively　high　deep−level　emission　resulte¢ffom　crystal　4efbcts　　　　・・mp・・ed　t・b�pd−edge　eml・si・n，．and（3）hi客h・e・id・・l　d6…imp・riti・・c・eati・g・t・・ng　　　　unintentional　n−type　film　even　without　any　doping，　thus　realizing　p−type　GaN　film　fbr　　　　P−njunction　wa『difficult・　　　　　　　　　　　　1箪1983，Ybshidaθ’α乙were　able　to　obtain　a　strong　band−edge　emisgion　by　　　　ρ・ati・g・ingle−c・y・t・1　AIN　6・・apPhi・e・ub・t・at・p・i・・t・G副9・・舳，・・i・g　gas−s・u・ce　　　　m・lecul・・b・am・pitaxy（MBE）［11］．　H・w・v・・，．・e・idu・1・lect・・n…cent・ati・・was　still　　　　high　at　1019　cm“3　with　low　electrolr　mobility　of　35　cm2V層1s−1．High　quality　GaN　film一4一　　　　　　　　　　　　　　　　　　　　　　　　　　　　噛　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’　　　まwas　only　posrible　in　1986　by�qan・．2’．．ρh・i・g　l・w−t・三脚・・e　AIN　b曲1・y・・．usihg　metal　organic　chemical　vapor　deposition（MOCVD）growfh［12］．　Using　thism・th・d，　a　c・a・k一階66　n・t・曲ce　c・y・t・l　g・・就h．恥・G・N．w臼・．m・d・p・ssibl・．Fulthe�oore，　the．s�ople　also　showed窺we副（er　deep−lev61　emission　caused　by　cry耳taldefbcts，　and　a　lower　residual　electron　concentratio耳，ゴ翌?ｉｃｈ　made　contr610f　electronic・・ndU・ti・ity　i・G・N　t・b・n・訂ly　pφssibl・．　L・w−t・mp・・at血・AIN　bu驚・1・y・・has　s・1・・d．P・・blem（1）t・（3）・t・t・d・鑓li・・，鋤d．r即idly　imp・・v・・electhcal．�pd。ptica1．characteristics　in　GaN−based’materiと1s　which　acts．as　fbundatign　fbr　f�qher　growth　ofGaN　research［13］．　　　　　　　　In　1988，　A止nanoθ’α1．　reported　that　a　remarkable　changq　in　emission・h肛・6t・・i・ti・・w…b・e・v・d　wh・naMOCVD　g・・�oZn−d・P・d　G・N（G・N・Z・＞w・・．treated　by　Iow−energy　electron．　beam　irradiation（LEEBD［14］．　In　the．fbllowing　year，Amanoθ’α∠reported山at　II　the　LEEBI　treatment　not．only．improved　emission・h飢・・t・・i・ti・・，　b・t．・1・・d・a・tically　imp・・v・4・lect・i・al・h雛・・t・・i・ti・・i・Mg−d・P・d　d・N（GaN：Mg）、［15］．　From　this　inマention，．p−type　G拝N　was　realized，　and　G．aN−based　p−nj�o・ti・nLED　w・…p・れ・d．鉤・thr且rst　tim・whi・h・h・w・ag・e翫imp・6・・m・nt　inoperatin自voltage　compared　to　MIS−type　LED　reported　prevlously［15］．　　　　　　　Afしerwards，　Nakarロura　reported　high−quality　GaN　film　using　Iow−temperature，G州b・驚・1・yr・・whi・h・h・w・elect・・n“・h・ity・f　4・10’6　cm�`nd・lect・・n．　m6bility’・f600・m2V−1sロ’翫…m−t卿・・翫・・e（RT），・nd・lect・・n　d・n・ity・f　8・10’5　cm｝3�pdelectron　mobility　of　1500　cm2V’1sロ1昂t　77　K［16］．　Furthe�oore，　Nakamuraθ’αよdi・c・v・・ed　th・t　Mg−d・P・d　G・N　can　b・a・ti・・t・d．bγhe・t−1・ゆ・nt　in　nit・・9・n−9・・舳ient　to．fb�oap−type　GaN［17］．　This　method　gives　big　impact　on　improvinge伍ciency　in　mass−production　enviro�oent．一5一　　　　　　　　InGaN　which　has　a　smaller　band−gap　than　GaN　is　irpportant　fbr　light−emittersig・i・ib！・11ight・egi・n・1・G・N．且1m　w・・p・evi6・・ly　g・・wn　at　l・w　t・mp・・at・・e　l・w・・th・n650・b．，whi・h・h・w・p…c域・t・l　qu・lity・nd…ep・丘・h　light・missi・n・h・・a・t・・i・ti・・｛18］、1。1φ91，％・him・t・・’・hep・丘・d　g・。帆h・f　l・G・N．・t　high・・t・mp・・ature・f　800。C，and　successfUlly　obtained　a　good　quality　InGaN　film　with　low−pressure　growt耳。t　76甑with　NH、　H。w。f　201／mi・・nd　v／III・ati・1・f20000［19］．　o・th・・th・・h・nd，N・k�o・・a・繍・ep・丘・d　b・tt・・m・t・・i・l　p・・P・貰i…fl・GaNwith　g・・舳t・mp・・at・・e　between　780　to　8300C　［20］．　A，　sbarp　band−edge　emissionl　with　fhll−width‘athalfmaximum　in　the　range　of　70−110　meV　in　400−450�owavelength　region　wasqb・p・v・d・脚i・h・m・ll・・deep−1・v年1・missi・血・ep・ヰ・d　by％・him・…砿w与i・h．・・面�o　ahigh−quality　InGa：N　filrn「［20］．、It　is　then　reported　that　a　high　V／III　ratio　and　high　N2P・essu・e　i・necessa・yや・1・ρ・N　g・・舳［2�SInv・・tig・ti・n・n・pPlicati・n・fl・G姻　a皐active　Iegiob　in　LED　proceeded［2324］，　and　in　1994，　Nakamuraθ如∠reported　l　cdclass　hi窪h−brightness　LED　using　p−n　j　unction　made　of　InGaN／AIGaN　hetero−structure　inthe　active　region［25］．　The　emission　waVelength　was　450�owithηeqe　of　2．7％at　20．mA・P・・ati・g・u置・nt．　b・v・1・pm・nt・fbl・・LED．・missi・n・t　45q�o［26］・9・ee・’LED、at　525　nm［27］，　and　with　the　success釦l　realization　of　qhantum　well（QW）structure，high　b・ightness　LED　was　reali・6d，・u・h・・12・d　I・G・N−b・・ed　g・een　LED　whi・h　w・3100．狽奄香C、　b，ight・・th・。0」・d　G・P−b・・ed　L曲［28］．　Mass−P・・d・・ti・n・f　th・・e　LED・　was　started　in　ApriI　l　9941　which　then　allgWs　realization　of．high−brightness　outdoor飼1−cgl・・di・pl・メ．P・1996，　N・k・血・・a…hep・貰・d且rst．盟P・1・e一・・ci11・ti・n．GaN−based　laser　diode（LD）using　InGaN−based　multi　quantum　well（MQw）structure［5］．Shortly　in　the　same　year，　RT　CW−oscillation　GaN−based　LD　was　reported　by　the・a血・g・・up［29］・Imp・・v・m・nt　i・1iゆ・・fG・N−b・S・d　LD脚・・．・・hi・v・d　by・・i耳9一6一＼epitaxial　lateral　overgrowth（ELq）method　allowillg　the．　LD　lifbtime．to　exceed　10，000hours［30］．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　‘1．3Research　Objective　and　Organ珍ation　of　I）issertation　　　　　　　　　　　　　　　　’　　　　　　　This　r骨・ea・ch・・ncent・a｛…nimp・・ving・hr・h雛・・…i・・i…fG・N−b・・ed　ligh・・血i廿i・gd・vice・即・�o・n　Si（111）・・b・t・a帥y　i・・e而・n・fAl・．・6G両，94N／G州st「aine尋一laye「supe「1・廿ice・（SLS）l　cl・ddi・g　und・・1・y・・．　P・i・・t・・h・g・・ゆ・fInG三一b年sed　MQw　active．1ζyeL　The　w・・k・e・ult・a・ig・i且・�ptゆ・g・・m・n・i・cont「olli・g　t�q・adi・g　di・1・・ζti・n・（TD・）・i孕t・m・l　q・�pt・m・飾i・n・y（η・q・），　lightemlssio翠characteristics　and　electrical　characteristics．　　　　　　　Th・disse貢・ti・血・・mp・・ed・f・i・・h・pters�pd，ach。f．th，m　is　su�o訂i。，d。，fbllows．　’　　　　　　　．　　　　　　　　　　　　　　　．　　　　　　　Chapτer　l　gives　brief　introductlon　about　the　tec�qological　progress　whichd・m・nd・鉛・am・・e　c・・t、e岱・i・nt・lect・・ni・�pd・P…1』・t・・ni・d・vice・，　su・h。，　inhigh−d・n・i・y・t・・ag・・9・n6・al　lighti・g・i11�oi・・tig勲，・…Abh・f・xplan・ti・n・np・・9・essof　GaN　research　is　also　described．　　　　　　In　chapter　2，　a　fbw　established　growth　techniques　are　described　fbr　GaN−basedepitaxy　on　m句。