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Chapter 1

Introduction

In this dissertation, two heteroepitaxial systems consisting of, 1) GaN layer grown on sapphire
substrate (GaN/sapphire) and 2) GaAs layer grown on Si substrate (GaAs/Si) are the target
materials prepared for investigation.

1.1 Background

GaN/sapphire: _

Maruska and Tietjen have first reported the growth of single crystalline GaN which has direct
transition band structure with the bandgap energy of about 3.39 eV at room temperature on
sapphire substrate by hydride vapor phase epitaxy (HVPE) in 1969 [1].

Since the first demonstration, group III nitride based wide-band-gap semiconductors of GaN,
AlGaN and InGaN have been extensively studied due to the importance of the optical devices in
the blue-to-ultraviolet (UV) regions, and the electronic devices for high power, high frequency,
and high temperature applications.

In past several years, a number of notable progress have been reported in the fundamental
growth techniques. A great advance in crystal growth was achieved by using a low-temperature
buffer layer by metal organic chemical vapor deposition (MOCVD) [2]. The first p-type GaN
was grown in 1989 by Amano and co-workers [3], by MOCVD using Mg as dopant. As-grown
p-type GaN had a high resistivity but it is possible to achieve substantial p-type conductivity by
a low energy electron beam irradiation (LEEBI) [3]. Nakamura and co-worker {4] successfully
developed p-type conductivity by a thermal annealing which is suitable for a mass production
rather than LEEBI method. The n-type conductivity was found to be controled by flowing SiH,
during MOCVD growth in combination of a low-temperature buffer layer [5).

The blue and UV wavelengths are technologically important region for optical devices. At
present, semiconductor optical devices in the wavelength ranges between infrared (IR) to green
are operated by using As-based and P-based cosines semiconductor materials. For example,
the wavelength of red range is realized by using AlGaAs-based and that of orange to yellow
range is realized by using AlGaP-based material. If this range can be extended into the blue
wavelength, three primary colors of the visible spectrum which may have a major impact on full-
color imaging and graphics applications by only using compound semiconductors. Furthermore,
GaN laser diodes (LDs) are favored for high density optical recording (compact discs: CDs,
digital versatile discs: DVDs), photolithography.

Figure 1.1 shows the relationship between lattice constants and wavelengths corresponding
to bandgap energy of major I1I-V compound semiconductors. The lattice constants of nitrides
are calculated assuming that each crystal forms a cubic lattice: i.e. the lattice constants aeypie

is.given by .
Qeubic = \3/ \/5 X G%V X cw, ’ (11)
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“where aw and ey are the a- and c-axis lattice constants of wurtzite lattice structure, respectively.

Among many III-V semiconductors, it is clear that group-III nitrides are located at different
area in Fig. 1.1, that is, nitride-based semiconductors cover almost visible and UV regions and
smaller lattice constants.

From the view point of material physical parameters, GaN is much different from more
traditional semiconductors like Si or GaAs.

One of most interesting feature of GaN is that it is thought to have a hexagonal crystal since
no other semiconductor laser diodes with wurtzite crystal have not been developed. Though the
cubic crystal has been studied in recent years, it still does not have good quality compared to
that of hexagonal crystal [6].

The large band gap (see Fig. 1.1) makes nitrides suitable for high power and high temperature
applications [7, 8]. The magnitude of the critical field for breakdown voltage which 1s very
important parameter for the design of bipolar and field-effect devices may be high and is preferred
for high power devices. Furthermore GaN produces a negligible concentration of charge carriers
at room temperature.

In comparison with conventional cubic phase of GaAs, GaN possesses larger effective masses
in both electron and holes which affect transport properties. In case of laser diodes, the threshold
current density of hexagonal GaN quantum-well (QW) laser diodes is intrinsically much higher
than that of GaAs QW [9].

The large mismatch in the covalent radu of gallium (rg,=1.26 A) and nitrogen (ry=0.75
A), and the electron negativity of gallium (1.13) and nitrogen (3.0) as shown in Table 1.3 play
an important role in defect formation and impurities doping [10, 11]. Neugebauer and Van de
Walle [10] investigated the consequences of this mismatch on defect formation energies for the
example of the gallium antisite, where a particularly strong effect is observed. By replacing
a nitrogen atom with a gallium atom the Ga-N bonds replaced by Ga-Ga bonds. If atomic
relaxation is allowed, the four neighboring Ga atoms move outerward, reducing the strain in the
Ga—Ga bond. This atomic relaxation accompanied by an energy gain of 4.2 eV which is about
3 times larger than typical relaxation energies for defects in GaAs [12] or ZnSe [13].

The large exciton binding energy (28 meV at room temperature) which is larger than kg7’
at room temperature and effective electron mass may be expected important for manybody
Coulomb interaction between the carriers [14, 15, 16]. The manybody Coulomb interaction will
lead to the energy bandgap renormalization or narrowing [17]. This strong excitonic process have
recently been reported to give rise to optical gain with excitation intensities up to 5 MW- -cm? [18].

Nitrides have large elastic constants, which indicates the strong bond between the nitrogen
and each column III atom. Thus the nitrides exhibit superior thermal and chemical stability and
physical hardness. Moreover, nitrides devices are harmless, because nitrogen is in the principle
constitute of the air.

Today, high luminous blue and green light emitting diodes (LEDs) fabricated based on group
III nitrides (blue-LED and blue-green-LED) have become commercially available [19, 20, 21].
Looking at the historical development, the emergence of the GaN laser diodes have been quite
unusual. Pulsed laser diodes with operating voltage of the order of 20 V were demonstrated
in 1996, soon after this a life time of several 1000 h was obtained under continuous-wave (cw)
operation in 1997. The market introduction of blue-violet GaN lasers has been predicted for the
end of 1998 [22].

GaAs/St

Since the first report of successful heteroepitaxial growth of GaAs on Si substrate [23, 24] in
1984, the heteroepitaxial growth of III-V semiconductors on Si substrate has been continuously
developed in the past decade. At the time of initial realization of cw operation of laser diodes the
device life time was of the order of seconds and subsequenty was increased from minutes to several
hundred hours in 1993. The improvement of the laser diodes was achieved through systematic
research and development based on growth techniques and device structure. For example, the
strained-layer superlattices (SLSs) [25], in-situ [26] or ex-situ [27] thermal annealing are effective
to reduce the dislocations. The selective area growth was also useful for reducing the dislocation
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density [28]. The post-growth patterning [29], the undercut GaAs/Si (UCGAS) proposed by
Sakai et al. [30] are effective to reduce both the dislocation density and the residual thermal
stress. However, up to now no convincing success of GaAs-based laser diodes on Si substrate
has been reported since 1993. The amount of progress will depend on the effort with which the
exist problems are tackled.

This structure GaAs/Si is very fashionable material for future opto electronic integrated
circuits (OEICs) because of the possibility of combining the highly developed Si ultra large scale
integrated circuits (ULSIs) and the GaAs-based LEDs or LDs. These devices, where Si ULSI
cicuits are optically interconnected between them, realize the high speed data communications.
without delay becasue the optical data transfer is not affected by a electromagnetic interface.
Moreover substantial benefits of GaAs/Si are its application to solar cells. The advantages of
GaAs/Si tandem solar cell shows not only theoretical efficiency as high as 30 % but also low-cost,
large-area, mechanical hardness substrate and high thermal conductivity. Soga et al. reported
a conversion efficiency as high as 20.6 % with AlGaAs/Si tandem solar cell [31, 32].

Today, the application of GaAs/Si to majority carrier devices like high electron mobility tran-
sistors (HEMTs) [33, 34], metal semiconductor field effect transistors (MESFETs) [35, 36] have
obtanied prominent success. The characteristics of GaAs devices on Si substrate are comparable
to those on GaAs substrate and GaAs devices on Si substrate are sufficiently substitutable for
those on GaAs substrate in the application to both ICs and discreate devices. This advancement
is much indebeted that the majority carrier devices are not affected by the dislocations and the
total epitaxial layer is relatively thin for these devices and cracks are not generated. It can be
concluded that the minority carrier devices like LEDs or LDs are easily affected by dislocations
in comparion with majority carrier devices.

GaN/sapphire and GaAs/Si heteroepitazial techniques:

It seems that the main aim to develop the heteroepitaxial techniques in GaN/sapphire and
GaAs/Si is little different. In case of GaAs/Si, the aim is set to the integration of the advantages
of the individual materials (GaAs, Si), however, this is not the case in GaN/sapphire since the
idea for integration does not mature in this material. However, there can be no doubt that rich
opportunities for heteroepitaxial engineering exist.

Besides the main aim, one of the major difficulties to produce and control a high quality
GaN layer or a GaAs layer is the lack of an ideal substrate material (lattice matched substrates).
Therefore, the both GaN/sapphire and GaAs/Si heteroepitaxial material systems suffer from two
major problems due to the difference in material parameters between the substrate (sapphire or
Si) and the epitaxial layer (GaN or GaAs) as listed follows.

1) The generation of high density of dislocations due to the mismatch of lattice constants as
shown in Fig. 1.1.

2) The large biaxial stress in epitaxial layer generated during cooling from the growth tem-
perature due to the difference in the thermal expansion coefficients as shown in Table 1.1
(compressive stress: GaN/sapphire, tensile stress: GaAs/Si).

In general, GaN films are much poorer in quality than common GaAs or Si and thus very
suprising large number of defects as ~ 10!% ¢cm~2, which is two order magnitude larger than
that of GaAs/Si as 10°—10% cm™2, even in carefully prepared layers of GaN on sapphire. There is
a big marked differences between GaN-based devices and GaAs-based devices especially lasers.
Even this inferior situation in GaN, it is a miracle which has been posed many times how is
1t possible for GaN-based LEDs and lasers to operate for a long time. For GaAs LDs (not
GaAs/Si), which has much higher crystal quality, the development took of the order of 10 years
with numerous groups working on the problems. Contrary to GaN-based devices, over a decade
have past since Deppe et al. [37] reported the first successful room-temperature cw operation
from an AlGaAs/GaAs single quantum well (SQW) LD grown on Si substrate. However, the life
time of devices are still around several 100 h which is one order magnitude smaller than that of
GaN-based LDs although the several new approaches and efforts have been reported, e.g., use of
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a strained layer supper lattice [38], in-situ and ex-situ thermal cycle annealing (TCA) [39] and
combination of these techniques [40]. The reasons of these rapid degradation is the formation
and propagation of dark-line-defects in GaAs/Si.

This indicates that high density of dislocations and the residual thermal stress is an impor-
tant issue to obtain high-performance GaAs-based lasers on Si substrate, but not to GaN-based
devices on sapphire. Recently, it was very interesting explanation of this question was reported
from Nichia Chemical Industries, Ltd., [41] that the dislocations in GaN act as non-radiative re-
combination centers, but the carriers are prevented from reaching these defects due to extremely
short diffusion length. This report may perverts the common sense of semiconductor researchers
in GaAs/Si heteroepitaxial fields. It is only big luck that GaN devices work so well compared
to GaAs-based devices on Si substrate. '

1.2 Purpose of Dissertation

The successful launching of the GaN laser diodes by Nakamura and co-workers at Nichia Chem-
ical Industries, Ltd., initiated enthusiastic activities in this field in the world. The recent
progresses in crystal growth, conductivity control (p-type) and nitride-based laser diodes are
prominet. On the contrary, the detailed fundametal physical mechanisms affecting laser active
medium behavior, varous physical properties in GaN are under active investigation.

Up to now, from a physical view point, fundamental understanding or study has not fully
achieved on the electron and hole transport properties, phonon characteristics, electronic prop-
erties and so on in GaN.

To catch up with the advances in GaN-based devices, the elimination of most of residual
thermal stress, as well as further reduction of dislocation density introduced by the lattice
mismatch, in GaAs layer grown on Si substrate is required for the development of long-lived
LDs. The realization of high quality GaAs layer grown on Si substrate, the epoch-making
approach to breakthrough the problems discussed in § 1.1 is demanded.

Considering above situations, two main purpose of this dissertation as listed below are set to
investigate for future opto-electronic devices.

1) One of study sets out to investigate the fundamental mainly electrical and physical prop-
erties in GaN layer on sapphire substrate by means of the photoluminescence spectroscopy
(PL), Micro-Raman scattering spectroscopy and the electron spin resonance (ESR) spec-
troscopy as well as theoretical calculations.

2) The other sets out to investigate the residual thermal stress in GaAs on Si substrate by
introducing a New thin Si layer over porous Si substrate technology by means of the X-
ray diffraction, the photoluminescence spectroscopy (PL), Micro-Raman scattering spec-
troscopy.

1.3 Organization of Dissertation

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

In chapter 1, the historical development and present status in GaN/sapphire and GaAs/Si
and the necessity of these materials are reviewed. The problems faced in these materials are
identifed and the purpose of this dissertation is described.

In chapter 2, the theoretical calculations of electron transport properties in both cubic and
hexagonal phases of n-GaN; and hole transport property in cubic phase of p-GaN are perfomed.
The overshoot effects of electron transporties in both cubic and hexagonal phases of GaN and
GaAs are disscussed. In the hole transport calculations, the determination of valence band
parameters, the anisotropy factors which determine hole mobilities and the temperature charac-
teristics of hole mobilities are investigated. The mathematical representations of each scattering
mechanisms are given briefly.
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In chapter 3, Micro-Raman scattering by phonon-plasmon coupled mode in both n- and p-
type GaN are disscussed. The Raman data are theoretically investigated and compared with the
data measured by Van der Pauw Hall technique. The internal thermal stress reduction in post-
patterned n-type GaN measured by Micro-Raman scattering is also discussed. The relationship
between post-patterned area and thermal stress are shown.

In chapter 4, the nature of low-temperature electron spin resonance (ESR) signal from
as-grown and 7 MeV high energy electron irradiated n-type GaN are discussed. The matrix
elements coupling between I'; conduction and I's valence and its conduction bands, and spin-
orbit splitting of the I's are discussed using five-band k-p model. The detailed discussions of
temperature dependences of ESR resonance intenisty and linewidth are presented.

To investigate the nature of broad emission band at 2.2 eV from n-tpe GaN, 7 MeV high
energy electron irradiation is performd on n-type GaN and the results of ESR and optical induced
ESR are discussed.