「sub・tl・tes　sμ・h　as　sapPhi・e・Si・Siρ即d　G・N丘ee−s・・ndi・g・ub・t・a…Further　detailed　growth　mechanism　fbr　GaN　hetero−epitaxy　on　Si　substrate　is　alsoexplained，　which　is　the　fUndamental　su切ect　fbr　this　research．　Demand　fbr　GaN−ba呂edelectronic　and　optoelectronic　devices’�ｒｏｗｎ　on　low−cost　Si　substrate　is　emphasized　tomeet　the　challenging　progress　ofthe　industry．．Chapte「3d・・c・ib・・鯛Q・c即・…izati・n　m・・h・d　essen・i・1飴・．G姻一b・・edv一7一thin−film　epitaxy　and　devices，　such　as，　X−ray　diff士action（XRD），　photoluminescence（PL），　t・即・missi・n・lect・・n　miと…c・py（TEM）ぬd　d・vice　ch・・a・t・・izati・n　m・th・d．Emph・・ize　i・m・d・魚・c。nv・nti・n・1・h・・a・t・・i・tiρ・th・t・h・μld　be　expect・d廿・m　G・N、thin−film　grQwn　by　MOCVD　method．　　　　　　　M句・・inv・・tig・ti・n飴・th・6晩・t・fAl・．・19・・．94N／G・N　SLS　und・・1・y・・p・i・・t・．InG訂N−based　MQw　g士owth　is　described　in　chapter　4．　The丘rst　section　of　the　chaptercharactρrizes　Alo．06Gao．g4N／GaN　SLS　underlayer　relative　to　no�oal　Alo．03G．ao，g7N．cladding�oderlayer．　The　second　section　in　the　chapter　analyzes　Alo，06（｝ao．g4N／GaN　SLSuhd・・1・y・rr・1・tiv・・…　nv・n・1・n・1・GaN　l・y…whirh　i・n・�o・lly　u・ed　ih　LED魚b・icati・n・Th←．・tudy・1…hg9・・t・mech�pi・m鉛・．　imp・・v・m・nt　i・MQw　light・血issi・n　bシth・in・e而・nbfthr　Al…6G・・94N／G姻SLS�od・・1・y・・Th・thi・d・6・ゆanalyzeS　LD　structure　grown　on　Si（111）．　substrate　with　Al（｝aN　bulk　cladding　layer　andAIGaN／GaN　SLS　cladding　layer．　A　standard　LD　structure　grown・on　GaN（0001）玩e−standipg・substrate　i呂also　shown．fbr　comparison．　　　　　　　．1秤chapte「5鋤ication解d　dev’ce　lvalu翫ion　ofbl亘6　LED　gro脚S’！1’1）・ub…at・i・p・ゆ�o・d・wi・h　i・・e質i・n　gfみ1・．・6G助．94N／G姻SLS　und・・1・y・…el・ti・・t・conyentional　structure　without　the　underlaygr．　　　　　　　Ac耳ievements丘om　the　work　in　this　research飢e　su�o飢ized　in　chapter　6．Furthemlore，　suggestions　fbr　f噂her　improvements　in・epitaxial　quality　and　deviceperfb�oance　are　also　ihcl亘d6d　in　the　chapter．一8一．Ref6fe取ces［1］S．Nakamura，　T，　Mukai，　and　M．　Senoh，　Appl．　Phys．　Lett．64，1687（1994）．［2］P’脚u「亀M’Senoい’Iwas亀SINar四丁￥繊�pdTMukaりpn」●　　　App1．　Phys．34，　L　1332（1995）．［3］M．A．　Khan，　V　Adivaharan，　J．　P，　Zhang，　C．　Chen，　E．　Kuokstis，　A．　Chitnis，．　M．　　　Shatalov・J・W・Y�p9・�pd　G　SImin・！pn・J・ApPl・Phyr・40・L1308（2901）・［4］H．Hirayama，　J．　Appl．　Phys．97，091101（2005）．［5】S．Nakamura，　M．　Senoh，　S．　Nagahama，　N．　Iwasa，　T．　Yialnada，　T．　Matsushita，　H．　　　Kiyoku，　and　Y　Sugimoto，　Jpn．　J．　App1．　Phys．35，　L74（1996）．　　　　　「［6］S．Nakamura，　M．　Senoh，＄．：Nagahama，　N　Iwasa，　T．　Yamada，　T．　Mats亘shita；H．　　　Kiyoku，　Y　Sugimoto，　T．　Kozaki，　H．　Umemoto，　M．　Sano，　and　K．　Chocho，　Appl．　　　Phys．　Lett。72，2014（1998）．｛7］Hl　P，　Maruska，　and　J．　J．　Tie匂en，　AppL　Phys．　Lett．15，327（1969）．［8］J．1．．P．蝕ove，　E．　A．　Miller，　b．　IUc�qIm，　and　J．　E．　Berkeyheisel，　J．　Lumin．4，63　　　（1971）．　　　　　　　、［9】H，PMaruska，　W．　C．　Rhin6s，　and　D．　A．　Stevenson，　MateL　Res．　BulI．7，777（1972）、［10］YOhki，　Y　Tbyoda，　H．　Kobayashi，　and　I．　Akasaki，．1耳＄t．　Phys．　Conf：SeL　63，479　　　（1981）．［11］s．．Ybshidaうs．　Misawa，　and　s．　Gohda，　ApPI．　Phys．　Lett．42，427（1983），［12］H、Amano，　N．　Sawaki，1．　Akasaki，　and　YπR）yoda，　Appl．　Phys．　Lett．48，353（1986）．［13］1．Akasaki，　H．　Amano，　Y　Koide，　K．　Hiramatsu，　and　N．　Sawaki，　J．　Cryst．　Growth　98，　　　209（1989）．【14］H．Amano，1．　Akasaki，　T　Kozawa，　K．　Hiramat呂u，　N．　sawaki，　K．　Ikeda，　and　Y　Ishii，一9一　　　J．Lumin．40＆41，121（1988）．［15］H．．Amano，　M．　Kito，　K．　Hirarnatsロ，　and　L　Akasaki，　Jpn．　J．　Appl．　Phys．28，　L2112　　　（1989）．　　　　　　　　　　　　　　　　　　　　　　　　　　・・［1司S．Nakamura，　Jpn．　J．　AppL　Phys．30，　L　1705（1991）．［17］S．噛。k�p。・a，　T　M・k・i，　M．　S…h，・nd　N．　Iw・・a，　Jp・．　J。　ApP1．　Phy・．31，　L139　　　（1992）．［18］T．Nagatomo，．　T．．Kuboyama，　H．　Minamino，　and　O．　Omoto，　Jpn．　J．　Appl．　Phys．28，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　「　　　L1334（1989）ド［19］N・％・him・t・・．T二M・t・u・k・・TS・・aki・�pd　A・K翫・ui・ApPl・Phy・・．@L・tt・59・2251　　　（1991）．［20］S．N欲一・，�pd　T　M“k・i，　Jp・・J・ApPL　Phy・・31，　L145ブ（1992）・［21］A．K。ukit・，　N．肱k曲・・hi，　T　T欲i；・nd　H．　S・ki，　Jp・．　J．　ApPl．．Phy・．35，　L673（1996）・［22］A．K。ukit。，　N　T・k謡・・hi，　T　T・ki，�pd　H、　sとki，　J．　c・y・t．G・・紬i70，．306（1997）・［23］S。Naka血ura，　N．　Iwasa，　and　S．　Nagaham臼，　Jph．　J．　AppL　Phys．32，　L338（1993）．［24］S・N欲・m・・a，丁舳i，M・S・ゆ・S・N・g曲・m…nd　N・Iw・・a・J・AppL　Phy・・74・　　　；3911（1993）．［25］串・N四温・，TM・k・i，�pd　M・S・n6h・ApPL　Phy・・L・tt・’64・1687！1994）・．［26］S．Nakamura，　T．．Mukai，　and　M．　Senoh，　J．　AppL　Phys．76，．8189（1994）．［27］S・N泳・m・・a，M・S・nbh，　N　Iw・・a・S・N・g・h・m・・Tぬm・d…nd　M・融・i，Jp・・1・　　　Appl．　Phys．34，　L797（1995）．［28］S・N・k卿u・a，M，　S・h・h，　N・lw・・a・．　S・N・g・h・m・・Tぬm・d・・and　T　M磁・i・JpP・J・　　　Appl．　Phys．34，　L　1332（1995）．．．［29］S．Nakamura，　M．　Senoh，　S．　Nagahama，　N　Iwasa，　T．．Yamada，　T．　Matsushita，　Y　　　　Sugim・t・，3・d　H．　Ki夕・k・，　Apやし　Phy・・L・tt・69，4056（1996）・一10一［30］S、N・k・m・・a，　M．　S…h，　S．　N・g・hぬ・，　N．　Iw・・a，　T．ぬm・d・，　T．　M・t・u・hit・，　H．　　　Kiyoku，　Y　SugimQtoづT．　Kozaki，　H．　Umemoto，　M．　Sano，　an¢K．　Chocho，　Jpn．　J．　　　Appl．　Phys．37，　L309（1998）．！）一11一一ZI一ごし「ε1一．‘K↓耳Ilqgl12AE　Po耳ulII　s君q　e↓郡↓sqns　OIS−H9‘JoAoMoH’［OI‘6］（Gユ）oPoIP．」os2I　PuE‘［8］（（1ヨ7）opoIP　8uP‡IuIo↓q8Ir‘［乙］（．工｝〜【ヨ】ま）．Jo↓sIsuBJ‡ノ（↓II喜qoul　uoJPoIg　q8四s2　qonssool入oP　oIuo」↓ooleoldo　pu20Iuoエ‡ogIo　Jo　uoさ四〇μq�rInJssooons　q‡弊‘［9‘9］s（Ino1812ユoAes左q⇒o‡む8psoAuI人IsnopuouloJ‡ueoq＄閃DIS−Hg　uo　NセO　Jo　Kxセ‡Ido−oユ。‡oH　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゆ・・nb　F・Ipnp・・d一言・・ul　s↓耳u・耳l　q。lq酷・・q・uIウ．・1po即D」ｵ　．棘d召s」叫ez醐e　IP四駅’soρIAop　rd’q8隅．亡oP螂siP脚・q↓・‡・1・‡・e川。1恥丘脚。・p…1・�o・q応・1人1・AP・1。・…qQ・1・・平lqdd・S・・よ・脚・ep・・P・P　6d人工一1・。1算・A　qiI蕊・・。1・・P」・u・耳・・四町・↓・・A・・d　q・Iq醐・館1・・戸1囎・蜘・d・即。画d。・喜脚・11・・只。・・‘寧・・p・‡1田II岬…q・・Iqdd・・‘・・A・埜・H　N・0甲1馴。1・田・岡・u卿P・・6。四・lq・↓d・。。・P…熈D・…n脚・1・‡・人…1喜・繭。即so甲luIABq・‘oユ叫2」ed噸q8Iq享2　elq2‡s　s四。lq赫‘sr蜘d　poo8孟lqB」oP｝suo。s↓I　o‡　onp　o四」享sgns　oJIqddBs　uo　pouuqJユod．∠くIoP琳　uooq　sBq　q‡酷oJ8　」Ψ0、r「蜘d置P…q−N・D川・1・碁・・剛・蜘・q嘲脚・・O」・…圃皿・ρZ・Z　　　　　　　　　　　　　　　　　　　　　　　じへ　　　　　　　　　　　　　　　　　　　　　ず　　　　　　　　　　　　　　　　　　　　　　　　ドさ　　　　　　　　　　　　　　　　●（ノ《xセ↓Id∈）話。耳。‡eq）s12μo‡2ul　e‡2ηsqns‡uo」覗Ip　uo　q‡酷oJ8．12Ix2写Ido　uo人μ・写・即・・・…p・q・ndq。誓q醐・…q・・．oO」…u・麟一u・ur甲・Iq弊・・81・μ・欄posEq−N20　Jo　s肥e人．人I」29、oql　uI　Joμ」2q　lso88Iq　o甲‘」oAo舐oH’soIuo」peIe」o革odP一・P脚1耳‘・3一‡・即PI・・Pl凶1・u・P−q豊lq・・q・n・…1・・P・・叩�r・・d−q81quI　suop20Hdd2　Jcり　uo耳2‡oodxe　poo8　∠く」9A　2　0Aセq　slセμe‡2ul　pes2q−NβD　　’UOPgnpO』；μUI　I●ZPQ叩。】四qA：）0】四4q甲蝕OJO　I町XB再d図：一〇』o孕OH　N［BO　6Z・e・t・i・t・dt・・m・ll　di・m・ter　si・・a・d・el・ti・・ly魚・m・・e　exp・n・i・・th…apPhi・e�pd　Sisubstrate，　which　limits　rnass　production　quantity　and　interests　fbr．device　fabrication．　　　　　　　　Homo−epitaxy　of　GaN　on　fbee−standing　GaN　substrate　has　reached　dislocationdensitﾁas　lowas　lo6　c平2．［1’］・HOweve「l　such　subst「ate　has甲ax’岬iame‡er　size・fg・ly　2　i・・h・・�pd・r・y　limi・・d　avail・bili・y・whi・h　p・・h・・i・・p・ice・6　bec・m・extremely　expensive．　．Free−standing　GaN．substrate　is　only　deployed．　inhi帥一perfb�oance　devices　which　need　low　disIocation　4ensity　such　as　blue−violet　LD，　　　　　　　　脚h”・g・・曲tec�q・1蝉G州．・n・apphi・e・6H−sic・nd　G曲e−st・ndihg・ub・t・ate　c�pbe　c・n・id・・ed　w・ll・・t・bli・hrd・th・・e　a・e　d・m・nd・ゆtec脚1・gicalbreakthrough　fbr　GaN−based　epitaxy　on　Si　substrate．　Si　substrate　is　widely　available，h・vi・g　l・・g・diρm・ter　size・f・p　t・12　i・・h…．�pd…y…t・艶・tl…The　biggert’advantage　in　successfUl　growth　of　GaN−based　materials　on　Si　substrate　is　monolithicinteg「atlonofG三一base畔devices−withwell−established　si’based　elect「onic　devices　suCha3　integrated−circuits　（Iqs），　photo−detectors　（PDs），　etc，　allowing．　fabrication　ofmulti一£�oction　hybrid　device．　on　a　single　wafbL　　　　　　　　In　contra忌t　to　sapphire，　Si　is　a　native　semiconductor　where　electrica｝conductivity　can　be　controlled　by　dΦing，　allowing　the　fabrication　of　devices　withve益ical−type　electrode　structure．　Si　has　better　the�oal　conductivity　than　sapphire　whichimp・・v・・th騨l　dissip・ti・n　d・・i・耳high−t・mp・・at・・e．d・vice1・P・士・ti・・（・ee翻・II・1）・　　　　　　　　Howeve「・GaN　epitaxy　on　si　subst「ate　is　mo「e　challenging！han　that．of　on．．sapPhire　or　SiC　substrates．　Large　themlal　coef臼cient　mismatch　of　116％．　between　GaNand　Si　is　considered　as　the　main　reason　fbr　cracks　to　occur　during　cooling　do�oa負ergrowth，　even　though　lattice　mismatch．　fbr　GaN／Si（111）（一17％）is、almost．　similar　toG・N／5・pPhi・e　q6％）・Ga−Si・eacti・n　d・・i・g　9・・賊h　cau・e・am・仙・u・m・1tb・・k−et・hi・g一14一！．1ayer，　and　Si　gas　ffom　the　subStratg　causes　low−dopi耳g　density　in　p−type　GaN　epitaxiallayer．　These　growth　challenges　have　been　addressed　by　many　types　of　b口ffbr　Iayer．tec�qiques　to　obtain　g60d　quality　Ga：N　epitaxy　on　Si　substrate．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヂ　　　　　　　　GaN　epitaxy　on　Si　substrate　has　typical　dislocation　density　of　around1・7−1・1’cm2［12］，�pd　can・till　b・imp・・v・dわy・P・imi・i・g　i・・g・6ゆ・ec�qiq・…・However，　as　shown　in　Fig．2．1，．GaN　gro�oon　si　with　lbw−temperaturg　AIN　buf飴r1・y・・．i・m・・ep・・・・・…a・k・雨h・nth・g蝋h・・mp・・at・・e．i・c・・1・dd・面・t…ρmtemperature（RT），　dhe　to　large　th曾�oal　expansion　mismatch　and　lattice　mismatch．　In・apPhi・e・ub・t・at・，　G・N・pil・y・・und・・g…mp・e・riYg・t・ai卿h・n　g・・帆h　t・mp・・at・・eis　rethrned　to．RT．　In　contrast，　GaN　epilayer　grown　on　Si　substrate　suffbrs　tensile　stregswh・・g・・舳t・mp・・atm・i・c・・1・d　d・�ot・Rr　m・ki・g　Si・ub・廿・t・m・・e　pl・n・t・cracks　compared　to　sapphire　substrate、fbr！ayer　thicker　than　1μm．　　　　　　　　This　research　concentrates　on（｝aN　epitaxy　on　Si　sψstrate　grown　withhigh−temperature　AIN　nucleation　layer　and　AIN／GaN　multilayer（ML）．　Furtherimprovement　on　material　and　opti6al　propertie3　haマe　been　achi弓ved　by　insertion　ofAlo．06Gao，g4N／GaN　gladding　underlayer　prior　to　growth　of　active　layer　fbr　LED』m13−14］．o一15一碗・P幽・ん嘱2．747A　　Ga：N　　［1−210］．　　Sapphire　　［10−10】△α＝Lattice　Mismatchぺ　h％　　　　　　　　　　　墨　　　　　　　　　●　1　0　　　　　0　　0　10　　0．　　　　　　　　　　　婁、　Q　　　ム　、　　　　　　　　　　1　　　＼　　　、　　　　＼　　　1　　　　　　　　　　、　　o　》　　　　　　Ψ　　　　　　「l　　　　　　　　lO　　　　　　　　Q　　　　　　l　　　　　　　　l．o．Pム、　　　ノゑ、　o　　　1　　　　　　　　　　　　　　　　　　　　　　、　1　　　　　　　　　　、　　　1　　　　　　　　　　、1　○　　　　「Ψ　　　　o　　●　　　　　　1　　　　　●　　　　　O　　o　lO　　O　　　　　　　　　●　1　●　　　　　　　　　　　曝　　　　　　　　The�oal　Mis燃ch．α翫PP・鞠・（11諱G誕　　GaN　　［1−210］　　Si　　［110］お＝161％Lattice　Mismatch　　　　　＿偽　　¢G州△α＝　　　　偽轟・●0口．●●o駁　　　　αSapphire（a）S・pPhi・e　S・b・慮・　●　　　　　●　　　o　　．P一9一　　　　　●　　　　　　：Ga：N　　　　　O　　　　　　iSaFP�qe　　　○　　　1　　1　ノ！　　　　●．　　ρ’　　　　○　　　　●　　　　　　　αGaN　　　　　　　3．18gA　　　　　compresslve　straln　　　　　　　　G姻＼　　　　　（む。n§1黙。g）／　　　　　●　　　　　　：GaN　　　　　O　　　　　　L：si、　　●！！、、O、、oO11●％．．臨％6　　　0　　　b　　　●　　　　．　●　　The�oa1　Mismatch　△α＝α三一α・・＝116％　　　　　　αSi　　（b）S童（1．11）Substrate　　』∵∴鴨、　　　　　　　・・b・ilラ・t・ai・　　　轟二懲嚢　　　　　　Si（111）　　　（Concave　Bowing）Fig．2．1．Mechanism　of　la杜ice　and　the�oal　mismatch　in　GaN　gro�oon（a）s叩phire　　　　　　　　　・ub・t�括pd（b）G姻9・・幅・n　Si（111）・ub・t・at・．．一16一fTable　II．1：Comparison　of　substrates　fbr　GaN　epitaxial　growth［ユー4］．Substrate　　　‘Silicon（111）Sapphh●e（0001）6H−SicGaN（0001）CostDiam6ter　Size『L・賃ice　C・n・t�pt（本）Themlal　Conductivity（W／clh　K）Thermal　Expansion　Coef石cient（h1−plane）（×10−6／K）Lattice　Mismatch　GaN／subst．（％）Thermal　Mismatch　GaN／subst。（％）Epitaxial　GrowthaC驚b’LowV6ry　Large（6�qches）　　5．431．52。59　　　一17　　　1．16　　NeedImprovement　High　Large（4inches）　4．758　12．991　　0．5　　75　16声25GoodV巳ry　High　Sma11（2inches）　．3．08　15．123．0−3．8　　4．23．533GoodV6ry　High　SmalI（2hlches）　3．189・　5，185　　L3　　　　　！　