In chapter 5, the thermal stress relaxation in GaAs layer on new thin Si layer over porous
Si substrate is discussed based on the results measured by the x-ray diffraction, low-temperature
photoluminecesnce, Micro-Raman scattering. The data are compared to the conventional GaAs/Si.

In chapter 6, the conclusions drawn from this work are summarized.
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Table 1.1: Important material parameters for GaN /sapphire and GaAs/Si heteroepitaxial sys-
tems. :

Heteroepitaxial | Material = Crystal structure Thermal expansion
coefficient (107°K™1)
GaN/Sapphire | GaN Wurtzite a=b : 5.59
‘ | c: 7.75
Sapphire  Corundum/ a=b : 7.5
(a-Al;O03) rhombohedral c: 85
GaAs/Si GaAs Zincblend 6.0
| Si Diamond 2.4

Table 1.2: Band parameters and exciton binding energies of GaN and GaAs.

Material Effective mass (mg) Spin-orbit Exciton binding
Electron Hole splitting (meV) energy (meV)
GaN®  0.22 m"*=1.65, ml}ih:Ll 11 28
m’'=0.15, m{f=1.1
GaAs®  0.068 m*=0.62 340 5.3
| m*=0.074

2) References [6] and [42].
b) Reference [43].

Table 1.3: Covalent radius and electron negativity of the host atoms in III-V semiconductors.

Material Covalent radius (nm) Electron negativity

Ga 0.126 1.13
N 0.07 3.0

| As 0.110 2.1
1 Reference [44].
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Figure 1.1: Relationship between lattice constants and wavelength corresponding to the bandgap
energies of the III-V compounds. Lattice constants of nitrides are calculated assuming that each
crystal forms a cubic lattice.
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Chapter 2

Theoretical Studies on Transport
Properties in Cubic Phase GalN

2.1 Introduction

It is well known that GaN film can be grown in either a hexagonal (wurtzite) or cubic (zincblende)
structure, depending on the substrate symmetry and growth conditions, because of the small
difference in the formation energy between these structures. Most of the work on GaN-related
materials has focused on the hexagonal crystal phase. Cubic phase GaN is at present not exper-
imentally characterized to the extent typical of hexagonal phase of GaN or more conventional
semiconductors. However, theoretically, compared to hexagonal structures, cubic structures can
possess superior electronic properties for device applications; for example, n- and p-type doping
is known to be the most efficient what in other cubic III-V semiconductors [1], whereas doping
in hexagonal phase of GaN has traditionally been recognized as being difficult, especially p-type
doping. Furthermore, higher steady-state electron velocities are expected due to reduce phonon
scattering in the higher crystallographic [2, 3, 4] and smaller effective masses.

Cubic-phase GaN was first reported by Seifert and Tempel [5]. Since then the number of
studies on cubic phase-GaN has increased greatly. Unlike most of the other ITI-V semiconductors,
because of the difficulties in growing a high-quality and single cubic phase rather than a hexagonal
phase, very little is known about the material and physical properties of the cubic phase.

Several groups have reported the low field electron transport characteristics of hexagonal and
cubic phases of n-GaN both experimentally and theoretically [6, 7, 8, 9, 10, 11, 12}. Only a few
reported the high field electron transport and high temperature electron transport characteristics
of cubic phase GaN [3, 13]. However, there is no report on hole transport properties of both
cubic and hexagonal phases of GaN.

In this chapter, the theoretical characteristics of high field and high temperature electron
transport in both cubic and hexagonal phases of GaN as well as GaAs by Monte Carlo simulation
and the hole transport in cubic phases of GaN by relaxation time approximation will be discussed.

To the best of my knowledge, no theoretical investigation of the hole transport characteristics
of the cubic phase of p-GaN that takes the Hall coefficient anisotropy factor into consideration has
been reported yet. Moreover, there has been no report that considers all the relevant scattering
mechanisms and the anisotropic bands in III-V cubic phase GaN simultaneously.

2.2 Fundamental Transport Theory

In the semiconductor crystal, vibrations of the ions from their equilibrium positions produce
an instantaneous changes in the energy of electron a time-dependent component H (r) into
the time-independent (adiabatic) one-electron Schrddinger equation. This interaction is the
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electron-phonon Interaction. It is usually weak enough for H ,(r) to be regarded as a small
perturbation (H'(r) < H(r)) which induces transitions between unperturbated states. This
transition probability S from electron wave vectors k (initial) to k (final) is given by the familiar
equation, so-called the Ferm: golden-rule expression, of first order perturbation theory [14, 15],

S(k, k) = 201 H (r)[R) 6 (B — B, % o) (21)

The plus sign corresponds to the absorption of a phonon (Aw), and the minus sign, emission. (see
Figs. 2.1(a) and 2.1(b)) The first-order perturbation theory does not give a delta function but a
function of energy of the form sin(ét)/(£t), where ¢ is the time and £ = 1/2h - '(Ek: — Ep, F hw),

which approaches a delta function when ¢ — oo. / ‘
It is now convenient to expand the scattering potential H () in a Fourier series [16, 14, 15],

Hl('r) = Z H; exp(ig - r), , | (2.2)

where g is the phonon wave vector. The matrix element |(kI|H'(r)|k)[ in eq. (2.1), which
contains the momentum conservation, is given by {16, 14, 15]

(k' |H' (v)|k)

ZH/ (r)pg(r)expi(q — k' +k)-rdr

H, I(k: k)6(qg+k—k)

= k 1k, k'), (23)

where u(r) is the cell-periodic of the Bloch function and Q is the crystal volume. Here I(k, k),
the “overlap integral” is defined by

I(k, k') = / wls (r)ug(r)dr. (2.4)

For electrons, whose wave functions are the s-like spherical symmetry in the conduction band,
I(k, k’) is near unity. This fact reduces the complexity of the scattering terms in the electron
transport properties. For holes within heavy- (hk) and light-hole (Ik) bands, the wave functions
exhibit a non-spherical symmetry due to its p-like symmetry. The I(k;, k:;.) for GaN is assumed
not to be strong function of wave vector k and can be approximated by the limit at k = 0, where
the admixture of s- and p-like symmetries vanishes. A hole is scattered from the initial state k,
in band 7 (k;) to the final state k', in band f (k}), I(ki,k’f) is reduced to [17]

. _ [ (1+3cos?8)/4, fori= f: intra-band :
(ki kep) = { 3(1 —cos?@)/4, fori# f: inter-band °’ (2:5)

where 6 is the angle between k; and k}

Using eq. (2.1) it is straightforward to find the scattering rate W(k) by summing S(k, )
over all states k' given by [16, 14, 15]

W(k) = C%_)?’ / S(k,k')dk'
2 Q ,
= ;’(2 /| |H|k|2( ,_Ekq:hw)dk
27
= (27)3/0 /0/0 Sk, k') sin 0dk’ dode. (2.6)

The last term is the expression at a spherical coordinate system with the k direction as the polar
axis and @ is the polar angle (angle between k and k ) and ¢ is the azimuthal angle. S(k, k)
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does not depend on ¢ due to symmetry, the integration over the ¢ can be done immediately,
yielding 27. On the other hand, the integration over the  and k' can not be done independently
because it contains both the energy and momentum conservation conditions. The details of this
integration will be discussed in each scattering mechanisms.

In the Monte Carlo simulation it is necessary to calculate W (k) and determine the final-state
k' including the angle distribution of the scattering.

2.3 Electron Transport Characteristics Calculated by
Monte Carlo Simulation

The scattering mechanisms included in the calculations are deformation potential by acoustic
and optical phonons, polar optical phonon, ionized impurity and inter-valley (three valleys)
deformation potential.

2.3.1 Scattering mechanisms : electron transport

The theories for the scattering mechanisms in the electron transport analysis are summarized
briefly. The final form of scattering rates derived in each scattering mechanisms are included
into Monte Carlo program. The Monte Carlo method is often used in novel device simulations
owing to its inherent flexibility and the relative ease with which basic underlying physical effects
can be incorporated into the model.

Density of State: The electron effective density of states of a given spin N(E}j) per unit
energy in the band is given by [16]

(2m*)3/2
N(Ey) = —————/Ey, 2.7
(Br) = >~ =7V (2.7)
where m* is the electron effective mass used in this study as shown in Table 2.2. and Ej is the
energy band which is discussed in Appendix A. N(E}) is used in the following discussion about
scattering mechanisms.

Acoustic mode deformation potential scattering: One of the most common phonon scattering
process is the interactions with the acoustic modes of the lattice through a deformation potential.
A long-wavelength acoustic wave moving through the lattice causes a local strain in the crystal
which perturbs the energy band. This change in the bands produces a weak scattering potential,
which leads to being able to express the perturbing potential as [16, 14, 15],

H = E/A = E;V -u(r), (2.8)

where E is the deformation potential and A is the dilation of the lattice produced by a wave
whose Fourier coefficient is w(r.t). u(r.t) is written as

. h 1/2 1 A |
u(r.d) = Z (2pqu) e, (aq + a_q> et (29)
q

where e, is the polarization unit vector, p is the density of material, and a, and ai g ate the
annihilation and creation operations, respectively. Note that e, - q is zero for transverse and

e, - q is q for longitudinal modes. By applying eq. (2.1) using eq. (2.8) and eq. (2.9) leads to

, E2¢% 1 1 ,
Sac(k, k') = prlgl <nq+ 57“5) x5 (k' ~k¥a)s (B, ~ By, F Ty )
q
_ nE?¢? 1 1 B%q%2  hikqcos 6
= e ng + 7 ¥ 7 X 6 py—n + o F ey |, (2.10)
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where n, is the Bose-Einstein distribution and 6" is the angle between k and q. Scattering
processes in which the phonon energy may be ignored are termed elastic scattering events. For
most practical cases the acoustic mode energies are much lower than the thermal energy except
the lower temperatures and thus the Bose-Einstein distribution can be expressed under the
equipartition approzimation as N, ~ kyT/hw, > 1. Since this distribution is so large and the
energy exchange is so small, it is quite easy to add the two terms for emission and absorption of
phonons. For electron in a simple, spherical energy surface and parabolic bands, the final form
of scattering rate by summing eq. (2.10) over all states k& leads to

2nE kT
Wae(k) = -—ﬁN(Ek), (2.11)

where N(E}) is the density of state defined by eq. (2.7).

Nonpolar optical mode scattering: The matrix element given by eq. (2.4) in nonpolar optical
phonon scattering is found from a deformable ion model, in which the two sublattices move
relative to one another. Thus the potential field of each ion is displaced slightly. This causes
a resulting shift in the bond charges and produces a macroscopic deformation field Dy. This
field is zero-order process, in that the resulting interaction potential is independent of the wave
vector, as [16, 14, 15]

H' = D,u(r.t), (2.12)

where u(r.t) is the Fourier coefficient given by eq. (2.9). By applying eq. (2.1) using eq. (2.12)
and eq. (2.9) leads to

1] 7I'D2
‘npop (K, = 0
S P P( k ) prQ

(no-l-%:[:%) x5 (K ~k3q)6 (B — By, % hwo) (2.13)

In this equation, the approximation of w, = wo and n, = ng are applied since the dispersion
relation for the nonpolar optical modes is quite flat or with very little dependence on the magni-
tude of the wave vector g. Nonpolar optical phonon can occur not only within a single minimum
(or valley) of band but intervalley or interband scatterings. For intervalley phonon scattering,
the dominant part of phonon wave vector is quite large, so that no significant error is made by
continuing to treat the frequency of the optical phonon as a constant. Combining the various
constants using eq. (2.13) and eq. (2.1) gives the simple scattering rate of

wD;; 7 11
Wnpop(k) = pTJ”] <n(wij) + 5 F 5) N(E}c + hwi]‘ - AE”)
7I'D0 1 1
= I SFI)\N(E +h .
2 (n(guco +3F3) VB o) (2.14)

where ¢ and j are the i- and j-th bands, D;; is the intervalley macroscopic deformation field,
Z; is the number of equivalent valley, AE;; is the energy difference between i-th and j-th bands

and N(Ej £ hwi; — AE;;) and N(E) =+ hwp) are the densities of state at final state which can
be calculated by eq. (2.7).

Polar optical mode scattering: In polar materials the vibrations of oppositely charged atoms
give rise to long-wave macroscopic electric field in addition to deformation potentials, and the
interaction of the electron with these fields produces additional components of scattering. The
polar scattering is a very effective scattering mechanism for electrons in the central valley of the
group I1I-V and II-VI semiconductors. ‘Also it can be effective for holes.

The displacement of the two atoms gives the details of the polarization dipoles P, and the
electric flux density D = goF + Pjon + P, where E is the electromagnetic field and P;,p, is
the polarization dipoles of atoms itself. The P is expressed by (e*N/Q)u, where ex is the
magnitude of effective charge on the atoms, N is the number of pairs of ions and w is the

- 163 -



relative displacement between two ions. On the other hand, P;,, has the relationship with E
as e B = &9 E + P,y . Thus the electric flux density D is given by

N |
D:eooE—i—eTu, (2.15)
with 12 1/2 ,
. (oM | 1
= () e (z) (219

where 1/e, is given in terms of the static (e;) and high-frequency () dielectric constants
(1/ep =1/es —1/ec) and M is the reduced mass. Now the potential U(r) is found by integrat-
ing the electromagnetlc field E derived from eq. (2.15) over the position vector . The polar
scattering potential H is given by [16, 14, 15]

1

H = —eU(r)
' 1/2
Zz— <27::0 ) (aq + aiq) e, (2.17)

The transition probability can be obtained from eq. (2.1) with eq. (2.17) and is given by

li

71'62w0

Spop(k, k') = (n(wo) + % ¥ %) x 6 (k' —kFq)8(E, — By T hwo) | (2.18)

so that the result for the scattering rate is given by

2(.00 k Amazx
Trnl®)= 520 (4 37 )0 (). @)
where
Imin — k’l - 1+ hE_w:'

. (2.20)
Gmae = B[1+/1+ 52|

Nonphonon Scattering: Ionized Impurity Scattering. There are several scattering mecha-
nisms which do not involve direct interaction between the phonons and the electron. Here
the scattering by ionized impurity atoms will also be discussed. The electron scattering from
the Coulomb potential of an ionized impurity atom, it is necessary to consider the long-range
nature of the potential. A screening of the Coulomb potential by the free carriers was invoked
to treat the long-range potential. For the spherical symmetry about the scattering center, or ion
location, the potential is screened in a manner that give rise to a standard screened Coulomb
form [16, 14, 15] as

V(r)=

4Zer exp(—gpr), (2.21)

where Z is the the level of ionization of the impurity atom and ¢p is the reciprocal of the Debye
screening length which is given by

2
2 [l 2%}
= . 2.22
4p €5 kBT ( )
The scattering potential H " is written by
' 2
H =eV(r)= " exp(—¢pr). (2.23)

The transition probability of ionized impurity scattering at impurity concentration N 7 can be
obtained from eq. (2.1) with eq. (2.23) and is given

21 Ny 224 (B — Ey)

Sion(k)k): A QS? (q2+q%)2 )

(2.24)

~164-



i 2 1
where ¢? = (k - k) = 2k?(1 — cosd), 0 is the angle between k' and k. The final form of
scattering rate by summing eq. (2.24) over all states k& leads
TN;Z2e*N(Ey) [T sin d _ 2wN;1Z%e*N(E}) 1

o o {2k2(1 — cos) + q%}2 B he? a5 (4k% + ¢2)’
(2.25)

Wion(k) =

where N(E}y) is the density of state defined in eq. (2.7).