5．59　0　0Best「17一2．3G琴N−b・・ed　Epit・xy・n　Si　S曲St耐C　　　　　　　Bu館r　and　inte�oediate　layers　have　been　extensively　investigated　by　many・e・ea・ch　g士・up・．魚・G・N　g・・舳・n　Si・ub…a・・1・u・h・・AIN／Alg・N　b曲andAiNIG酬multil・y6・（ML）［15−18］，　AIN　i・tε・1・y・・［19］�od　Si諏i・t・・1・yer「［20］・Thi・researφconcentrates　on　crystal　improvement　fbr　GaN　epitaxy　on　Si　substr耳te　usingAIN／AIGaN　bu跳r　and　AIN／GaN　ML　inte�oediate　layer　Di晩rent　bu艶r　and／orintermediate　layer　grow　h　tec�qiques，　sUch　as　AIN　interlayer［19］，　S　ixN　1“int6rlayer［20］，e≠）itaxial　lateral　overgrowth（ELO）［21］and　pendeo　epitaxial　overgrowth（PEO）［22］arenot　cov6red　in　this　dissertation．2．3．1AINIAIGaN　Buffer■ayer　　　　　　　　　　　　　　　　ρ　　　　　　　AIN／AIGaN　layer　is　used　tg　prevent　fb�oation　of　meltback−etching　when　G姻is　grown　on　Si．唐浮b唐狽窒≠狽?．　AIN／AIGaN　also　acts　as　inte�oediate　layer　to’モ窒?ａｔｅ　ahigh−d・n・ity　nu・1・ati・n　g・・舳I　F・・g・・舳・n・aやphi・e・ub・t・at・，　high−d・n・ity…1・ati・・1X・・舳i・achi6・・d　by　1・w−t・mp・・at・・e　G姻b・働1・y・土H・w・v・・，鉛・9・。舳・nSi・ub・t・a・・，1・w−1・mp・・at・・e　G・N　b曲。・�o・・b…ed　d・…Ga−Sireaction　which　results　in　lamorphous　meltback−6tching　laye監Therefbre，　materials　suchas　AIN　and　AIGaN　which　are　stable　at　high　temperathre　a士e　prefbrred　fbr　high−densitynu・1eati・n　g・・帆h・U・ag・・f　AIN　I・y・r・・nu・1・ati・n　l・y・ゆr　G姻9・・ゆ・n　Sisubstrate　has　been　reported　by　many　groups［23−28］。Hb〜vever，　AIN　layer　growth　suf琵rspoor　surface　flatness，　which　l奄獅?ｌｕｅｎｃｅｓ　the　suらsequent　layer　growth．　Th⇔re　is　report　of170�oG姻．13y・・g・・w・・n　th・i・iti・I　AIN　nu61・ati・n　l・y・・［29］．　H6w・v・・，　whil・i・一18一depends　on　the　AI　composition，　AIGaN　has士elatively．b6tter　coating　property　and　iseasier　to　grow［30］．　Therefbre，　AIGaN　is　considered　as　a　good　candidate　fbrinte�oediate　layeL　Our　research　group　has　r@repo貢ed　AINIAIGaN　buf飴r　layer　to　takeadvantage．　of　the　combined　material　properties［15−18］．　AIN　layer　which　is　stable　athigh−temperature　is　initia11y　grown　on　Si　substrate　to　create　a　high−density　nucleationlayer，　fbllowed　by　AIGaN　layer　to　obtain　a　layer　with　good　surface負atness．2．3．2AINIGaN　Multilayer（ML）Intermediate　Layer　　　　　　　　　M・1til・y・・（ML）and・up・・1・賃ice　l・y・・g・・舳tec�q・1・gy　i・Y・・y　impρ丘・nt　t・　　control　crack　generation　in　III−nitride−based　semiconductor．1ayer　growth．　In　III−nitride　　layer　growth　on　Si　substrate，　reactor　temperature　ramp−down　to　RT　generates　concaVe　　wafbr　curvature，　and　crac翼s　on　the　epitaxial　layer　due　to　the　diffもrehce　of　thermalexpansion　cge飾ゆbetween　Si・ub・t「翫・�pd　III−nit・ide　epit・xi・1．1・y・r・・end・血g　　growth　fbr　thick　epitaxial　layer　to　be　dif臼cult．　Optimization　in　the　epitaxial　structure　is　　necessary　to　successfhlly　grow　high−quality　crack−f士ee　thick　GaN−based　layer　on　Si　　substrate．　The　hecessity　to　grow　thick　epitaxial　layer　to　improve　the　material　quality　has’　　made　ML　inte�oediate　layer　an　impo丘an曲ctor　in　controlling　wa琵r　curvat亡re　and　　cracks．　ML　inte�oediate　layer　is　also　ef飴ctlve　to　reduce　mis且t　dislocations　resulted　　丘om　lattice　mismatch　of　GaN−based　epitaxial　layer．and　the　underlying　Si　sub忌trate．　　Threading　dislocation串（TDs）can　be　controlled　to　prevent　them丘om　penetrating　to　the・肛魚ce・・i・g　st・ai・・d−1・yer　s・p・・1・杖ice・（SLS）・・卑・th・d　whi・h　h・・been・・ed　　previously　in　GaAs−based　growth　on　Si　substrate［29，31，32］．　When　a　stack　of　two　types　　　・f鰍・・i・lwith　di艶・ent　l・賃ibe　c・n・tant　i・g・・�o・・h・・entl第1・枕ice・t・ai・i・bμilt・p・n一19一・h・．i・…魚窒秩Ef・h・・w・di旋・en・m・…i・1・・gl・i・g・．・…ng…耳i・wh・n　th・y．・・eaccumulated　t6getheL　Therefbre，　TDs　which　reach　the　interfhce　are　bent　by　the　strain，and　reaction　betwe6n　inclined　TDs　will　6reate．dislocation　close−looP，．eliml孕ating　theTD・．H・m　p・n・t・ζti・g・・丘i・ally　i・t・th・・epitaxi・1・u・血ce・「sh・ML・t・u・t・・e　c・eat・・m・1・ip16　b・ilt−up　i・…飽ce…ai・鉤・TD魚・耳…i・n・・h…it　i島P・ssiウ’e　rt・ゆ…lpenetrations　of　TDs　into　the　subsequent　epitaxial　layers．　If　t葦『lattice　straln　is　weak，　it　isnot、possible　to　bend　the　threading　dislocations‘causing　it　to　penetrate　through　the　N生しs．On　the　otherねand，　if　the　lattice　strain　is　too　large，　new　misfit　dislocations　might　be　builtdue　t6　the　strain．　In　this　research，　a　IML　cbnsistibg　of．perioαs　of　AIN　and　GaN　stacks．輌t?「espectivel母ye「thic�q6ss’optimized翫5�o鋤d．20�ois陣sthe釦nd�oentalintermediate　Iayer，　fbllowed　by　fUr出er　Qptimization　in　the　succeeding　laye符・2・4（）onclusions　　　　　　　This　chapte「delc「ibesわ曲and　inte岬iate　laye「g「o舳ter�qiques・�pdth6i・mr・h�pi・蜘imp・Q・i・g・・y・t・l　quality魚・G・N・pit・xy・n　Si・ub・t・at・・1・．・u・GaN　g「o帆h瞬od　on　Si　subrt�梶Eathin　AIN　nuclea‡ion　laγe「is　g「own　iρitially　onthe　substrate　to　prevent　meltback−etching　due　to　Ga−Si　r6action，　fbllowed　by　AIGaNl・y・rt・imp・P…u・魚ce・・ug�qlss・．S・b・eq・・辞t’メ・・t・・k・fAIN／9・NMLi・g・gw・t・suppress　TDs；resultipg　ln　a　high−qμality　G窺N　epitaxy　in　t1恥e　succeeding　lay母L　Th年tサ。�qiques　described　here　is　the�qdamental　teclmiques鉛r、恥ther　improvementcarried　out　thfough　this　research．一20一Re飾re血ces［1］S．Nakamura，　S．　Pearton，　and．　G　Fasol，7偽θβ1�gθ加5θ7　Dlo漉，　Springer−Vbrlag，　　　Berlin，　Ge�oany（2000）．［2］S．Nakamura，　S．　Chichibu，乃πroぬ。”oη’o．鯵か’【泥8θ碑ooηぬσ07　B1膨五α∫θ7∫ρη4　　　ゐ’g勿E吻漉∫ηgD’o∂23，肱ylor＆Francis，　New　Y6rk，　USA（2000）．［3］J．Piprek，　A彦〃娩52〃2’ooηぬclo71）εv’oθ∫P7∫畷ρ1θ5αη48肋ぬ∫∫oη，　Wiley−VCH　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　へ　　　惚rlag，　W6inheim，　Ge叩ny（2007）．　　．　　・　　　　　　　，［4］K．Takahashi，〃7漉二Gqρ艶加ooηぬ。’oγρρ”oα1αη4　E1θoか。η’6　DθV∫oε3（in　　　Japanese：ワイドギャップ半導．体光・電子デバイス），　Moriki聖a．Publishing，　　　Tbkyo，　Japε甲（2006）・　　　　　　　‘［5］M．A．　L　Jo�qson，　S．　