2.3.2 Determination of final states after scattering

The choice of the electron state (final state) as well as the magnitude of electron wave vector
k' after scattering are necessary to perform the Monte Carlo analysis [16] for the transport
propertles using above mentioned scattering mechanisms. The magnitude of electron wave vector
k' after scattering is readily obtained by the energy conservation law.

In case of the isotropic scattering such as acoustic phonon scattering any state k' belonging
to the energy conserving sphere has the same probability of the occurrence, independently of the
angle formed with the initial state k. The probability P(¢ 9’ ) that the polar angles of k' with
respect to any convenlent dlrectlons will be contained in the intervals df' and qu is given by
P(¢> g’ )d¢ de’, and P(d) 6’ ) =sind’ because of the isotropic character of the scattering. Thus
¢' and §' can be expressed using two random numbers ry and r9 generated between 0 and 1 as

¢ =2 } (2.26)

cosf =1-2r
Thus the final state of k' = (k,, k, s k.) is expressed by
k, =k'sin6 cos¢’

k, =k sin sing 3. (2.27)
k, =k cos

~e

z

When this simple model is used, the polar axis is usually taken along the direction of the applied
field.

On the other hand, the nonisotropic scatterlng such as polar optical phonon scattering or
ionized ion scattering, the determination of k' is a little complicated. The transition probability
is incident of the azimuthal angle ¢ of k' around k and the angle ¢ is again chosen at random
according to eq. (2.26) as ¢ = 2mrs, where r3 is the random number. The angle 8 between initial
and final states is deduced from r4 = W(0)/W (k) (for example, see the second and third terms
in eq. (2.25), where = is the random number generated between 0 and 1, as

27y
L+ (1—ry) (qz_z_)z

where gp is the reciprocal of the Debye screening length defined in eq. (2.22) and r4 is the
random number.

Now the new coordinate system (&7, ky, k) is introduced to determine k’ where the k is taken
to be the principle axis using the rotatlon angles o and 3 as shown in Flg 2 1(c). Figure 2.1(d)
shows the relationship between k and k' in terms of ¢ and 6. Thus the k is expressed as

cosf =1— , (2.28)

(k" sinf cos ¢, k sinOsin ¢, k cos f) (2.29)

in the (K7, k7, k%) system. If the component of k' is to determine with respect to kg, ky and k&,

x> vy
the following transfer matrix can be used:
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cos 3 cosasinf sinasinf
—sinf cosacosf sinacosf |, (2.30)
0 —sina cos o

where sin «, sin 3, cos @ and cos § are expressed as

ina = — ks
sin o = cos & =7, (2.31)
sm,@ = \/E_T_k—g, COSIB = m
By collecting egs. (2.29), (2.30) and 2.31 the final state of k' is obtained by
' , k, koky ke ,

k, \/k3k+k§ k\/kk?;c+k§ k’“ k sinBcos¢

ky = \/I::-Ifki z lgg:-kg - k silnﬂsinqﬁ . (2.32)

k, 0 3@ %_ k cosf

2.3.3 Results: electron transport characteristics

To perform the calculation of electron transport characteristics, the many particles Monte Carlo
program which considers a three valley model with nonparabolicity based on the scattering
mechanisms and estimation of electron state (final state) as mentioned § 2.3.1 and § 2.3.2 was
developed. Recent calculations have demonstrated the importance of including the satellite
valleys in Monte Carlo simulations the steady state drift velocity field relation in bulk GaN at
temperature as high as 300K [8, 18]. The Monte Carlo technique, employed in this study, to treat
electron transport is based on the technique described in the excellent reviews by Tomizawa [16],
Jacoboni and Reggiani [19], Lugi and Ferry [20], and Fischetti and Laux [21].

The material parameters of cubic phase of GaAs, cubic phase of GaN and hexagonal phase
of GaN used are summarized in Table 2.1. The parameters for the valleys are estimated from
recent band structure calculations [22] and are given in Table 2.2.

A variety of field strength are simulated to understand the effect on the transient behavior
of the electron. The donor concentration is set to 1 x 1017 cm™3 and degeneracy effects are not
incorporated. In each simulation, 4000 electrons are initially distributed in the sample according
to an equilibrium Maxwellian distribution at 300 K. Number of electrons larger than 10000 were
tried to check the results of velocity characteristics, and no significant difference were found in
the results between 4000 and 10000 electrons. The simulation steps the electric field from zero
to full intensity at the beginning of the run (¢ = 0), after which the velocity of electrons is
averaged at 5 fs intervals. This interval time was also checked to know the effect on the velocity
characteristics. The average distance traveled as function of time found by integrating the drift
velocity.

The electron velocity versus distance for GaAs and for cubic and hexagonal phases of GaN
are shown in Figs. 2.1(a), 2.1(b) and 2.1(c). All three materials overshoot only occurs at field
strength larger than the peak steady state velocity field. Also the fields which produce the
highest steady state velocities (150 kV/cm in hexagonal GaN and 120 kV/cm in the cubic GaN)
are very close to the results using the full band Monte Carlo calculations reported by Kolnik et
al. [22].

Comparing the two phases of GaN the cubic phase have an advantage because of its higher
steady state velocity. However, Figs. 2.2(a) and 2.2(b) in the deep submicron region, where the
overshoot effects are important, indicate that nearly equal performance of submicron device may
be obtained. '

The electron transit time as a function of distance traveled is shown in Fig. 2.3. The field
chosen minimize the electron transit time at 1 ym. Using relation , '

1 .
= — 2.33
fT ot ( )
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where 7 is the transit time at distance 1 um, the cutoff frequencies which are the good estimation
for maximum operating frequency of field effect transistor (FET) were determined. In case of
GaAs, 7 as 4.5 ps is determined and the corresponding cutoff frequency is estimated to be 35
GHz. Values as high as 20 GHz have been measured in 1 pm modern GaAs modulation doped
field effect transistors, not so far from the upper limit predicted from eq. (2.33) alone. The values
determined as 2.7 and 3.0 ps for cubic and hexagonal phases of GaN suggest that the maximum
operating frequency may be capable of achieving a fr as high as 50 GHz in 1 pm GaN FETs.
A slightly lower field strength is needed to achieve as high as 50 GHz. for a cubic phase of GaN
FETs. However, the drain bias at 56 GHz operation requires much higher than that of GaAs.
For the microwave power FETS, a high current-gain cut-off frequency (fr) along with a high
saturation current is of essential importance.

The transit time as a function of distance in the overshoot regime is shown in Fig. 2.4. The
applied fields were chosen to minimize the transit time across a 0.1 um region. Generally, it
is expected that the electrons with small effective mass (m*) have greater acceleration due to
electric field, and thus have greater velocity and a short transit time. In case of this study,
effective masses of both cubic and hexagonal are grater than that of GaAs. Thus the higher
velocity is estimated in GaAs rather than GaN. However, because of larger effective mass of
GaN its ability to operate at higher voltages allows the transit time to be reduced below that
of GaAs. From the view pint of this estimation, the electric property of GaAs shows inferior
to that of GaN in the device with distance below 0.2 um due to higher velocity, where veloc1ty
overshoot is very important in high speed devices.

The peak transit time as a function of applied electric fields is shown in Fig. 2.5. In the
calculation range, the drift velocities increase with increase in applied electric field and show
" no saturation behavior in both cubic and hexagonal phases. This may be due to neglecting the
impact ionization effect like Keldysh formula [23]. In comparison with the hexagonal phase GaN,
the cubic phase GaN possesses a remarkable advantage in velocity characteristic especially at
high electric field.

The peak transit time as a function of temperature at electric field of 300 kV/cm and 600
kV/cm is shown in Fig. 2.6. The same temperature characteristic of velocity is shown in both
phases, however, the higher velocity is obtained from cubic phase GaN compared to hexagonal
phase GaN.

2.4 Hole Transport Characteristics Calculated by Relax-
ation Time Approximation

2.4.1 Outline of hole transport calculations

In this section, the Hall coefficients anisotropy factors (r4) for cubic phase of GaN are determined
and theoretical hole transport characteristics (Hall and drift mobilities, and effective Hall factor)
are calculated. Also the extent to which r,4 differs from unity for valence bands is investigated,
and the temperature dependence of the Hall and drift mobilities and the effective Hall factors
are discussed.

The scattering mechanisms included in the calculations are deformation potential by acoustic
and optical phonons, polar optical phonon, piezoelectric, ionized impurity and interband defor-
mation potentials between heavy- and light-hole scattering. The interband deformation potential
scattering, especially from the light-hole to the heavy-hole band, is the most important scattering
in the high temperature regime [17]. The screening effects for the phonon scattering mechanism
are neglected, because the low-impurity concentrations are considered here. All scattering rates
in this study have been derived assuming a nonparabolic [24], which is given in Appendix A,
spherical bands, and band warping is accounted for through the use of approximate overlap func-
tions as d1scussed in § 2.2. This method enables one to calculate the Hall -and drlft mobilities
and the effective Hall factor of hole bands separately.
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The calculated hole transport characteristics, with changing compensation ratio over a wide
range of temperatures (T=50 - 400K), are based on the “relaxation time approximation” or
“Mathiessen’s rule”, assuming transport in both heavy-hole and light-hole bands (a two-band
model) with scattering allowed between the bands.

The spin-orbit splitting energy at the top of the valence band (A,,) is neglected in this
calculations because there are no experimental measurements nor theoretical calculation for
cubic-phase GaN. It has been reported that the value of A;, of hexagonal and cubic structures
are very close to each other for many other semiconductors. .Applying this assumption also
to GaN case, the A,, value of the cubic-phase is estimated to be 11 - 30 meV from that of
the hexagonal-phase [25, 26], which is one order of magnitude smaller compared to other ITI-V
compound semiconductors such as GaAs (A;, = 340 meV). The hole occupation probability
in the split-off hole bands is low in the low temperature regime, and thus it may not greatly
affect the hole transport characteristics. Thus the calculated data addressed in this chapter
are highly reliable. However, it should be noted that neglecting the split-off holes results in an
over-estimation of hole mobility in the high temperature regime (> 300 K).

2.4.2 Valence band anisotropy parameters

In general, the cubic III-V semiconductors exhibit considerably warped of surfaces that have
numerous interesting consequences for hole transport. At most, calculations yield a drift mobility,
whereas the experimental measured quantity is usually the Hall mobility. The two mobilities are
related by a known Hall coefficient factor. For the nondegenerate spherical symmetric bands,
the Hall coefficient factor can be written as

(?)
= 2.34
G (234
where 7 is the carrier scattering time, (- --) indicates a thermal average over the distribution of
carrier energy and the index ¢ refers to heavy (i = 1) and light (¢ = 2) holes.
When the bands are warped, the Hall coefficient factor depends on the degree of warping as
well as the scattering mechanism, and can be written as

_ (?)
?", = Ta; ()7 (2.35)
where r4; is the anisotropy factor for i-th hole band.

Prior to calculating r4;, it is necessary to determine the valence band parameters L, M and N
defined in terms of the interband matrix element [27]. Then A, B and C parameters, which have
been used in an approximate expression for the light- arid heavy-hole energy surfaces given by
Dresselhaus et al., [28] were determined. These valence band parameters were calculated from
those of Luttinger effective mass parameters recently reported by Fan et al. [25] According to
them, the Luttinger parameters are y; = 3.07, ¥5 = 0.86 and v3 = 1.26. The notations for I, M
and N are the same those as shown in ref. [27]. Within the five-band k-p model, the Luttinger
valence band parameters are given by

1 1
N o= —g(F+2G+2H1+2H2)—1+'2'¢1;
1 1
Y2 = —E(F—zG—Hl—Hﬁ—‘Z‘q,
1 1

where F, G, H; and H, are constants defined by Dresselhaus, kip and Kittel gDKK) [28]. In
the DKK model, H; and F are derived from the interactions between I'y5 and T, states. G and
H, are derived from the ]."'12 states and the s states, respectively. ¢ is the correction term and
is always very small.
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In order to calculate ra;, the Lax and Mavroides [29], Beer [30] and Strin [31] formulae
expressed in ref. [27] were used. According to their expressions, r4; is given by
aqa v
ras = 24012 (2.37)
a1y :
where a4, a12 and aj1 are in terms of I'. The detailed descriptions of ag4, ai1s , a1; and T are

given in Appendix B. The used valence band parameters related to the equations are given in
Table 2.3.

2.4.3 Scattering mechanisms: hole transport

The theories for the scattering mechanisms in the hole transport analysis are summarized briefly.
It should be noted that the basic treatments of the scattering mechanisms are the same as those
discussed in § 2.3.1. Here, only the scattering due to the ionized impurity and nonpolar optical
mode will be discussed.

Tonized impurity scatiering: In this chapter the ionized impurity scattering mechanism for
hole bands can be treated using the Brooks-Herring approximation [32], where particles interact
via the screened Coulombic potential.