F両ita，　W　H．．Rowland，　K．　Aβowers，　W．　C．　Hμghes，　Y　W．　He，　　　N．A．　El−Ma3fyJ．　V》．　Cook；J．　F．　Schetzina，　J．　Ren，　and　J．　A．　Edmond，　J．　Vac．　Sci．．　　　TechnoL　B　14，2349（1996）．．［6］J．．T．丁もfvik，　M．　Leksono，　J．1．　Pankove，　B．　V　Zeghbroeck，　H．　M．　Ng，　and　T．　D．・　　　Moustakas，　Appl．　Phys．　Le丘．72，1371（1998）．［7］．J．　Bernat，　M．　Wblter，　A．　Fox，　M．　Marso，　J．　Flynnl　G　Brandes，　and　P，　Kordo蓉，　　　Electron　Le賛。40，78（2004）．［8］H．S．　Kong，　M．　Leonard，　G　Bulman，　G：Negley，　and　J．　Edmond，　Mat．　Res．　Soc．、　　　Syrhp．　Proc．395，903（2005）．［9］A・kｦm・砥KHi・i蜘ndKb噸F甲’t・ul・’・鳶・hJ・r4・1911（！998）・［10］J，Edmond，　A．　Abar6，　M．　Bergman，　J．1Bharathan，　K．　L　Bunker，　D．　EmersQn，　K・　　　Haberem，　J．．Ibbetson，　M．　Leung，　P．　Russel，　and　D．　Slater，　J．　Cryst．　Growth　272，242　　　（2004）．．　　「一21一［11］S．Hashimoto，　Y　Ybshizumi，　T．　Tanabe，　and　M．　Kiyama，　J．　Cryst．　Gro殖h　298，871　　　（2006）．［12］YB．．Pan，　Z．　J．　Yang，　Z．　T．　Chen，　Y　Lu，．　T．　J．　YU，　X　D．　Hu，　K1．　Xu，　and　G　Y　Zhang，　　　J．Cryst．　Growth　286，255（2006）．［P］B・A・B・A・Sh・ha’甲i・．エS・・u・・YN・m・・a・Y略’・andTEr・w・・M・t・・．R…　　　Soc。　Symp．　Proc．1167，002−05．（2009）．［．14］B．A．　B．　A．　Sh・h・imi，　Rドb．　Kh・i，　T　S・…，YN・m・・a，・ndT．Eg・w・，．M・t・・R・・．　　　Soc．　Symp．　Proc．1167，004−01（2009）．［15］T．Egawa，　B．　Zhang，　N．　Nishikawa，　H．　Ishikawa，　T．　Jimbo，　and　M．　Umeno，　J．　AppL　　　Phys．91，．528（2002）．　6］β・．1・h’k・Wal卜Asan兜B・Zhan＆TIEglw…dTJimbo・Phy鼠St翫．Sol・A201・　　　．2653（2004）．［1力工Eg・w・，　B，　Zh・ng，・nd　H．1・hik・w・，　IEEE　EIect・D・肌L・tt・26，16？（2005）・［18］B．Zhang，　T．　Egawa，　H．　Ishikawa，　Y　Liu，　and　T．　Jimbo，　jpn．　J．　Appl．　Phys．42，　L226　　　（2003）．［19］A．．D・dg・・，　Jp・・J．・ApPl・Phy・・39，　L1183（2090）・［20］T．Riemann，　T．　Hempel，　J．　Christen，　P、　Veit，．R．　Clos，　A．　Dadgar，．A．　Krost，．U　　　Haboeck，　and　A．　Hof£man，　J．　AppL　Phys．99，123518（2006）．［21］EF・lti・・B・B・um・nt・R驚・n69・合・・M・％ill・・PGib・貫・TRi・m・�o・J・Ch・i・1・n・　　　L．Dobos，　ahd　B，　P6cz，　J．　Appl．　Phys．93，182（2003）．［22］T．Gehrke，　K．　J⊥inthicum，　E．　Preble，　P　R句agopal，　C．　Ro�oing，　C．　Zorlnan，　M．　　　M・�q・gany・争・d　R．E．D・vi・・J・Elect・・h・M・…29・3・6（2…）・［23］A．Watanabe，　T　T4keuchi，　and　K．宜irosawa，．J．（lryst．　Growth　128，391（1993）．［24］．A．　Ohtani，　K。　S．　Stevens，　and　R．　Beres｛brd，．Appl．　Phys．　Lett．65，61（1994）。一22一［25］PKun＄・A・S・xl・ちX・Zh鳴D・輪lk…平C・W・ng・1・F・・g…n・a・d　M・．Raz・ghi；　　　Appl．　Phys．　Lett．66，2958（1995）．［26］M．Godlewski，　J．　P．　Bergmann，　B．　Monemar，　U．　Rossner，　and　A．　Barski，　Appl．　Phys．　　　Lett．69，2089．（1996）．［27］J．M．　Redwihg，　J．　S．　Flynn，　M．　A．　Tischler，　W．　Mitzchel，　and　A．　Saxler，　MateL　Res．　　　Soc・．　Symp・Proc・395・201（1996）・［28］F．Widmann，　B．　Daudin，　G　Feuillet，　Y　Sa坦son，　M．　Arlery，　and　J．　L．　Rouviere，　　　MRs　I・t・m・t　J．　Nit・idp　s・mi・・nd．　R・・．2，20（1997）．［29］H．PD．　Schenk，　E．　Feltin，　M．　Laugt，0．　To御eau，只恥．megues，　and　E．　Dogねeche，　　　Appl．　Phys．　Le賃．83，5139（2003）．［30］K・Hi「osawa・K・Hi「amat・u・N・S・w欲i・．�pd　I・Ak・・泳1・Jp・・J・今PPI・Phy・・＄2・　　　L1039（1993）．　　　　　　　・［31］TS・9・・S・H・lt・・i・S・S・k・i・M・T傘・y・・u・・nd　M・um・n・・J・ApPl・Phy・・57・4578　　　（1985）．［32］A．Geofgakilas，　and　A．　Christou，　J．　App1．　Phys．76，7332（1994）．雪、一23一寸N3．Ch劉racteriz劉tion　Methods董br　GaN−based　Epitaxy劉nd正ight　Emissi・ゆryic6s3・11ntroductiOI耳　　　　　　　Thin　film　characteτization　method　is　important　to　understand　the　mechanis卑sin　Ga：N。based　crystal　such　as　lattice　defbcts，　and　photonic　transitions　in　the’band−gap．　AP「o炉e「unde「st�iding　i兵the　c「yslal　level　allows　easie「cont「010f　p訂asiti¢p「ope質ies・hence，　allows　fbr　optimizati6n　in　growth　paramete士s　to　imp士ove、　GaN　epitaxial　qualit）へ3．2Charactertzation　of　I」attice　Defむcts126】　　　　　　　Most　of　GaN−based　optoelectronics　and．　electronic　devices　arehete「o’eplt眠iallyg「o�oonth’窒р遂Qysubst「翫esuchassaρphi士r・SiC・．叩dSilH。weve「・la賃ice　mis血atch　and　the�oal　expansion　coef師ent　mismatch　with　the　substrateproduc6s　Iarge　quantity　of　lattice　defbcts　in　the　GaN　crysta1．　The　lattice　defbct　modifies．・・ti・・1・y6・g・・舳p・賃・�q・・lters・pti・al　pr・P・丘ir・・蜘d・t・・i・・a・・r　dβ・ice・P・・ati・gch町acte「istic蜘its　li色time「eliabilit￥Thμs・』μnde「sl�pdi・g．the　ch飢・rt・・i・ti…fl・廿ice　d・色・t　i・essenti・l　t・P・nt・・1・r　rem・v・th・d・角・t・．　　　　　　　In　a．conventional　high−quality．GaN　film　grown　on　c−face　sapphire　or　SiC．substrate　using　AIN　or　GaN　buffbr　layer　by　metal　orgapic　chemical　vapor　deposition（MOCVD）［1，2］，　the五rst　100�ot与ic�qess　a負er　the　hetero−epitaxial　inter魚ce　between．GaN　and　sapphire　shows　large　quantity　of　stacking　faults　and．　c．face　def¢cts　to　relax　the一25一layeL　However，　a登er　the　initial　10q・�othic�qess，　all．other　types　oflattice．imper免btiohsdisappear，　leaving　only　threading　dislocations　（TDs）　with　density　aroundlO8−1010　cm−2［3−5］。　　　　　　　Lattice　defbcts　can　be　classified　into　point−defbct，　line−defbct（dislocation），　and魚ce−d・色…1・G・Mlm・・h・p・貢i・ul飢・yp・ρ£1・ttice　d・色・tF面・ew・d　i・ii・・d・色・・（dislocation），　which　largely　influences　device　characteristics．　　　．　　　　　　　Lin・dl免・t・a・be　classi耳・d　i・1・・edg←di・1・�S駕・c・ewdi・1・・ati・称andmi・・d−di・1・6・ti・n［6］I　Fig・・e　3．1．・h・宙・th・mech・ni・m・f・dge−di・1・・ati・n・ndscrew−dislocation　in　c−plane　GaN．　In　edge−dislocation，　dislocation　Iine　and．BurgersvectQ・雛・i・p・Φ・ndi・ul・・di・ecti・耳・whil・i・・c・ew−di・1・r・重i・n・th・di・1・・ati・n　li・・andB・・gers　vect・・a・e　i・p・・all・l　di・ecti・b．　Edge−di・1・cati・n・ccurs　d・・t・・x・ess　l・UiceP・n…a・i・n・n（1120）魚ce，脚i・h　B。・gers　vec・・，．堰Bゐ一1／3・11至0・di・ecti・・．　Oh・h・・‡h・・．?・nd・・c・ew−di・1・cati・n　rccurs　d・俘t・P・貫i・1…mi・…p・wi・h　B・・gers　vecl・・ゐ一＜・0・1・・M’・r＆di・1・cali・n−i・ami・．・f・dg・ldi・1・・翫i・n　and・ρ・ewdi・1・。・・i6恥with　B・・gers　ve・t・・ゐ＝1／3＜1123＞・．Th・line−d晩・t　d・・c・ib・d　i・this　secti・ロi・．魚・h・琴・g…1・・y・t・1・tm・t・・e・whi・h・C・urs　wh・n・pit晦1琴・・帆h　i・p・・鉛・m・d・n　c一網ce・Ga：N　crystal　st士ucture　exists　in　cubic　zincblende　structure　and　hexagonal　wurtzitestructure」However　the　wurtzite　structure　is　the　meta−stable　structure　fbr　GaN．　　　　　　　　　　　　　　　，3．2。1X−Ray　I）if『レaction（XRD）Method　　　　　　　X−ray　di価・・ti・・（Xm）ω一・ca・m・・h・d　i・c・nv…i・n・11y・・ed…h・・年・…i・・structur町l　quality　of　a．Ga：N　crysta1，わecause　density　of　lipe　defbct　influence　theω一scan一26一／fUll−width　at　halFmaximum（FWHM）line　width．　Increase　of　screw　component　andmixed　component　of　the　dislocation　density　increases　tilt　component　in　c−plane　GaN，鋤dthere鉛re　increases’FWHM　line甲idth　of　sy�oetric　renection　in（0002）�pd（0004）dif丘action　peak．　Meanwhile，　inprease　of　edge　conlponent　and　mixedcomponent　of　the　dislocation　density　increasβs　twist　component　of　cぎplane　GaN，　andthere飴re　increases　FWHM　line　width　of　asy�oetric　reqection．3．2．2Trans面ssion　Electmn　Nlicroscopy（TEM）Method　　　　　　Characteristics．　of　line　defbcts　can　be　analyzed　by亡rahsmission　electronmi・…c・py（TEM）・H・囚・v・…戸・・P・・甲・th・d・nd　tim・i・necessa理飴r　s�opl・preparation，　prior　to　actual　cross−sectional　TEM　observatfon．　In　cross−sectional　TEMobservation，　when　inversed　lattice　vector　is．8・，and　Burgers　vector　fbr　line　defbcts　isわ，line　defbcts　can　be　classified　using．　g×わ＝O　invisibility　criterion．　Specifically，　when9一＜11Σ0＞∴B・・g・士・vect・・ゐ一く0001・th・t　i・p・Φ・ndi・ul・・t・thi・di・ecti・n　willeliminate　visibility　of　screw　dislocation　co卑ponent，　showing　only　edge　dislocation　andmixed　dislocation　components．　In　g＝＜0002＞　direction，　Burgers　．vector即・11至・…p・ゆ・ndi・ul雛di・ecti・n輌ll・limi・・t・vi・iヤili・y・f・dg・di・1・・a・｝・n．component，　showing　only　screw　dislocation　and　mixed　dislocation　components．　Screwdislocation　density　is　normally　lower　relative　to　that　of　edge　dislocation　density．一27一GaN〈0001＞　　C−axis　　　　↑→わ＝1イ3＜11−20＞｝看11耳DislocatiLineみ＝＜0001＞nl　　　｝／・｛’！，ノ。’”DislocatioLine　　　　　　（・）Edg・D・・16ca…n…　　　（・）・r・ew　p・…1飢i・nFig・34・M6・h・・i・m・f・dg・di・1・・a・i・n・n尋・c・ewdi・1・・a・i・血．L28一3．3L伽in・・b・nce　P・・P・貫i・・［27】　　　　　　　The　el・m・n�S・x・it・ti・n　p・・ce串・・f・emi・・nd・・t・rs・v・・．　it・band二9叩・n碍・gyfirst　creates　fヒee　electr6ns．in　the　conduction　band，　and　holes　in　thβ　valence　band．SUbs亭quently，　they　lose　energy　and　momentum，　i．e．　relax」to　th610west　energy　states　byemi廿ing　phonons　in　general．「shey　theb　fb�oaquasi一卿icle　that　is　a　bound　state　withρ・ul・mb　i・t・・acti・n　i・b・tw・e・the　elect・・脚d　th・h・1・・Th・q・�pt・m・f・hi・electronic　polarizatioh　is　called　exciton．　　　　　　　In　semiconductors，　a　weakly　bound　electron−hole　（e−h）．pair　whosewav宙齧tnctio無P「opagates　mo「e　tﾋe　la賃ice　lpaρing　is鉛�o�Id　is　called・asMo賃’W�oie「exciton・ConYe「selγ・in．irnic　c・y・t・1…m・lecu1躍・・y・t・1・・e−h　p・1・iS・stropgly　bound　at　the　matrix　3toln　or　localized　at　its　n多i帥borhood，　whic垣s　called　asF・e櫨・1、exrit・n・W�oi6・ex・it・n・can食eely　m・v・i・the　cry・t・l　i・・飴�o・・f　m・pil・・bound　e−h　paiちwh奄モ?　is　called　as丘ee　ex・it・n（FE）［7］・Th…thry　d・nrt・・nt・ib・t・t・．・＃・dect・ical・・nd…i・i卵・w・v・…h・yρ1・y・n　imp・貢・n…1・i・gpti・al・b・・Φ・i・n・reflection，　and　emission　processes　in　s6miconductors．　The　energy　states　of　excitons・e・embl・th・・e・f・華・ll・w　imp・・iti…．The　elect・・n　t・m・a・・und　th・h・1・lik・hyd・・9・n翫・m，b・t　i・th・m・t・・i・l　with　di・lect・ic　c・n・t謡・一・，・。．　　　　　　　Studies　on　the　excito血resonance　structures　in　GaN　began　at　the　beginning　of・1970s・Due　to　the　c「ystal　sy�oet「y�pd「61翫撃磨Ely　we欲spi・’・・bit、i・te・action・th・・・1・n・eb加d・fth・轍窒奄煤Eh・xag・n・l　G岬（hlG譜）i・li蜘・‡�qee・ep・・a・・b・nd・｛8−9］，as　Shown　in　Fig．3．2．　Dingle　at　al．［10］have　assigned　the　energies　of　three（A，　Band　C）excitons　related　t6　transitions丘om　the　separat6　valence　band（rgv，、　r7v，andr7，．in　Fig．3．2．）to　the　conduction　band（r7。）bahd，　as　Ee、（A）＝3．474±0．002　eV，一29一Eex（B）ニ3．480±o，oo2・v，and耳，．（c）一3．501±o．01・v　by　mean・・f　th・p・1訂iz・doptical　reflectance（OR）measurements　at　2　K　after　Pankoveθ’o乙［11］observed　a・t・・ng　Ph・t・1・mi…cence（PL）P・泳・t　3．477・V・t　1．6　K．　M…曲［12］ha・al・・reported　the　exciton　energy　ffom　photoluminescence　excitation．（PLE）spectra　at　L6　K・・rE，・（A）＝3・4751±0・0095・V．・，　Eex（B）一3・481±0・001・V　・　・nd興．（C）一3・493±…05・V，�pdh・d・duced・xρi・・n　bi・di・g・n・・gyl　E、・f・h・g・・undstate　A−exciton　as　28　n平ev　ffom　the死and　E。、（A）．．values・』Amanoθ∫α∠［13］and・Logothetidis　θ’α∠　［14］have　suggested　a　contributioロ　of　excitons　in　the　opticalabso堆）tion（OA）sp6ctra　of　zinc−blende　cubic．　GaN　（crGaN）and　h−GaN　up　toroom−temperature．（RT）。　Shan　θ’α∠　【15−16］have　al　so　assigned　modulationphoto−reflectance（PR）signals　to　exciton　resonanc¢structures　up　to　RT．　　　　　　　琢pica1・包di・ti…ec・血bi・・ti・n　p・・cesse・．・ccuゆg　i・・emi・・nd・・t・rs　a・e・ch・m・ti・ally・hmm・・i・・d　i・Figβ・3」・g・n・・al・1・mi…cence・p・rt・a・f　high　p・・ity・highΦality　seniiconductors　are　dominated　by．　fkee　exciton（FE）emissiob　at　16w．tempβrature．　The　FE　emission　fyom　wurtzite　Ga：N　at　low　temperature　has　been　observedin　the　early　1976s　by　Pankoveθ認［11］and　Dingleθ∫．α乙｛10］．　There　are　various　fb�os・f・x・i・・nb・mpl・x・h早・趾e　cgmp・・e“・f・x・i・・n（・）・nd・・h・・p・而・1・・［17］・Nr・t・al＃・nr・h・・an・ut・干・lec…n・whi・h・・m・3・・und・h6d・兵・・i・nwi・h　l・・g・…もit　di・m・t・・1‡binds　a　ffeβhole　at　the　position　wh6re　the　static　dipolεbetween　the　hole　and　theneutral　donor　balanご6s　and　then　charge　neutrality　of．the　complex　is　8atisfi6d．　This・・mpl・x　i・an・x・it・n　b・und　tO・n・ut・al　d・n・・（1、）・nd　i・i・g・n・・al　6・U・d・b・undexciton（BE）．　Neutral　acceptor母lso　produces　the　bound　exciton（11）．