For a low hole concentration (nondegenerate case) and high temperatures, the inverse of
screening length Ap, can be written as

1 _ e
AL T ekpT

where e is the electron charge, p is the total hole concentration, N4 and Np is the concentration
of acceptors and donors, respectively, €5 is the static dielectric constant, kp is Boltzmann’s

constant and 7' is the temperature. p was calculated using the charge neutrality equation given
by

{p+(p+ Np)[1 - (Np +p)/Nal}, (2.38)

p(p+Np) _ &ex (__AEa)
Na-Np—p g P\ ksT)’
where N, is the effective density of states in the valence band, AE, (AE, = E, — E,) is the
acceptor activation energy, and g; is the spin degeneracy factor, which is 4 in this case. The value
of E, is still argued area in both experimentally and theoretically. In the case of the commonly
used Mg acceptor for p-type GaN, the activation energy in the range from 150 to 250 meV is
higher than that estimated by the ideal acceptor hydrogenic model which might yield the correct
order of magnitude of true ionization energy. (Using an acceptor effective mass of 0.76my and
low-frequency dielectric constant of 9.5 results in E, is determined & 115 meV.) The origin of
the high acceptor activation energy is still far from understood. These high values imply that
at room temperature, the hole concentration is less than 1 percent of the Mg concentration.
The difference between the experimental and calculated values of the activation energy is not
negligible; however, it should be noted that the activation energy found experimentally is close
to that determined using this ideal model [33]. E, used in this study is 120 or 250 meV.
The Coulombic scattering rate due to the density of ionized impurities Ny (N = p + 2Np)
and the level of ionization of the impurity atom Zj is given by [17, 34]

_ ZiNre*m} 1 /1 (1-y)G(y)

(2.39)

Sion(kiy klf) -

it Sk Al ot dy, 2.40

e B U=yt 1/2kB e (2.40)
where y = cos § and G(y) = G(cos ) is the overlap function in eq. (2.5). Also, m} is the effective
mass of the relevant band into which the holes are being scattered, k; is the magnitude of the
initial-state wave vector and % is the reduced Planck constant.

Nonpolar optical scattering: The nonpolar optical scattering which produces a perturbing
potential by deforming the lattice and changing the band gap, is very important for holes. In
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wide-band-gap-semiconductors, however, the optical phonon energy hwg (on the order of 100
meV) is much greater than the thermal energy k7 even at room temperature. The optical
phonon energy in GaN (91 meV) is about three times that of GaAs (35 meV). This mechanism
is quite important for holes in GaAs around room temperature. However, it is less important in
GaN. The scattering rate is [17, 34, 35]

9 ;3/2 ,
Snpo ki; ! = 2 L. E; + hw /2
P ( f) 2\/§7Tph3w0 ;( 0)

X (no + % ¥ %) /_11 G(y)dy, (2.41)

where Dy, is the optical phonon coupling constant, p is the density of semiconductor material,
E; is the initial hole energy and ng = 1/[exp(hwo/kpT) — 1]. wo, the longitudinal optical
phonon angular frequency, is assumed to be constant. The signs in the summation, plus and
minus, correspond to absorption and emission of an optical phonon, respectively. Note that the
emission process can occur if the hole energy is higher than that of the optical phonons.

The optical phonon coupling constant Dy, is theoretically given by [17]

Wo

ano = ?Enbo, (2,42)

where s is the acoustic velocity and E,;, is the optical deformation potential which is about
double E; in the case of GaAs [34]. Applying this concept to eq. (2.42) in the case of GaN,
Dypo is found to be about 6.12 x 10! ¢V/m. To confirm the effect of the scattering rate, the
nonpolar optical scattering rate for Dy, using the values of 6.12 x 10 and 1.0 x 10! eV/m
was calculated. _

The mechanisms for polar optical scattering, acoustic deformation potential scattering and
piezoelectric scattering are summarized briefly in Appendix C.

2.4.4 Relaxation time approximation and mobility

In order to determine drift (or conductivity) and Hall mobilities from the above-mentioned
scattering mechanisms, the effective Hall factor using the “relaxation time approximation” have
been determined. The effective Hall factor rezy is [27]

I O ) G e )
eff = (1 +O[3/2IB)2 ]
with o = m}/mb, B = u1/pe, i = e((n)/m}) and r; = ra;((r3)/(m)?). m}, p; and 7; are the
effective masses, the drift mobilities and the relaxation times for the i-th hole band, respectively.

(The index ¢ = 1 always refers to heavy, and the index ¢ = 2 to light holes.)
The relaxation and squares of relaxation times for the i-th hole band are determined by

" 4 [sS) n » —u E3/2 —E/kBTdE
(ri') = W/o Y Ticar (ke TY s (2.44)

(2.43)

scat=1
where u = 1 is the relaxation time, u = 2 is the square of relaxation time, & is the hole energy
and Ti.q: 1s the inverse of the summation of the scattering rate of contributing mechanisms
(scat = 1,2,...,n corresponds to the different scattering mechanisms), including intraband, 1,
and interband, if, and is given by

1

scat scat "
S

(2.45)

Tscat —
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The drift mobility p is determined from relationships between drift and Hall mobilities given

by
= £E (2.46)
Tets
where pg is the Hall mobility and r.ss is the effective Hall factor given by eq. (2.43).
The theoretical Hall mobility, pg, is determined from egs. (2.46) and (2.43) to be
2 1/2 2
g = e ra1(T{) + o'/ 2r0(73) (2.47)

mi  (n)+a M m)

where mj] is the effective heavy-hole mass, and 741 and r4, are given in eq. (2.35).
The material parameters used in the hole transport calculations of the cubic phase of GaN
are listed in Table 2.4.

-2.4.5 . Results: hole transport characteristics

Now first discuss the Hall coefficient anisotropy factors. Using Luttinger parameters, the valence
band parameters (L, M, N, A, B, C) are determined, as listed in Table 2.3, for the first time.
By using these valence band parameters, the anisotropy factors r4; = 0.668 and r4o = 0.991
are determined for the heavy- and light-hole bands, respectively as listed in in Table 2.5. For
the comparison of these values, the anisotropy factors of GaAs are also listed. The anisotropy
factor of the heavy-hole band results of a considerable reduction in r4; < 1 but r49 & 1 for the
light hole band. To the extent, the transport properties of the valence band are dominated by
r41 € 1. Therefore it is evident that an effective 74 may be somewhat less than unity.

The temperature dependencies of scattering time by single-scattering mechanisms are plotted
in Fig. 2.7. The interband scattering characteristic due to nonpolar optical phonons shown in
Fig. 2.7(a) is different from that due to other scattering mechanisms shown in Figs. 2.7(b),
2.7(c) and 2.7(d). This is because the scattering relaxation time due to nonpolar optical phonon
scattering is determined by the final-state effective hole mass (m}), while that due to other
scattering mechanisms is determined by both m*% and the magnitude of the initial state of
the wave vector (k;) in which nonparabolicity (see Appendix A) is considered. Two important
conclusions can be deduced by comparing the magnitude of scattering time. First, the scattering
mechanisms due to nonpolar optical phonons at all temperatures, and to polar optical phonons
below 200K, are not important to the hole transport characteristics because of their longer
scattering time (3> 1071% 5). Second, at temperatures below 300K, the acoustic deformation
potential scattering mechanism plays the most important role.

Several approximations for the relaxation time of ionized impurity scattering have been pro-
posed [36], however, there are no other theories more reliable than the Brooks-Herring (B-H)
approximation. For the cubic phase of p-type GaN, the effective density of states in the valence
band N, is much larger than the total hole concentration p (X, = p/N, < 1) for the impurity
concentration chosen here (N4 = 5 x10'7 cm™3) with various compensation ratios (K = 0.1,0.5
and 0.9) at temperatures between 50 and 400K. Also, the screening length calculated by eq.
(2.38) is much smaller than the interparticle distance. Thus the scattering rate of this mech-
anism, determined using the B-H approximation, is reasonable (small error) for a given N4 in
this calculation [37]. To account for the uncertainty of acceptor activation energy, the average
scattering time (74,) by ionized impurities is calculated for two activation energies (E,=120
and 250 meV) with compensation ratios (K = Np/N4) between 0.1 and 0.9, and are plotted
in Fig. 2.8. The acceptor concentration (N4) is set to 5x1017 em~2 in the calculations. 74, is
calculated using eq. (2.45) with T;‘lzt as the sum of the scattering rate from heavy-to-heavy-hole,
heavy-to-light-hole, light-to-light-hole and light-to-heavy-hole bands.

It goes without saying that the density of ionized impurities N; (=p 4+ 2Np) in eq. (2.40)
varied with temperature. Also, the values of Nys are larger at an activation energy of 120 meV
than those at activation energy of 250 meV with the same values of N4 and K, especially at
higher temperatures. In the range of those acceptor activation energies (F,=120 - 250 meV),
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the effect of E, on the average scattering time is almost negligible (74,(250)/7,,(120) ~ 1 at
300K) except for a low compensation ratio (K = 0.1). However, the effect of E, on 74, is
appreciable (74,(250)/74,(120) = 2 at 300 K) at a low compensation ratio. It is also found that
this scattering time characteristic is maintained even upon after decreasing £, down to 100 meV.

The temperature dependence of Hall factors for the different phonon scattering mechanisms
using ra; and 742 determined above are plotted in Fig. 2.9. The Hall factors for heavy hole- and
light-hole bands of nonpolar and polar optical scattering vary as a function of temperature while
those of the acoustic deformation potential and piezoelectric scattering are nearly constant. The
temperature dependence of Hall factors can be attributed to the temperature dependence of
the scattering relaxation time, since the changes in scattering relaxation times of nonpolar and
polar optical scattering (change in scattering relaxation time > 10* s), as shown in Figs. 2.7(a)
and 2.7(b), are larger than those of acoustic deformation potential and piezoelectric scatter-
ing (change in scattering relaxation time < 10? s) as shown in Figs. 2.7(c) and 2.7(d), in the
calculated temperature range. The scattering relaxation time due to the acoustic deformation
potential or piezoelectric scattering is not greatly affected by the temperature compared to that
due to nonpolar or polar optical scattering. The values of the Hall factor for heavy-hole bands
are lower than unity over the whole temperature range, because of the anisotropy factor effect.
On the other hand, the Hall factor for light-hole bands varies from 1.0 to 1.5.

From the above results, the calculated Hall and drift mobilities due to the single lattice
scattering mechanisms with the effective Hall factor as a function of temperature are shown in
Fig. 2.10. It is obvious from the results that the acoustic deformation potential scattering is
the most important mechanism limiting hole mobility in cubic phase GaN over a wide range
of temperature (T=>50 - 300 K). The calculation of the hole characteristics is mainly influenced
by the uncertainty of several coupling constants that are currently not well known. Hence,
the choice of parameter F; in eq. (C.2) is very important. Details are discussed later. For
temperatures above 300 K, the polar optical phonon scattering mechanism is the dominant factor
that influences hole transport characteristics. The inset in Fig. 2.10(a) shows the drift mobilities
due to the acoustic phonon (dp) and piezoelectric scattering (pe) below 50 K. Based on this result,
it should be noted that the calculation predicts that the piezoelectric scattering mechanism
influences these characteristics, especially at low temperatures (T < 50K).

The obtained effective Hall factors vary from 1.3 to 1.9 on changing the temperature as shown
in Fig. 2.10(b). This result indicates that the Hall factors become increasingly important with
increasing temperature when we attempt to compare the calculated drift mobility with measured
Hall ones.

Considering the ionized impurity scattering, as well as the lattice scattering mechanisms, the
calculated Hall and drift mobilities and the effective Hall factor as a function of temperature with
compensation ratios (K) between 0.0 and 0.9 are plotted in Fig. 2.11. The acceptor concentration
of Ngy =5 x 107 ¢cm~2 and E,=120 meV are used in this calculation.

As the compensation ratio (K) increases, the temperature at maximum mobility also in-
creases. The effective Hall factor (r.ss) increases as K decreases with increasing temperature.
From Figs. 2.11(a) and 2.11(b), it is observed that the maximum value of the Hall and drift
mobilities are in the temperature range 80 - 150K for all values of K between 0.1 and 0.9. In
comparison with Fig. 2.10(b), Fig. 2.11(b) shows that the inclusion of scattering by ionized impu-
rities into the Hall factor calculation is important at high compensation ratio (KX=0.5 and 0.9).
The obtained effective Hall factors vary from 1.4 to 1.8 with changing temperature (K > 0.1).
The ionized impurity scattering mechanism affects the temperature at minimized effective Hall
factor and the effective Hall factor itself.

The Hall and drift mobilities as a function of total hole concentration (p) with compensation
ratios (K ) between 0.1 and 0.9 for F;=120 and 250 meV at 300K are plotted in Figs. 2.12(a) and
2.12(b). Tn the calculations, the acceptor concentrations (N4 ) were varied from 1x10'¢ c¢m™3
to 8x10'® ¢m~23 for each K. The total hole concentrations determined by eq. (2.39) for E,=
120 meV and 250 meV are 2.9x10'7 cm™3 and 2.7x10% ¢cm~3 (K=0.1, Ny=8x10!® cm~3),
respectively. :
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One of the most important properties derived from Hall measurement is the mobility char-
acteristic as a function of carrier concentration. It is found that the mobilities at E,=250 meV
change drastically for a small change of hole concentration (p); however, those at E,=120 meV
change gradually with increasing p. Quantitatively, the maximum Hall and drift mobilities cal-
culated here are about 315 cm?V~!s™! and 175 cm?V~!s~!, respectively. The Hall mobilities
decrease from 315 cm?V~!s~! at low hole concentrations to about 171 em2V-1s~! at hole con-
centration of 3 x 107 cm™3 at E,=120 mV and K = 0.1. This also shows clearly that the
compensation ratio is strongly affects the hole transport characteristics: The mobility abruptly
decreases with increasing K. This indicates that the use of cubic-phase GaN in devices is thought
to be limited by the compensation ratio. If the compensation ratio varies from 0.1 to 0.5 at a
hole concentration p of 2.6 x 10'® cm~3, the Hall mobility changes from 302 to 259 cm?V—1s~!
(Eq=120 mV).

Knowledge of the anisotropy parameter is essential for the evaluation of hole transport char-
acteristics. Figure 2.13 shows how the drift mobility and the effective Hall factor deviated on
using unity values of 74; and 745 and values calculated by us (r4; = 0.668 and r4, = 0.991).
It is clear seen from this that the influence of the anisotropy parameter on the drift mobility is
strong at all calculated temperature ranges. The theoretical drift mobility with the calculated
value of r4; is half that with a unity value of r4;. Thus, it is necessary to account for the correct
anisotropy parameters for the effective Hall factor when the comparing theory and actual Hall
measurement.

Finally, we investigated the influence of £y and D,,, of ambiguous values, as mentioned
earlier (§2.4.1, §2.4.5). As mentioned before, the hole transport characteristics depend on the
uncertainty of coupling constants. To investigate the influence of these values, we performed
hole transport calculations at the acceptor concentration of N4y =5 x 107 ¢cm™3, F,=120 meV
and compensation ratio K=0.5. Figure 2.14 shows how E; influenced the Hall mobility and the
effective Hall factor. Based on this result, we find that if the constant for E; is varied by +20%,
the deviation of the resulting Hall mobility is about 22% at 300 K. Thus, E; is the important
parameter for calculating the mobility.

In the case of constant D,,,,, Fig. 2.15 shows how Dypo influenced on Hall and the effective
Hall factor, using the values of Dpp, = 1.0 x 10™ eV/m and 6.1 x 10! eV/m estimated by
applying the theory to the case of GaAs. Although this ambiguity slightly affected hole transport
only at high temperatures (T > 150 K), in general, the variation of this constant is not greatly
affected. This result is easily understood, since the nonpolar optical phonon scattering is not
the predominant mechanism which affects the mobility characteristics, as seen in Fig. 2.10(a).

2.5 Conclusions

The Monte Carlo simulation program is developed and the simulations are performed to com-
pare the transit times, velocity overshoot effects, and applied electric field and temperature
dependence of velocity in cubic and hexagonal phases of GaN and GaAs.

Overshoot effects dominate and the transit time in both phases GaN is comparable or less
than that of GaAs in shorter distance. And the transit time are less than those in GaAs with
distances shorter than 0.2 um.

In comparison with hexagonal phase GaN, the cubic phase GaN has an advantage from the
applied field electric dependent and temperature dependent velocity field. Furthermore, both
phases may be capable of same or higher frequency performance than GaAs when transit time
is an important factor.

The theoretical Hall and drift mobilities, and the effective Hall factor of the cubic phase of
p-type GaN were calculated, for the first time, over a wide range of temperatures (T=50 - 400 K)
using the “relaxation time approximation”.

The valence band parameters for the light- and heavy-hole band energy surfaces were deter-
mined. Then the anisotropy factors for heavy- and light-hole bands were also calculated using
Luttinger and valence band parameters.
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The quantitative explanation of the anisotropy factors which determine hole mobilities was
shown. The results of calculations showed that scattering by the acoustic deformation potential
plays an important role in determining the hole transport characteristics at temperatures between
50 and 300 K.

Concerning the ambiguity of the activation energies in the ionized impurity scattering mech-
anism, there is no significant difference in the scattering time in the range 100 - 250 meV at high
compensation ratios (K=0.5 and 0.9).

The theoretical Hall mobilities at total hole concentrations of 3.5x 10 (N4 = 8% 1015 em™3)
and 3.5 x 1016 cm™3 (N4 = 5 x 10'7 cm™3) are about 312 and 225 cm®V~'s™", respectively,
with the activation energy of 120 meV and the compensation ratio of 0.5 at 300 K.

A rather important conclusion is that the hole transport characteristics are strongly affected
by the compensation ratio. This becomes marked as the carrier concentration is increase.

Unfortunately, the calculated Hall mobility is still higher than that in the experimental
reports, but may approach that value if the quality of the cubic phase of GaN film is improved.

A future study will explore this issue.
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Table 2.1: Material parameters of cubic phase of GaAs, cubic phase of GaN and hexagonal phase
of GaN in the Monte Carlo simulations.

-Property Symbol Units Cubic GaAs Cubic GaN Hexagonal GaN
Dielectric constant €s 12.9%) 9.5b) 9.5P)
oo 10.9%) 5.35%) 5.35°)
Density o kg/m3 53602 6095°) 60952
Sound velocity s m/s 3860 4570%) 4330 ®)
Acoustic deformation potential E, eV 9.3%) 10.1%) 8.39)
Equivalent inter valley
deformation potential D;j; x10% eV/m 50.¢) 0.50 0.59
Nonequivalent inter valley
deformation potential D;; x 10! eV/m 1.09) 1.09 1.09
Polar optical phonon energy hwo eV 0.03542) 0.092°) 0.092P)
Piezoelectric constant hp C/rn2 0.14®) 0.3759) 0.56°)

2) Reference [17].

b) Reference [22].

©) Reference [6].

4) Reference [13].

¢) Reference [16].

f) Assumed to be same as values of hexagonal because
of no available data.

Table 2.2: Valley parameters of cubic phase of GaAs, cubic phase of GaN and hexagonal phase
of GaN in the Monte Carlo simulations.

Material Valley Energy gap Electron effective mass Nonparabolicity
(V) (o) (ev-1)
GaAs 1 1.493 0.063 0.651
2 1.709 0.222 0.455
3 1.900 0.580 , 0.221
Cubic GaN 1 3.4 0.15 0.250
2 4.7 0.40 0.128
3 6.0 0.60 0.067
Hexagonal GaN 1 3.5 0.19 0.231
2 5.5 0.40 0.109
3 5.6 0.60 0.714

Table 2.3: Valence band parameters for the cubic phase GaN.

Material 73 Y2 Y3 -L -M -N -A -B c?
GalN 3.07 086 126 235 751 756 3.07 1.72 10.18

Note: The notation of parameters used here are same
those in ref. [27].
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Table 2.4: Bulk material parameters of cubic phase GaN used in the calculation.

Property Units Value
E, Energy gap eV 3.38%
mi/mo  Effective heavy hole mass ratio 0.76%
ma/mg  Effective light hole mass ratio 0.21%
p Density kg/m? 6095")

s Sound velocity m/s 4570°)
E, Acoustic deformation potential eV 10.1¥

Do Optical coupling constant ev/m 1.0 X 1011P)

Es Static dielectric constant 9.5b)
Eco High frequency dielectric constant 5.35P)

1 hwy Polar optical phonon energy eV 0.0912%
‘ hy. Piezoelectric constant C/m? 0.375°)

2) Reference [25].
b) Reference [22].
©) Reference [37].

Table 2.5: Anisotropy parameters for the cubic phase GaN and GaAs.

Material Heavy-hole band Light-hole band

A1 T A2
GaN 0.668 0.991
GaAs 0.659 0.998
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Figure 2.7: Variation with temperature of calculated scattering relaxation time corresponding
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potential mode (c) and piezoelectric mode (d). (h—h - scattering from heavy-to-heavy-hole
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The acceptor concentration (N4) was set to 5 X107 ¢cm™3 in the calculations.
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Appendix A

Kane Model and Nonparabolicity

In the Kane model [24], the energy band is represented by a nonparabolic, spherical, and ana-
lytical effective mass expression of the following form:

W k2
= E(l+aFE Al
Zy— (1+aE), (A1)

where hk denotes the crystal momentum, E represents the electron/hole energy, m* is the
effective mass, and the nonparabolicity coeflicient, «, is given by

a:—l—(1—i’i>2, (A.2)

Eg my

where mg and E, denote the bare electron mass and the energy gap.
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Appendix B

Determination of I, a4, a;; and
a12 |

‘Together with the valence band parameters 4, B and C discussed in §2.4.2, T is given by [27]
02

Ir=f—r——— 1
where B' is the (B2 4+ C2/6)1/2,
ad, a1z and ay; are determined by following approximate forms.
ag = 1+ 0.05T + 0.01635I' 4 0.000908T3 +- - - - (B.2)

a1y = 1+ 0.01667T +0.041369T + 0.00090679T° + 0.00091959I* + 0.00002106T° + - - (B.3)

a1z = 1—0.01667T + 0.017956T'2 — 0.0069857'® + 0.0012610T* + - - - (B.4)
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Appendix C

Other Scattering Mechanisms in
Hole Transport Calculation

The expressions for scattering mechanisms, except other than those mentioned in §2.4.4, are
summarized.

Polar optical scattering: The polar optical scattering mechanism, which is the interaction
between free holes by dipole moment, is the most important at room temperature. The scattering
rate is [17, 34]

eZmiwy /1 1 1 1 1
Spolki k%) = o =)= k Sz
Po( 1) f) 471'657‘12 (600 55) kzz ; 4 (no + ) + 2)

! G(y)
x /_1 1—2(ks/ki) + (’%/’ci)zdy> ’

where €4 is the high-frequency dielectric constant. The wave vectors ki correspond to energies
E; & huwy, respectively.

Acoustic deformation potential scattering: The acoustic deformation potential due to the
changing of lattice atom positions scatters carriers. The scattering rate by acoustic deformation
potential is given by the form [17, 34]

E}kgTm} ' G(y)
el ) =~ b / a, (C2)

where E; is the acoustic deformation potential.
Piezoelectric scattering: The scattering rate by the piezoelectric potential has the form [17, 34]

(C.1)

ezhzszTm}i ! G’(y)d
271'713335? ki J_1 2 ’
where hy, is the piezoelectric constant. Sometimes e14 is used instead of hp,. In most other

III-V semiconductors such as GaAs, the effect of this scattering mechanism on hole transport is
less important than that of the other scattering mechanisms.