、Similarly，　ionizeddonor　and　acceptor　can　produce　excitons　bolmd　to　th侍ml　The　transition　energy　of　B耳sassociated　with　neutral　impurities　is　lower　than　that　of　FEs　by　theinocalization　energy，一30一E1。、，which　is　nearly　one　tenth　of　the　im加rity　ionization　energy，　E、［18］．　The　relationbetween　E、　and　E1。。、changes　depe昇d　on　materia1［19］．　As　El。、．is　very　small，　BE「ecombi・・tig玲i・d・mi・�pt・t．…yl・w　t・mp・・at・・er・�pd　FE・missi・n　d・mi・・t・・th・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　emission　spectnlm　at　inte�oediate．　temperature寧between　20　K　and　l　OO．K　in　generaldepending　on　the　stabili重y　of　excitons　ill　the　matrix．　Another　process　involving　excitonsat．撃盾浴@temperatμre　is　a　fb�oation　of　exciton−polariton，　which　is　a　complex　between　theelectromagnetic・・（photons）and　excitons（or　oscillators）that　have　the　sa斑e　resonance丘equency　as　the　photons　at章・i脚1…f・・可・m・ll　wav・vect6・・ん［20−22］・Th・contribution　of　excitOn−polariton　in　optical　spectra　of　wurtzite　GaN　was士eported　by　Gil・t・L［17，18］血dSt・p・iew・ki・t・L［19］．　L・・it・n・c・upl・with・ev・・al　ki・d・fph・n・n・．Aremar≧able　fbature　of　the　PL　spectrum　of　GaN　at　low　temperature　is　the　appearance・fl・ngit・di・・！・pti・al（LO）ph・n・n・eplica・・fFE�pd　BE　Ii…［10］・1・lmp・・ity　d・P・dsemiconductors，　emission　due　to　recombination　of　ffee　carriers（electrons　or　holes）andthe　impurity　levels（acceptors　br　donors）are　dominant　at　intemlediate　tempe士ature　orRT　depending　on　E、　of　the　impurity，　They　are　refbrred　to　as　ffee−to−bound（FB）orbound−to−f士ee（BF）emissions．　Thg　simultaneous　existence　of　donor　and　acceptorimpむrities　introduce．　a　pair　tソpe　emission　be伽epn　them，　and』is　called　donor−acceptorP・i・（DAp）・ec・mbi・・ti・n・Th・b�pd−t・一b�pd（BB）・miS・ig・・ccurs　i・di・ect　b�pd−9・psemiconductors　with’窒?ｌａｔｉ＞ｅｌｙ　high　temperature，　high　ca廿ier　density，　smali　excitonbinding　energy，現，or　high　number　of　active　phonons　which　produce貸ee　carriers．一31一r6Z脳CBLENDE　　　　　l　　　　　　　　　　　lri．1Ir1WURTZITE　　　I　　　I　　　l　　　　　　　　　　　き　　　　　」　　　　　3　　　　　：　　　　　「△・・i　l「・セ51．llr5｝　　i⊥　　〃i　l．i．　｝r7　Conduction　Bandr8△s。．　　　　　ご　　　　ミA　　B　　C↓　　　⊥　　　〃一？？r9　　　　　　　　　　　Va1�pce　Bandr7r7△・・p　　　　　　　　　　　　　　　　　　　　　　　　　　　　lrl　　　　　　　　　　　　　　　　　　　　　　r7　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　　　　　　．　．　　　　　　　．　　　　　Sp血・αbit　　　　　　　　　　　　　　　　　　　　　　　　Crystal　Field　　　　　　　　　Sp斑．（施itFigβ・3・B斧・d・t・u・t・・r・anρ1・b・li・g・f「e与pectivert「ansiti・ninzincblende　and轍ziteG姻．The　indications二L　andイ／show　that　the　transition　is　allowed　fbr　the　lightP・1・・iza・i・n　E　p・φ・ndi・ul−d　p・・all・1・・th・・P・i・！・）・xi・・P・・enth・・e・．…・・h・・th・t・an・iti・n．i・p・而・11y　all・w・d・Th・val・・△・・and△・・are　lth・・pin一・・bit・hd・・y・t・Ifield　splitting，　respectively．．一32一Leve1（4）．（3）（2）（1）．◎虚．⇔�堰e◎1e�qrl戟@l「招い．�D．（7）・　：　；　…　｝　i評。「hρ）毒ll口l　l　l　l　l　l　　　l　　　’　l　　l　　　l�D　曾　曾　曾　�D’Conduction　Band　EcValence　Band瓦（1）Band−to−band（BB）emission（2）Free　exciton（FE）emission（3）Neu廿al　donor　bound　exciton（BE）emission（12）（4）N・ut・al　accept・・bq・ρd・x・it・・（BE）・missi・n（ll）（5）Bound−to−f｝ee（BF）emi§sion（6）Free−to−bound（FB）emission（7）Donor−acceptor　pair（DAP）emissionFig．3．3．’Schematic　drawing　of　radiative　and　recombination　processes　insemicohductors　prefbrably　at　low　temperature　where　the　excitonic　and　impurity−related　　ロ　　　　　　サem1SS10n　OCCUr．、し一33一3・41・tem・1・E・t・・rti…E・t・m・嚢…dP・w・・E茄・i・n・i・・［281．　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　i　　　　　　　　In　a　semiconducto士　crystal，　several　mec取anism6　fbr．　non−radiative「ecombinationexisちincludingSho晦R6a斗Augeちandsゆce「6combin包i・n・r・・nth・u＄h　b・n−radi・ti…ec・mb圃・n　can　b・・e¢・ced，　it・an　n夢…b・t・t・lly・limi・・t・d．Any　semiconductor　crystal　has　some　native　defbcts．　Evpn　though　the　concentration　ofthe・e耳・ti・・d・飴・t・ca・籍・lqw　it　i・n・v・・r・…Th・�o・dy・�oic　c・n・id・・ati6・・p・edi・tthat　if　an　energy　Eα　is　needed　to　create　a　specific　point　defbct　in　a　crystal　lattice，　theprobability　that　sudh　a　de色ct　does．　ind母ed拓�oat　a　speci且。　lattice　site，　is　given　by．theB・lt・m�o魚・t6・，　i．・．6・p（一瑞／ん7）．Th・p・・du・t・f　the　c・ncent・ati・n・f　l・ttic・・it・・・nd・h・后・lt・一’飴・…gi・…h・6・ncen・・a�Sn・f　d・飴・…A・・ti・・p・i・t　d・艶・・．・・・xt・nd・d　d・飴・t　m・y．��o．adeep・t・t・in　th・g。p　a。d　thU・b，　a　n。n．radi。ti。，recombination　cehter　　　　　　　If　radiative．lifbti血e　in　a　semiconductor　crystal　iS　denoted　as．．τ，　andnon−radiative　lifbtime　is　delloted　asτ肛，the　total　probabilily　of　recombination　is　given　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’by　th・・聯・fth・・adi・tl・・�pd・・n−radi・tl・・p・・b・biliti…．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　τ一工＝・，一1＋・m一’　　　　　　　（3．1）The「elζtive　probability　of・adi・ti…ec・mbin・ti・n　i・．gi・・n　by・hr・adi・・i・・p・・b・bili・yover　the　t6tal　probability　of　recombination．　Thus，．the　probability　of　radiativerecombination　or　interna翼甲antum　e笛ciency（ηiqe）is　given　by，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヨ　　　　　ほ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　η・監≒1　．　．（3・2）Th・η・q・9i…th・・a・i・・fth・n・mb…flig与t　q・�p…mi・t・d　i・・id・｛h・・emi・・nd・・…t・th・numb…f・h飢9・quanta　und・・g・i・g・eご・mbi。。ti。n．一34一　　　　　　　　　　ηiq・N�ob・・bf・lec…n・i増ect・d　i・t・LED　p，・＄，c・nd　　　　　　　　　　　　　　』。，／伽）　　　一　　　　　　　　　　　　　　　　　ノ／θwh・・e君。・i・thr・pti・al　p・w・・emi杭・d廿・m　th・acti…egi・n　and．！currβnt．　　　　　　　　In　an　ideal　LED，　a．f｝ee　space．　Such　a耳LED　has　unityθκ〃αc’∫oη（が。’θηのノ．　However，　partial　o　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’th・・e血i・・ndu・t・・母i・・dg・t・・ev・・al　p・ssibl・．1・ss　mecemitted　by　the　active　region　can　be　reabsorbed　in　theth・t．狽?・・ub・t・at・i・ab…bi・g・t　th・．・missi・n　wav・1サ・gth．．wilight　may　be　incident　on　a　metallic　c6ntact　surface　andわ．