Spa (i, k) = (C.3)
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「光・電子デバイス用ヘテロエピタキシャル　　　　　GaNおよびGaAsの物性に関する研究」Chapter　1．Intro．ductionIn　this　dissertation，．@two　heteroepitaxial　systems　consisting　of，1）GaN　layer　grown　on　sapphiresubs七rate（GaN／sapphire）and　2）GaAs　layer　grown　on　Si　substrate（GaAs／Si）are七he　targe七materials　prepared　fbr．奄獅魔?ｓｔｉｇａｔｉｏｎ．1．1BackgrohndσαN／6αPPん信re：　　　Maruska　and　Tie毎en　have且rst　reported　the　growth　of　siロgle　crys七alline　GaN　which　has　direcもtransi七ion　band　structure　with　the．bandgap　energy　of　about　3．39　eV　at　room　tenlp6rature．onsapphire　substrate　by　hydride　vapor　phase　epitaxy（HVPE）in　1969［1］．　　　Since　the　first　demonstration，　group　III　nitride　based　wide−band−gap　semiconducもors　of　GaN，AlGaN　and　InGaN　have　been．extensively　studied　due　to　the　importance　of　the　optical　devices　in七he　blue−to−uユtraviolet（UV）regions，．and　the　electronic　devices　fbr　high　power，　high　frequency，and　high　temperature　applica七ions．．　　　In　past　several　years，　a　nuIhber　of　notable　progress　have　been　reported　in　the　fundamentalgrowth　techniques．　A　great　advance　in　crystal　growth　was　achieved　by　using　a　low−temperatur6buff6r　layer　by　metal　organic　ghemical　vapor　deposition（MOCVD）［2］．　The丘rst　p−type　GaNwas　grown　in　1989　by　Amano・and　co−workers［3］，　by　MOCVD　using　Mg　as　dopant．　As−grown銑type　GaN　had　a　high　resistivity　but　it　i串possible　to　achieve　substantialπtype　collductivity　byalow　energy　electron　beam　irradiation（LEEBI）［3］．．　Nakamura　and　co−worker［4］．successfullydeveloped　p−type　conductivity　by　a　thermal　annealing　which　is．suitable　fbr　a　mass　productionrather　than　IEEBI　method．　Theη一type　conductivity　was　fbund　to　be　controled　by且owing　SiH4during　MOCVD　growth　ill　combination　of　a　low−temperature　buf琵r　layer［5］．．．　　　The　bhe　and　UV　wavelellgths　are　technologically　important　region　fbr　optical　devices．　Atpresent，　semicond耳ctor．　optical　devices　in　the　wavelength　ranges　between　inf士ared（IR）to　greenare　opera七ed　by　using　As−based　and　P−based　cosines　semiconduc七〇r　materials．　For　example，the脚avelength　of　red　rang年is　realized　by　using．　AIGaAs−based　and　that　of　orange　to　yellowrange　is　realized　by　using　AIGaP−based　material．　If　this　range　can．　be　extellded　into　the．bluewaveleng七h，　three　primary　colors　of七he　visible　spectrum　which　may　have　a　major　impact　on　full−color　imaging　and　graphics　applications　by　only　using　compound　semiconduc七〇rs．　Furthermore3GaN　laser　diodes（正Ds）are　favored　fbr　high　dellsity　optical　recording（compact　discs：CDs，digital　versatile　discs：DVDs），　photolithography．　　　Figure　1．1　shows　the　relationship　be七ween　lattice　constants　and　wavelengths　corresp　ondingto　bandgap　energy　of　major　III−V　compound　semiconduc七〇rs．　The　la七tice　constants　of　nitridesare　calculated　assumihg　that　each　crystal　fbrms　a　cubic　lattice：’i．e．　the　lattice　constantsαcub‘cis．．given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　・，。・・。＝3〜厄・・移・・w，・　　．　．（1．1）」151一．whereαw　and　cw・are　theα一and　c−axis　Iattice　cons七an七s　of　wurtzite　lattice　structure，．respectively．Among　ma血y　III−V　semiconductors，　it　is　clear　that　group−III　nitrides　are　located　a七diff6rentarea　in　Fig．1．1，　that　is，　nitride−based　semiρonductors　cover　almost　visible　and　UV　regions　andSmaller　lattiCe　conStallts．　　　From　the　view　point　of血aterial　physical　parameters，　GaN　is　much　diffbrent　from　moretraditional　semiconductors　like　Si　or　GaAs．　　　One　of　most　interesting　fbature　of　GaN　is　that　it　is　thought　to「have　a　hexagonal　cryst乱l　since．no　other　semiconductor　laser　diodes　with　wurtzite　crystal　have　not　been　developed．　Though　thecubic　crystal　has　been　studied　in　recent　years，　i七still　does　not　have　good．曹浮≠撃奄狽凵@compared　to七hat　of　hexagonal　crysta1［6］．　　　The　large　band　gap（see　Fig．1．1）makes　nitrides　sui七able　fbr　high　power　and　high　telロpera加reapplications［7，8］．　The　magnitude　of　the　critical且eld　fbr　breakdown　voltage　which　is　veryim亘ortant　parameter　fbr　the　design　ofbipolar　alld　field−ef驚ct　devices　may　be　high　and　is　pref6rredfbr　high　power　devices．　Furthermore　GaN　produces　a　negligible　concentration　of　charge　carriersat　room　tempgrature・　　　In　comparison　with　conventional　cubiρphase　of　GaAs，　GaN　p　osses串es　larger　eff6ctiヤ6　massesin　bo七h　electr6n　and　holes　which　affec七七ransport　properties．　In　c亀s弔of　laser　dlodes，　the　thr6sholdcurrept　density　of　hexagonal　GaN　qua血m・well（Qw）laser　diodes　is　in七rinsically　much　higherthan　that　6f　GaAs　Qw［9］．　　　Th・1・・g・mi・m・t・h　i・th…val・・七・adii・f　g・lli・m（・G。＝126　A）・nd・it・・g・・（・N＝0・75A），and　the　electron　negativi七y　of　gallium（1．13）and　nitrogen（3．0）as　shown　in　Table　1．3　playan　important　role　in　defbct　fbrmation　an4加purities　doping［10，11］．　Neugebauer．and　Van　deWalle［10］investigated　the　conseque耳。合s　of　this　mis即atch　on　de琵ct　fbrma七ion　energies丘）r　theexample　of　the　gallium　antisite，．where　a　particularly　strohg　eff6ct　is　observed．　By　repIacinganitrogen　atom　with　a　gallium　atom　the　Ga−N　bonds　replaced　by　Ga−Ga　bonds．　If　atomicrelaxation　is　allowed，．　the　fbur耳eighboring　Ga　atQms　move　outerward，　reducing　the　strain　in　theGa−Ga　bond．　This　atomic　relaxation　accompanied　by　an．energy　gain　of　4．2　eV　which　is　about3times　larger　than　typical　relaxation　energies　fbr　defbcts　in　GaAs［12］．　or　ZnSe．［13】．　　　The　large　exciton　binding　energy（28　meV　at　room　temperature）which　is　larger．thanたβTa七room　temperature　and．ef艶ctive　electron　tnass　may　be　expected　importan七fbr　manybodyCoulomレ．interactiop　between　the　carriers［14，15，16】．　The　manybody　Coulomb　interaction　willlead　to　the　energy　bandgap　renor血alization　or　narrowing［17］．．　Thls　strong　excitonic　process　haverecently　been　reported　to　give　rise　to　optical　gain　wi七h　excitation　intensities　up　to　5　MW・cm2［18］．　　　Ni七rides　have　large．elastic　constan七s，　which．indicates　the　strong　bond　between　the　nitrogenapd　each　column　III．atom」Thus　the　nitrides　exhibit　superior　thermal　and　chemical　stabili七y　andphysical　hardness．　Moreover，　nitrides　devices　are　harmless，　because　nitrogen　is　in　the　principleconsti七ute　of　the　air．．　　　Today，　high　luminous　blue　and　green　ligh七emitting　diodes（LEDs）fabricated　based　on　groupIII　nitrides（blue−LED　and　blue−green一正ED）．　have　become　commercially　available［1g，．20，21］．玉ooking　a七the　historical　developmen七，　the　emergence　of　the　GaN　laser　diodes　have　been　quite．unusuaL　Pulsed　laser　diodes　with　operating　voltage　of　the　order　of　20　V　were　d合monstrated．in　1996，　soon　afしer七his　a　lifb　time　6f　several　1000　h　was　obtained　under　continuous二wave（cw）operation　in　1997．　The　marke七introduction　of　blue−viole七GaN　lasers　ha8　been　predicted　fbr　theend　of　1998［22］．　　　σαオ5／3歪：　　　Since　the　first　report　of　successful　heteroepitaxial　growth　of　GaAs　on　Si　substrate［23，24］ip1984，the　heteroepitaxial　growth　of　III−V　semiconductors　on　Si　substrate　has　been．continuouslydeveloped　in　the　past　decade．　At　the　ti血e　of　initial　realization　of　cw　QPeration　of　laser　diodes　thedevice　lifb　time　was　of　the　order　of　seconds　and　subsequenty　was　increased　f士om　minutes七〇severalhundred　hours．in　1993．　The　improvement　of　the　laser　diodes　was　achieved七hrough　systematicresearch　and　developmen七ba8ed　on　growth　techniques　and　device　st士ucture．　For　example，　theStrained−layer　superlattices（SLSs）．［25］，　in−situ［26］or　ex−situ［27］thermal　a皿ealing　are　effbctiveto　reduce　the　dislocations．　The　selective　area　growth　was　also　useful　fbr　reducing　the　dislocation一152一density［28］．　The　post−growth　patterning．［29］，　the　ulldercut　GaAs／Si（UCGAS）proposed　bySakai　eオα乙［30］are　ef艶ctive　to　reduce　both　the　dislocation　density．and　the　re3idual　thermalstress．　However，　up　to　Ilow　no　convincing　success　of　GaAs−based　laser　diodes　on　Si　substratehas　been　reported　since　1993．　The　amoun七〇f　progress　will　depend　on　the　effbr七with　which　theexist　problems　are　tackled．　　　This　structure　GaAs／Si　is　very　fおhionable　material　fbr　f皿加re　opto　electronic　integratedcircuits（OEICs）because　of　the　possibility　of　combining　the　highly　developed　Si　ultra　Iarge　scaleintegrated　circuits（U正SIs）alld　the　GaAs−based　LEDs　or　EDs．　These　devices，　where　Si　ULSIcicuits　are　optically　interconnected　between　them，　realize　the　high　speed　data　co�ounica七ions，without　delay　becasue　the　optical　data　transfbr　is　noちaf艶cted　by　a　electromagnetic　inter侮ce．Moreover　substantial　benefits　of　GaAs／Si　are　its　application　to　solar　cells．　The　advan七ages　ofGaAs／Si七andem　solar　cell　shows　not　only　theoretical　e伍ciency　as　high　as　30％but　also　low−cost，large．area，　mechanical　hardness　substrate　and　high　thermal　conductivity．　Soga　eオα乙reportedaconversion　ef丑ciency　as　high　as　20．6％with　AIGaAs／Si　tandem　solar　cell［31，32］．　　　Today，　the　application　of　GaAs／Si　to　majority　carrier　devices　Iike　high　electron　mobility　tra11．sistors（HEMTs）［33，34］，　metal　semiconductor且eld　el脱c七transistors（MESFETs）［35，36］haveQbtanied　prominent　success．　The　characteristics　of　GaA臼devices　on　Si　substrate　are　comparableto　those　on　GaAs　substrate　a正1d　GaAs　devices　on　Si　substrate　are　su」田ciently　substitutable　fbrthose　on　GaAs　substrate　in　the　application　to　both　ICs　and　discreate　devices．　This　advanとementis　much　indebeted　that　the　majority　carrier　devices　are　no七affected　by　the　dislocations　and　thet6tal　epitaxial　layer　is　relatively　thin　fbr　these　devices　and　cracks　are　not　generated．　It　can　beconcluded　tha七the　minority　carrier　devices　like　LEDs　or　LDs　are　easily　a躍ected　by　dislocationsin　comparion　with　majority　carrier　devices．σα1V声卿励eαηdσα五5／3ぎんεfεT・eμ伽ピα」オecんηゆe5：　　　It　seems　that　the　main　aim　to　develop．　the　heteroepitaxial　techniques　in　GaN／sapphire　andGaAs／Si　is　little　dif艶ren七．　In　case　of　GaAs／Si，　the　aim　is　set　to　the　integration　of　the　advantagesof　the　individual　materials（GaAs，　Si），　however，　this　is　not　the　case　in　GaN／sapphire　since　theidea　fbr　integration　does　no七mature　in　this　material．　However，　there　can　be　no　doubt　that　richopPortunities　fbr　heteroepitaxial　engineering　exist．　　　Besides　the　main　aim，　one　of　the　major　dif丘culties七〇produce　and　control　a　high　qualityGaN　layer　or　a　GaAs　layer　is七he　lack　of　an　ideal　substrate　material（lattice　matched　substrates）．Therefbre，　the　b　oth　GaN／sapphire　and　GaAs／Si　heteroepitaxial　material　systems　suffbr　from　twomajor　problems　due　to　the　diffbrence　in　ma七erial　parameters　between　the　substrate（sapphire　orSi）and　the　epitaxial　layer（GaN　or　GaAs）as　listed　fbllows．1）The　generation　of　high　density　of　dislocations　due　to　the　misma七ch　of　lattice　constants　a8　　shown　in　Fig．1．1．2）The　large　biaxial　stress　in　epitaxial　layer　generated　during　cooling　f士om　the　growth　tem−　　　perature　due　to　the　diffbrence　in　the　thermal　expansion　coef丑cients　as　shown　in　Table　1．1　　　（compressive　stress：GaN／sapphire，　tensile　s七ress：GaAs／Si）．In　general，　GaN　mms　are　much　poorer　in　quality　than　common　GaAs　or　Si　and　thus　verysuprising　large　number　of　def6cts．　a8〜1010　cm−2，　which　is　two　order　magnitude　Iarger　thanthat　of　GaAs／Si　as　106−108　cm−2，even　in　carefully　prepared　layers　of　GaN　on　sapphire．　There　isabig　marked　dif琵rences　between　GaN−based　devices　and　GaAs−based　devices　especially　lasers．Even七his　infbrior　situation　in　GaN，　it　is　a　miracle　which　has　been　posed　many　times　how　isit　possible　fbr　GaN−based　1ンEDs　and　lasers　to　operate　fbr　a　long　time．　For　GaAs　LDs（notGaAs／Si），which　has　much　higher　crystal　quality，七he　development　took　of　the　order　of　10　yearswith　numerous　groups　workillg　on　the　problems．　Contrary　to　GaN−based　devices，　over　a　decadehave　past　since　Deppeθオα」．［37］reported　the　firs七successful　roorn．temperature　cw　operation丘om　an　AIGaAs／GaAs　single　quantum　well（SQW）LD　grown　on　Si　substrate．　However，　the　li琵七ime　of　devices　are　still　around　several　100　h　which　is　one　order　magnitude　smaller　than　that　ofGaN−based　LDs　although　the　several　new　approaches　and　effbrts　have　been　reported，　e．g．，　use　of一153一astrained　layer　supper　lattice［38］，　in−situ　and　ex−situ　thermal　cycle　annealing（TCA）［39］争ndcombination　of　these　techniques［40］．　The　reasons　of．七hese　rapid　degradation　is　the　fbrmationand　propagation　of　d乱rk−line−defbc七s　in　GaAs／Si．　　　This　indicates　that　high　density　of　dislocations　and　the　residual　thermal　stress　is　an．impor−tant　issu6　to　obtain　high−perfbrmance　GaAs−based　lasers　on　Si　substrate，　but　not　to　GaN−baseddevices　on　sapphire．　Recently，　it　was　v♀ry　interesting　explanation　of七his　qu信stion　was　reported丘om　Nichia　Chemical　Industries，正td．，［41］tha七the　dislocations　in　GaN　act．as　non−radia七ive　re−combination　centers，　but　the　carriers　ar俘prevented丘om．reaching　these　de飴ct6　due　to　ex七remelyshort　di伽sion　length．　This　report　may　perverts七he　common　sense　of　semiconductor　researchersin　GaAs／Si　heteroepitaxial　fields．　It　is　only　big　luck　that　GaN　devices　work串。　well　comparedto　GaAs−based　deviceS　on　Si　substrate．12Purpqse　of　DissertationThe　succξssful　launching　of　the　GaN　Iaser　diodes　by　Nakam噂a　qnd　co−workers　at　Nichia　Chem−ical　Industries，　Ltd．，　ini七iated　enthusias七ic　ac七ivities　in　this　fie14　in　the　world．　The　recentprog士esses　in　crystal　growth，　conductivity　control（p−type）and　ni七ride−based　laser　diodes　areprominet．　On七he　contrary，　the　detailed　fUndametal．physical　mechanism串af艶cting　laser　activemedium　behavior，　varous　physical　properties　in　GaN　are　under　active　inv6stigation，　　　Up　to　now，　ffo1n　a　physical　view　poi皐t，　fundamental　understanding　or　st耳dy　has　not　fullyachieved　on　the　electron　and　hole七ransport．properti（ls，　phonon　characteristics，61ectrgnic　prop−erties　and　so　on　in　GaN．　　　To　catch　up　with　the　advances　in　GaN−based　devices，　the　elimination　of　most　of　residualthe平mal　stress，　a8　well　a8　further　reduρtion．6f　disloc町七ion　d6nsi七y　introduced　bぷtho　la七ticemisma七ch，　in　GaAs　layer　grown　on　Si　substra七e　is　required　fbr　the　development　of　long−livedm・．Th・・eali・ati…fhigh　qu・lity　G・A・1・y・・g・・w・・n　Si・ub・t雫・t・，　the　epb・h−m・ki・gapproach　to　breakthrough七he　problems　discussed　in　l　1．1　is．　demanded．　　　Cohsidering　above　situations，　two　mai耳purpose　of　this　dissertatiQn　as　listed　below　are　set　toinvestigate　fbr．?ｕｔｕｒｅ　opto−electronic　devices・　　1）Qne　of　study　sets　out　to　investigate　the負mdamental　mainly　electrical　and　physical　prop−　　　　　erties　in　GaN　layer　on　sapphire　substra七e　by　means　of　the　pho七〇luminescence　spectroscopy　　　　　（P五），．Micro−Raman　scattering　Spectroscopy　and七he　electron　spin　resonance（ESR）spec一　　　　　七roscopy　as　well　as七heoretical　calculations．2）The　o七her　sets　out七〇investigate　the　residual　thermal　stress　in　GaAs　on　Si　substrate　by　　　introducing　a　New　thin　Si　layer　over　porous　Si　substrate　tech耳ology　by　means　of　the　X−　　　ray　diffraction，　the　pho七〇luminescence　sp6ctroscopy（P1），　Micro−Raman　scδttering．卵ec−　　　troscopy．1．3Organization　of　Di3sertationThe　dissertation　is　composed　of　six．chapters　and　each　of　them　is　summarized　as　fbllows．　　　In　chaptef　1，七h信．historical　development　and　present　status　in　GaN／s翫pphire　an4　GaAs／Siahd　the　necessi七y　of　these　materials　are　re＞iewed．　The　pro局lems　faced　in　these　materials　areidenti琵d　and　the　purpose　of　this　dissertation．　is　described．　　　in　chapter　2，　the　theoreちical　calculations　of　electroh　transl＞ort　properties　in　both　cubic　andhexagonal　phases　ofπ一GaN；an4　hole　transport　property　in　cubic　pha白e　of　p−GaN　are　perfbmed．The，overshoot　effbcts．of　electfon　transporties　in　both　cubic　and．hexagonal　phases　of　GaN　andGaAs　are　disscussed．．　In　the　hole　transport　calculations，　the　determina七ion　of　valence　bandparameters，　the　anisotropy　factors　which　determine　hole　mobilities　and　the　temperature　charac−teristics　of　hole　mobilities　are　investigat6d．　The　mathematical　representations　of　each　scatteringmechanisms　ar信given　brie且y・一154一　　　In　chapter　3，　Micro−Raman　scatte血g　by　phonon−plasmon　coupled　mode　in　bothη一and　p−type　GaN　are　disscussed．　The　Raman　data　are　theoretically　investigated　and　compared　wi七h　thedata　measured　by　Van　der　Pauw　Hall　technique．　The　internal　thermal　stress　reduction　in　pos七一patternedη一七ype　GaN　measured　by　Micro−Raman　scattering　is　also　discussed．　The　relationshipbetween　post−patterned　area　and　thermal　stress　are　shown．　　　In　chapter　4，　the　nature　of　low−teエnperature　electron　spin　resonance．（ESR）signal　f士omas−grown　and　7　MeV．high　energy　electron　irradiatedπ一type　GaN　are　discussed．　The　matrbくeleme11ちs　coupling．　between　rl　conductioR　and　r6　valence　and　its　conduction　bands，　and　spin−orbit　splitting．of　the　r6　are　discussed　using丘ye−band　k・p　model，　The　detailed　discussions　oftemperature　dependences　of　ESR　resonance　intenisty　and　linewidth　are　presented．　　　To　investigate　the　nature　of　broad　e�ussion　band　at　2．2　eV　fromη一tpe　GaN，7MeV　highenergy　elec七ron　irradiation　is　perfbrmd　onη一type　GaN　and　the　results　of　ESR　and　optical　inducedESR　are　discussed．　　　In　chapter　5，七he　thermal　stress．relaxation　in　GaAs　layer　on　new　thin　Si　layer　over　porousSi　substrate　is　discussed　ba8ed　on　the　results　meas旦red　by　the　x−ray　diff士action，　low．temperaturephotoluminecesnce，　Micro−Raman　scattering．　The　data　are　compared　to　the　conventional　GaAs／Si．　　　In　chapter　6，　the　conclusions　drawn　f士om　this　work　are　summarized．一155一Table　1．1：Important　ma七erial　parameters　fbr　GaN／sapphire　and　GaAs／Si　he七eroepi七axial　sys−tems．Heteroepitaxial．MaterialCrystal　structureThermal　expansionモ盾?ｆ壬iciellt　（10−6K−1）G昌N／SapphireGaNrapphireiα一A1203）Wurtziteb・rundum／窒?ｏｍＣ盾?ｅｄｒａ?a＝bb：＝≠bb：　＝5．59．V．75@：7．5W．5qaAs／SiGaAsriZincble：ndciamond6．0Q．4Table　1．2：Band　parameters　and　exciton　binding　energies　of　GaN　and　GaAs．MaterialEffective　mass（mo）Electron　HoleSpin−orbit　　　　　Exciton　billdingsplitting（meV）　energy（士neV）GaNadaAsb）0．220．068藍藤阪電球li111mんん＝0．62　　　　　　340m♂ん＝・0．074285．3aReferences［6］and［42］．b）Reference［43］．Table　1．3：Covalent　radius　and　electron　negativity　of　the　host　atoms　in　III−V　semiconductors．MaterialCovalent　radius（nm）Elec七ron　negativityGaNAs0．1260．070．1101．133．02．1Reference［44］．一156一　目ご葛。�@§駕．2盈90．70．60．50．4GaP●AIN　　／’”　　　　　　ノ♂雪　　　♂巴ノGaN♂らφ2InN　　　InP　　　　●　　●GaAsSi．＠2004006008001000　1200WavelCngth（nm）Figure　1．1：Relationship　between　lattice　constants　and　wavelength　corresponding　to　the　bandgapenergies　of　the　III−V　compounds工attice　constants　of　nitrides　are　calculated　assuming　that　eacllcrys七al我）rms　a　cubic　lattice．一157一Bibliogfaphy［1偉P・M・・u・k・．・nd」．・J・Ti・tj・n・ApPL　Phy・・正・tt・65（1969）327・．［2］H．A脚・，耳・．saw・ki，1・Aka・3ki・nd　Y・％y・d・・Apめ1・Phy・』・tt・48（1986）353・［3］H，Am・n・，　M・Kit・，耳・Hi・am・t・u　and　I・Ak・・aki・Jp・・J・ApPL．　Phy・28（1989）L2112・［4］S．．Nakamura，　N．　Iwa8a，　M．　Senoh　and　T．　Mukai：Jpn．　J．AppL　Phys．31（1992）．1258．［5］H．Amano　and　I．　Akasaki：Mat．　Res．　Soc．　Ext．　Abs．　EA−21，（1990）165．［6］M．Suzuki　and　T．　Uehoyama：J．　Appl．　Phys．80（1995）6868．［7］s．M　Mohammad　and　H．．Morko⊆：prog・Quantum　Elec七ron20（1996）361・［8］Yl　F．　Wμ．　B．　P．　Kel16r，　S．　Keller，　N．　X．　Nguyen，　T．　J・Jehkins，．L　T・Kehias，　D・P・Denbaars　　　and　U．　K：．　Mishra：IEEE　Electron　Device　Le七七．18（1997）窪38．［9］革・S・・uki，　T・U・p・y・ma　and　A・Y・…e・Phy・・R・v・B52（1995）8132・1［10］J．Neugebauer　and　C．　G．　Vah　de　Walle：Phys．．Rev．　B　50（1994）．8067．．．［11］RNi・b・h・，　K・．H・B・・h・m，む・K・・励nn，二面i・・，　C・MerzβS昂・ti・，　P・S・hl・tt・・and　　　H．．Jhrgens爾n：J，　Electron．　MteL26（1997）1127♂［12］s，．B・zh・ng・・d　J・E・N・・th・up・Phy・・R・v・L・七t・67（手991）2339・，［13］D．B．　Laks，　C．　G．　Van　de　Walle，　G．　F．　Neumark，　P．　E．　B16chl　and　S．　P．　Pantelides：Phys．　　　Rev．　B　45（1992）1096．［141S・．W・K・・h，　H・H・ug，　G・S・h血・ider，　W・B・h…t・・d¢・Kli・gShi干・・Phy・・St・t・・S・1idi　B　・　琴9（1978）431，E15］w・w・ch・w・・d　s・WKoch：ApPl・Ph￥s・．正rt七・6昏．（1995）3004・．［i6］W．　W．　Chow，　A．　Khorr　and　S．　W．　Koch：Appl．　Phys』ett．67（1995）754．［17］G．Y．　Zhao，　G．　Y．　Yu，　T．　Eg包w＆l　J．　Watanabe，　T．　Jimbo　and　M．　Umeno：AppL　Phys．　Lett．　　　71（1997）2424．［18］．L．　Eckey，　J，　Holst，　A．　Hoffman，1．　Broser，　H．　Amano，1．　Akasaki，　T．　Detechprohm　and　K．　　　Hiramatsu：J．　Lulnin．72−74（1998）59．［19］S．Nakamura，　H．　Senoh，　N．　Iwasa　and　S．　Nagahama：AppL　Phys．35（1996）1868．［20］S．Nakamur翫，　H．　Senoh，丼．、1φasa，　S．　Nagahama，　T．　Yamada　and　T．　Mukai：、Jpn．　J．　Appl．　　　Phys．34（1995）L1332．［21］M．Koike，　N．　Shibata，　S．ヤmasaki，　S．　Nagai，　S．　Asami，　H．　Kato，　N．　Koide，　H．　Amano　and　　　I．Akasaki：PToc／5オ煽．5写即．σαノV　8∫Relα霊e41匠αオe短α」8，．Bo5オ。π，1995（Material　Research　　　Society，　Plttsburgh，1995）VoL　395，　p　889．一158一［22］G．Lalldwehr：Proc。2η4．∬πオ．5〃mp．　B〜πe加5εTαπdエ｝ゴφオEm魏2ηgエ）乞04e5，（洗2δα，1998　　　（Ohmsha，　Tokyo，1998）p．3．［231M．　Akiyama，　Y．　Kawarada　and　K．　Kaminishi：」．　Cryst．　Growth．68（1984）21．［24］T・．S・9・，　S・且・tt・・i，　S・S・k・i，　M．　T・k・yおu　and　M．　Um・n・・Elec七…．1・tt．20（1984）916．［25］S・F・Fang，．K・Ad・mi，　S・Iy・・，　H・Mg・k・g，　H・Z・b・1，　C・Ch・i・nd　N・．Qt・uk・・．J．・ApPL　Phy・．　　　68（1990）R31．［2哩i、9ぎ野moto，　Y・Watanabe，　Y・Kadota　an4　Y・Ohmachi：Jpn・J・ApP1・Ph…26（1987！［27］R．W．　Kaliski，　C．　R．　Ito，　D．　G．　Mclntyre，　M．　Fgng，　H．　B．　Kim，　R．　Bean，　K．　Zanio　and　K．　　　C．Hsieh：．」．AppL　Phys．．64（1988）1196．［28］K．Ismail，　R　Legoues，　N．　H．　Karam，　J．　Carter　and　H．1．　Smith：Appl．　Phys．　Lett．59（1991）　　　2418．［29】N．Chand　and　S．　N．　G．　Chu：Appl．　Phys．　Let七．58（1991）74．［301S．　Sakai，　K．　K：awasaki　and　N．　Wada：Jpn．　J．　Appl．　Phys29（1990）L853．［31】T．Soga，　M。　Yang，　M．　Umeno．and　T．　Jir血bo：Jpn．　J．　Appl．　Phys．35（1996）1401．［32］T．Soga，　T．　Kato．　M．　Umeno　and．　T．　Jimbo：J．　AppL　Phys。79（1996）9375．［33］．R．　Fischer，　T』enderson，　J．　Kim，　W．　T．　Masselink，　W．　Kopp，　H．　Morkog　and　C、、W．　Litton：　　　Electron．　Lett．20（1984）945．［34］．RFisch・・，　W・K・pP，　J・G・dymi…dH・珂・・k・g・El・・t・・耳D・vices　33（1986）1407・［35］M．Askun，　H．Morkog，　L正ester，K　Duh，　P．　Smith；P。　Chao，　M工ongerbone　and　L．Erickson：　　　AppL　Phys．　Lett．49（1986）11654．［36］M・Y・m・g・・hi　and　S・K・nd・・M・t・Res・S…Symp・F・…145（1989）279・［3字］Rぎ盈・ヨ1跳面面艶、1嚇艦凡J’M塾ty�_H・s戸瑚。，珊［38］R．Fischer，　D．　Neuman，且．　Zabel，　H，　Morkog，　C．・Choi　and　N。　Otsuka：Appl．　Phys．　Lett，　　　48（1986）1223．［39］J．W．．正ee，　H．　Shich茸io，　H．　L　Tsai，　and　R．　J．　Matyi：Appl．　Phys．　Lett．50（1987）31．［外0］M・Y・m・g・・hi，　A・γ呂m・�I・，　Y」th・h・耳4　C・Y・・i・・ApPl・Phy・・L・ち七153（・988）；2293・［4・］．士・．M・k・i，　H・N・・im・t・u・hd　S・国・k・m・…Jp・，　J・ApPI．　P耳y・．37（1曾98）正839．［42］R．Di・gl・，　P。　D．　S・11，　S．．封βt・k・面・ki・・d　M．　Il・g・m・；Phy・．　R・v．　B　4（1971）1211．［43］T．Ik・m・and　1且．　lkbm・・耳・9・滋雨・痂翻・・κゴ・・廊8・溺卿・・（1・t・・d・・ti・n闘杷欄搬1rha「a6七e「islics　ofC噸dSem’conductb「6）（Ba’鯨an，．駄yo，［チ4］J・C・Phillips：Bo”45α”4βαπ峡5吻・・讐〆吻典←d・mig　Nrwや・k・19て3）レ．．．一159一Chapter　2Theoretical　StudiesPr6perti6s　in　Cubicon　Transpo士t．Phase　GaN2．1IntroductionIt　is　well　known七hat．GaN丘lm　canわe　gr6wn　in　either　a　hexagonal（wurtzi七e）．or　cubic（zincblehde）structure，　depending　on　the　substra七e　symmetry　and　growth　conditions，　because　of　the串mall．