addi重ion，　th6　phehomenon　of’o‘召1加∫θ7〃α17げθc’∫oη，　also　refbrre吻一・…e¢・ce・、・h・abili・y・f　th，　εκかα‘廊。〃畷77c詑π【ッ（ηext）is　defined　as，　　　　　　　　　　　　　＝　Nヨmber　of　photons　emitted　into　f｝ee　space　per　secohd　　　　　　　　　　ηext　　　　　　　In　d・vice　ev・luati・n　viewp・i・t，・・ti…egi・n・f・n　ideal　LED・mit・・ゆ乃・’・・fbrθvθリノξ1θoか。ηir噸ect6d．　Each　charge　quantum−particle（electron）produces　one　lightquantum−particle（photon）．．　Thus，　the　ideal．active　region　of　an　LED　has　a　g〃αη魏贋φ4θηのノof亘nit￥Theηiqe　is（葦efined　as，　　　　　　　　　　　　．＿Number　of　bhotons　emitted丘om　active　region　per　second（3．3）is　the　i切ection　　　　　　　　　　　　　　　　　　　　ll　ph・t・n・．・mitt・d　by　the　acti…egi・n田e　al…mitt・d　i・t。　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　inl　reai　LED，　only　　　　f．the　optical　power　is　emitted　into　f｝ee　sかace．　Some　photons　may　never　leave　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　hanisms．　For　exa血ple，　light　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　substrate　of　the　LED，　assuming　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　This　problem　is　crucial　fbrd・．圃一9・pI・G姻一b・・ed　LEp　g・・w・．in脚・w・・b・nd−9・p呂i・ub・tr・t・・Emi廿・d　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　eabsorbedりy　the　metal．　In　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　das　か卿ウθ｛ノ1∫9乃∫　　　　　　　　　　　　　　　　　　　　　　　　　　　　　elight　to　escape　ffom　the　semigonductoL　Lightwhere　　　　　　　　Number　ofphot6ns　emitted丘om　active　region　per　second　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（3．4）　　　　　　　　　　　　P／（加）　　　　　　　　　　　君。，／伽）Pis　the　optical　power　emitted　intd　ffee　space．Theηext　can　be　a　severe・Ii血it翫ion　fbr　high−perfb』�oance　LEDs．　It　is　quite一35一difficult　to　increase〜heηex・beyond　50％セvitho｝1モresorting宍。　highly　sophisti・三ated　ahd・costly　dε・》ice　processes．　　　　　　　The｛w詑，πα’g麗α〃加〃2ψc∫8π【こy（ηeqe）is　de負ned　as，　　　　　　　　　　　　　　　　Nu血ber　ofphotons　emitted　into　fヤee　space　per　second　　　　　　　　　　　η・q・ニ．盲。mb，，。f，lect，。n、　i功ect，d　i血t。　LED　per　sec・nd　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（35）　　　　　　　　　　　　　　　　P／伽）　　　　　　　　　　　　　　「／，＝η・q・η・x・Theηext　gives　the　ratio　of　the　number　of　usefUl　light　particles　to　the　number　of　i切ectedcharge　part重cles．　　　　r　　．　　　　　　　　　　．．．　　．．　　　　　　　　・　　　　　　　　　　　　．　’　　　　　　　The　pow8’ψc∫εκqレ（ηpower）is　defined　as，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　η騨一多．一一1．』．（3・6）wh・・e〃i・the　elec亡・i・al　p・w・・p・・vid・d　t・th・LEp・Th6　P・w・・e伍・i・n・y（η・・w・・）．iS．・1…allゆ乙11卿9げ・’・鰐・3．5Conclusions　　　　　　　　　This　chapter　describes　the　fhndamental　characterizatlon，method　fbr　GaN−based　　．epitaxy．　Lattice　defbcts　mechanism　in　GaN　film　is　briefly　explained，　in『luding　the　　’characterization　methods　using　XRD　and　TEM面hich　is　the　common．method　to，val。。t，　G州・・ブ・t・l　qu・1itγL・mi…cen6・p・・P・丘i・・丘・皿G・Mlm　i・al・・d6・c・ib・d，律whi・h　i・imp・丘・nt　t・・valu・t・G・N・・y・t・l　qualit弘Th・i・t・m・1・℃xt・mai・・xt・a・li・n・pd．b・w・・e缶・ig・・i・・a・e　lmp・丘an・免・t・・t6・v・lg・t61igh・・血issi・pd・vices　su・h・・LED・一36一Refbrences［1］H．Amano，　N　Sawaki　and　I．　Akasaki，　Appl．　Phys．　Lett．48，353（1986）．［2］S．Nakamura，　Jpn．　J．　Appl．　Phys．30，　L　1705（1991）．［3］S．D．　Lester，　F．　A．　Po翠ce，　M．　G　Crafbrd　and　D．　A．　Steigerwald，　AppL　Phys．　Lett．φ6，　　　1249（1995）．囚．w・Qi・n・M・sド・M・n・ki・M・D・G・aeちK・D・verspik・・LB・R・wl�pd．　and　D・K・　　Gaskill，　Appl．　Phys．　Lett．66，1252（1995）．［5】．X・H・Wu・L￥・B「o�o・D・ドapolnek　S・KrlleらB・．KelleちS・PDe伽s�pdJ・S・．　　Speck，　J．　Appl．　Phys．80，3228（1996）．［6］T．Hino，　S．　Tbmiya，　T．　Miy勾ima，　K．　Yanashima，　S．　Hashimoto　and　M．　Ikeda，　AppL　　Phys．　Lett．76，3421（2000）．　　　　　　．　　　．　　　　　　・［刀GH．　Wannier，　Phys．　Rev．52，191（1937）．［8］G．D・e・r61hau・，やhy・・R・V　105，135（1957）・［91J．　J．　Hop負eld，　J．　Phys．　Chem．　Solids　15，97（1960）．［10］R．Dingle，　D．　D．　Se11，　S．　E．　Stokowski　and　M．　Ilegems，　Phys．　Rev．　Bタ，1211　　（1971）．［．11】J．1．Pankove，　J．　E．　Berkeyhei忌er，　H．　P．　Maruska　and　J．　Wittke，　Solid　State　Comm�o．　　8，1051（1970）．［12］B．Monemar，　Phys．　Rev．　B　10，676‘i1974）．　　　　　　　　　　　　’［13］恥騨N・Wat�pabe・N・Kord　I・触asa�q・Jpn・J・今PP1・P無ys・．32・L1000　　　（1993）．．［！4］S・L・9・th・tidi・，　J，’p・t・1・・，　M・℃・・d・na　and　T．D・M・u・t・k・9，　M・t・S・i・E・g・B29，　　．65（19り5）．一37一［15］W．Shan，　T．　J．　Shmidt，　X．耳．　Yang，　S．　J．　Hwang，　J．　J．　Song　and　B．　Goldenberg，　AppL　　　Phys．　Lett．66，985（1995）．［16］W」．Shan，　T．　J．　S�qidt，　X．　H．　Yang，　J．　Jβong　and．　B．　Goldenberg，　J．　Appl．　Phys．79，　　　3691（1996）♂［17］M．．A．　lalnpert，　Phys．　Rev．　Lett．1，450（1958）．［18］J．R．　Haynes，　Phys．　Rev．　Lett　4，361（1960）．［19］H．B．　Bebb　and　E．　Williams，3e〃7’coηぬ。’orαη48θ〃7吻ご’α1∫，　eds．　R．　K．　Willardson　　　and　A．　C．　Beer，　Academic，　New　Ybrk，1USA，8，182−392（1972）．［20］YπR）yozawa，．Prbg．　TheoL　Phys．　Suppl．12，111（1959）．［21］J．J．　Hopfield，∬・レ78θ履σoηぬ。枷g　C曜ρ〃ηゐ，　W．　A．　Be切amin，　New　Ybrk；USA，　　　p786（19．67）．［22醜C・T・iゆ・A・C・mり・II，J・RP・・k・・d鋤dR・．彩・輪ih…π刀8傭・伽∫・9　　　．Co叩。〃酪，　W．　A。　Be功amin，New　Ybrk，　USA，　p．370（1967）．［23B．　Gil，　S．　Clur　and　O．　Briot，　Solid　State　C6�oun．104，267（1997）．［24］B．Gil　and　O．　Briot，　Phys．　Rev．．B55，’2530（1997）』［25］ド・St・p・’・wr≒i・K・PK…n・・A・舳・1・k・J・珂・B…n・w・ki・K・P・kμla・G　　　M・而nez・LG・e琴・・y・・d　S・P…w・ki・Phy・・R・v・B56・！5151〈1997）・［26］K．Taka粒ashi，　Wide−Gap　Semiconductor　Optical　and　Electronic　DeVices（i孕　　　Japahese：ワイドギャップ半導体光・電子デベイス），　Mgrikita　Publishing，　　　Tbkyo・Japan（2006）・［27］S・N誼・m・・aand　S・RChi・hib・，伽・ぬ・が・・’・荊〃薦罐・脚・・ρ1μ・　　　五・…r・融9妨纏∫・9ρ鷹丁・ylo「＆F「�pcis・Ne軸「k・USA・P・154−165．　　　（2000）．［28］E．F．　Schubert，　L∫g勉一E砺’枷g　D∫04θ5，　Cambridge　UniversitシPress，　New　Y6rk，一38一　　　USA，　p．44（2003）．［29］エPip「eい”薦耽。伽07ρθv’0P5　P��1θ吻助1�妓ile甜VC瓦　　　W6inheim，　Ge�oany（2007）．一39一　　1らo