dif驚rehce　in　the　fbrmation　energy　between　these．structures。　Most　of　the　work　on　GaN−rela七ed．ma七erials　has　fbcused　on　the　hexagonal　crystal画ase．　qubic　phase　GaN　is　at　present　not　exper−imentally　chafacterized　to七he　extellt．typical．of　hexagonal　phase　Qf　GaN　or　more　conYention乱lse血iconductors．　However，　theoretically，　compared　to　hexagonal　structures，．　cubic　s七ructures　ca耳PQssess　sup　erior　electronic　properties　fφr　devige耳PPlications；fbr　example，．η一and．P−type　dopingis　known　to　be七he　mQst　e伍cient　what　in　other　cubic　III−V　semiconductors［1］，whereaS　dopingin　hexagonal　phase．of　GaN．h．as．traditionally　been　reρognized　as　being　di缶cult，6specially　p−typedopエng．　Furthermore，　higher　steady−s七ate　electron　veloci七ies　are　exp　ected　due　to　reduce　phononscattering　in　the　higher　cτystallographic［2，3，4］and　sm耳ller　ef艶c七ive　masses．　　　Cubic−phase　GaN脚as丘rst．reやorted　by　Seifbrt　and　Tbmpel［5］．．Since．then　the　humber　ofstudies　oh　cubic　phase−GaN　has　increased　greatly．　Unlik臼most　of　the　other　III−V　semico皐ductors，because　of　the　di伍culties　in　growing　a車igh−quality　and　3ingle　cubic　phase．rather　than　a　he琴agonalphase，　very　little　is　known　about　the　material　and　physical　properties　of．the　cubic　phase．　　　Several．group串have　reported　the　low　field　electron　transport　characteristics　of　hexagonal　andcubic　phases　ofπ一GaN　both　experimentally　and　theoretically［6，7，8，9，10，11，12L．OIlly　a　fbwreported　the　high　field　electron　transport　and　high　temperature　electron　transport　charaρteristicsof　cubic　phase　GaN［3，13］．．　However，　there．　is　no　report　on　hole　transやort　properties　of　bothcubic　and　hexagonal　phases　of　GaN．　　　In　this　chapter，七h6　theoretical　cha士acteristics　of　high且eld　and　high　temperature　electrontrallspor七in　bothとubic　and　hexagonal　phases　of　GaN　as　well　as　GaAs　by　Monte　Carlo　simulationand　the　hQle　trans豆ort　in　cubic　phases　of　GaN　by　relaxation七ime　apProxim頗qn　will　be　discussed・．　　　To　the　beSt　of　my　knowledge，　no　theoretical．investigation　of　the　ho16　transp　or七characteristicsof　the　cubic　phase　of　p−GaN　that　takes　the　H＆11　coel缶ciep七anisotropy　factqr　into　consider亀tioh．ha串beell　repgrted　yeち．　Moreover，　there　has　been　no　report　that　considers　all七he　relevanちscatteringmechanisms　an母the昂nisotropic　bands　in　III−V　cubic　phase　GaN　simultaneo亘sly。2．2Fundarロental　Transport　TheoryIn　the　semiconductor　crysta1，　vibr呂tions　of　the　lons．f士om　their　equilibrium　positions　producean　instantaneous　changes　ih　the　energy　of　electron　a　time−dependent　component　H’（γ）intothe　time−independ6nt（adiabatic）one−electron　Schrδdinger　equation．　This　interaction　is　the一160一・lect…一ph一，i・t・・a・ti…It　i・u・u・lly　w・ak・n・ugh％・∬’i・）七・b・・eg・・d・d・・a・m・II　　　　　　　　　　　　　　　　7）《E（T））which　induces　transitions　be七ween．　unperturbated　s七ates．　Thisperturbation（∬（t・an・iti・・p・・b・bility　5肋m・lect・・n　wav・vect・rsた（i・i七i・1）t・た’伽・1）i・gi・・n　by　th・飴mili・・equation，　so−called　the　F冶rm2　goJ4eη一r徊」θexpression，　of　first　order　perturbation七heory［14，15］，　　　　　　　　　　　　　　　　　　　　・（　，　2π　，　，た，た）＝7「1〈髭1・σ（7）1・＞1・6（E為’一E、干・・）・　　．（・・1）The　plus　sign　corresponds　to　the　absorp七ion　of　a　phonon伍ω），　and七he　minus　sign，　emission．（seeFigs．2．1（a）and　2．1（b））The　first−order　perturbation　theory　does　not　give　a　delta　function　bht　afunction　of　energy　of　the　fbrm　sin（ξの／（ξオ），　whereオis　the　time　andξ＝・1／2ん・（、�j’一．凹た干んω），which　approaches　a　delta　function　whenオ→○○．　　　It　i・n・w…v・・i・・t　t・・xp・nd　the　sc・tt・・i・g　P・t・nti・1∬’（・）i・・F・u・ier　se・ies［16，14，15］；∬’i・）＝Σ罵・xp（ゆ），　　　　　　　　　9（2．2）where　q　is　the　phonon　wave　vector．　The　matrix　element　l〈た’IE’（7）1た〉［ill　eq．（2．1），　whichcontains　the　momentum　conservation，　is　given　by［16，14，15］〈・’1琳〉一U∬鞭・）・・（・）・X・・（・一儲・帽・　　　　　　　　　　　　　＝　罵1（為，た’）δ（α＋た一た’）　　　　　　　　　　　　　＝∬ん一た’1（為，た’），（2．3）wh・・e蝋・）i・the　cell−P・・i・di・・f　th・Bl・ρh　f・n・ti・n　andΩi・the　cry・t・1・・1・m・．　H・・e　l齢’），the‘‘overlap　integral，’is　defined　by1（た，た’）＝／醜’．（唖（鋤・（2．4）．For　electrons，　whose　wave　functions　are　the　5−like　spherical　symmetry　in　the’conduction　band，1（ん，た’）is　near　unity．　This　fact　reduces　the　complexity　of　the　scattering　terms　in　the　electrontransport　properties．　Fo士holes　within　heavy一（んん）and　Iight−hole（11｝）bands，　the　wave五mctions・xhibit　a　n・n−sph・・i・・1・ymm・t・y　d・・t・it・かlik・・y�o・t・y．　Th・∫（髭轟）飴・G・N　i・assum・dnot　to　be　strong　functioll　of　wave　vectorたand　can　be　approximated　by　the　limit　atた＝0，　wherethe　admixture　of岳and　p−like　sy�oetries　vanishes．　A　hole　is　scat七ered丘om　the　initial　stateた，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ノ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ノin　bandゴ（たのto　the且nal　stateた，in　band∫（たノ），1（た¢，た∫）is　reduced　to［17］∫（た講）＝｛駐ご窪躍ま譜1；1intra−1）andinter−band　　，（2．5）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　whereθis　the　angle　between島andた∫．　　　Using　eq．（2．1）it　is　straigh七fbrward　to且nd　the　scattering　rate玩z（た）by　summing　5「（た，た’）over　all　states髭’�ｉｖ�?ｎ　by［16，14，15］w（た）＝（，￥）・ゐ・（鵬’誓（Ω2π），ゐ1〈瞬＞12・（、￥），∠2π∠π∠．．（Eた’一Eドんω）dた’5齢’）た’2si。θd舟’dθdφ．（2．6）The　last　term　is七he　expression　at　a　spherical　coordinate　system　with　theたdirection　as　the　polar・xi・andθi・th・p・1・・a・gl・（・・gl・b・七weenた．・ndた’）andφi・th・a・im・th・l　angl・．5（た，た’）一161一does　not　depend　on．φdue　to　symmetry，　the　integration　overもheφcan　be　done　immediately，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　one　independently　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　can　n．ot　be　dyielding　2π．　On　the　other　ha耳d，　the　integration　o†er　theθ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　and．たbecause　it　contains　both　the　energy　and　momentum　conservation　conditions．　The　details　of七hi3integration．will　be　discussed　in　each　scattering　mechanisms．　　　In七he　Monte　Carlo　simulation　it　is　necessary　to　calculate研z（た）and　determine　the且nal−stateた’ihcluding　the　angle　distribution　of　the　scattering・2．3Electron　T1・ansport　Characteristics　Calculated　byMonte　Carlo　S．imulatio．nThe　sca七tering　mechanisms　included　in　the　calcula七ions　are　defbrma七ion　potential　by　acous七icand　optical　phonons，　polar　optical　phonon，　ionized　impurity．　and　in七er−valley（three　valleys）defbrmation　poten七iaL2．3．1　Scattering　mechanisms：electron　transportThe　theories　fbr　the　scattering　mechanisms　in　the　electron　transport　analysis　are呂ummarizedbriefly．　The且nal　fbrm　of　scattering　rates　derived　in　each　scattering　mechanisms　are　include4into　Monte　Carlo　program．　The　Mon七e　Carlo　method　is　often　used　in　novel　device　simulationsowing　to　its　inherent　flexibility　and　the　relative　ease宙ith　which　basic　underlying　physical　effbcts¢an　be　illcorporated　into　the　model．　　　1）eη5ゴ勿（ガ5諺αオ¢：The　elec七ron　ef£ective　denもity　of　states　of　a　given　spin　IV．（Eた）per　unitenergy　in　the　band　is　given　by［16］N（E・）＝（ｾ；裂2〜広，（2。7）where　m＊is　the　elec七ron　eff6ctive　ma8s　u串ed　in七his　study　as　shown　in　Table　2．2．　and軌is　theenergy　band　which　is　discussed　in　Appendix：A．　N（E海）is　used　in　the　fbllowing　discussion　aboutscatteri箪g　mechanisms．　　　．4co駕5オ琶。．mode．耐bTmα伽ηpo諺ε襯α」5cαオ孟ε．丁吻：One　of　the　mos七conimon　phohon　sc毎tteringprocess　is　the　interactions　with　the．acohstic　modes　of　the　lattice　through　a　defbrmation　poten七ial．．Along−wavelength　acousti6　wave　moving　through　the　lattice　causes　a　IQcal串train　in　the　crystalwhich　perturbs　the　energy　band．D　This　change　in　the　bahds　produces　a　weak　scat七ering　potential，which　leads　to　being　able七〇express七he　perturbing　potential　as［16，14，15］是　　ノ石「＝E1△＝E1▽・U（磐．オ），（2．8）where　EI　is　the　defbrm帥ion　poちential　and△is　the　dilation　of　th61a七tice　produced　by　a　wavewhose　Fourier　coef丑cient　is　u（7．f）．　u（7．オ）is　written　as咽一ﾊ（充2ρΩω9）112e，（・，＋・t9）・ゆ，（2，9）where。，　i、　th。　p。1。，i…i・n　uni・…t・・，，i・th・d・n・i・y・f　m・…i・1，・nd・，・nd・t，　a・e・h・annihilation　and　creation　opera七ions，　respectively。　Note　that　eg・qis　zero　fbr七ransverse　andeg・qis　q　fbr　longitudinal　modes．　By　applying　eq．（2．1）using　eq．（2．8）and　eq．．（2．9）leads．to5αc（た，た’）　＝πEぞq2ρωqΩπ碑92ρω9Ω（・・＋1干1）・δ（ん’一緋q）δ（E二一Eド充・・）（・・÷1）・・像；土ん2警3θ’干・9・．，（2．10）一162一wh・・e・，　i・th・B・・e−Ei・・t・i・di・t・ib・もi・・andθ’i・th・angl・b・t鴨・曲andα．．　S・att・・i・gprocesses　in　which　the　phonon　energy　may　be　ignored　are　termedε」α5オゴ。　8cαオォe短ηgε”eπオ5．　Formost　practical　cases　the　acoustic　mode　energies　are　much　lower　than　the　thermal　energy　exceptthe　lower　temperatures　and七hus　the　Bose−Ei且s七ein　distribution　can　be　exprbssed　under　theeg％2pα蛇漉。παppTo面mαお。πasハら〜たみT／ゐωg》1．　Since　this　distribution　is　so　large　and七h6energy　exchange　is　so　small，　it　is　quite　easy　to　add　the　two　terms　fbr　emission　and　absorption　ofphonons．　For　electron　in　a　simple，　spherical　ene士9y　surface　and　parabolic　bands，もhe丘nal　fbrmof　scattering　rate　by　summing　eq．（2．10）over　all　statesた’leads　to既。�戟�2πE1たbT　　　　　　ノv（E為），ゐ（互（2．11）where　2V（Eのis　the　density　of　state　defined　by　eq．（2．7）．　　　κoπpoJαr　o卿。α1　mo4e　5cαオfe短πg：The　matrix　element　glven　by　eq．（2．4）in　nonpolar　opticaIphonon　scattering　is　fbund　from　a　defbrmable　ion　model，　in　which　the　two　sublattices　moverelative　to　one　another．　Thus　the　potential　field　of　each　ioh　is　displaced　slightly．　This　causesaresulting　shift　ih　the　bond　charges　and　produces　a　macroscopic　defbrmation且eld　Do．　This丘eld　is　zero−order　process，　in　that七he　resulting　interaction　potential　is　independent　of　the　wavevec七〇r，　a8［16，14，15］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∬＝Dou（�i．オ），　　　　　　　　　　　　　　　（2．12）where％（7．t）is　the　Fourier　coef五cient　given　by　eq．（2．9），　By　applying　eq．（2．1）using　eq．（2．12）and　eq．（2．9）leads　to亀卿（た，た’）＝謂蓋（・・＋1干1）・6（寿一髭面）δ（彦髭’一Eた物ω・）・（2．13）In　this　equation，　the　approximation　ofωq＝ωo　andηg＝ηo　are　applied．　since　the　dispersionrelation負）r　the　nonpolar　optical　modes　is　quite且at　gr　with　very　little　dependence　on　the　magni−tude　of　the　wave　vector　q．　Nonpolar　optical　phonon　can　occur　not　only　within　a　single　minimum（or　valley）of　band　but　intervalley　or玉nterband　sca七terings．　For　intervalley　phonon　scattering，the　dominant　part　of　phonon　wave　vector　is　quite　large，　so　that　no　signi且cant　error　is　made　bycontinuing　to　treat　the　frequgnρy　of　the　optical　phonon　as　a　constant．　Combining　the　variousconstallts　using　eq．（2．13）and　eq．（2．1）gives　the　simple　scattering　rate　of肱…（た）＝πC粂（噛）＋1干1）N（興土幅一嶋）　　　　　　　　　　　　　　幾（・（・・）＋1干1脚…），（2．14）where　2　andゴare布he乞一andゴーth　ba：nds，　D乞ゴis　the　intervalley　macroscopic　defbrmation．且eld，ろis　the　num〔ber　of　equivalent　valley，△昂ゴis七he　energy　diffbrence　between　2−th　alldゴーth　bandsand　N（軌±んωゴゴー△E茗ゴ）and　2V（、邦土ゐωo）are　the　densities　of　state　at　final　s七ate　which　canbe　calculated　by　eq．（2．7）．　　　PoJαT　o卿。αJ　mo♂e　5cα孟オe伽g：In　polar　materials　the　vibrations　of　oppositely　charged　atomsgive　rise　to　long−wave　macroscopic　electric且eld　in　addition　to　defbrmation　potentials，　and　theinterac七ion　of　the　electron　with　these　fields　produces　additional　components　of　scattering．　Thepolar　scattering　is　a　very　eff6ctive　scattering　mechanism　fbr　electrons　in　the　central　valley　of七hegroup　III−V　and　II−VI　semiconductors．　Also　it　can　be　ef艶ctive　fbr　holes．　　　The　displacement　of　the　two　atoms　gives　the　details　of七he　p　olarization　dipoles　P，　and　theelectric且ux　density　D＝εo．n．十P翻十P，　where　E・is　the．e16ctromagnetic且eld　and　P¢。πisthe　polarization　dipoles　of　atoms　itsel£　The．P　is　exかr6ssed　by（ε＊2V／Ω）駕，　where．e＊isrthemαgπ蜘4εoノεがθc伽ecんαrge　on　the騨tQms，1V　is　the　number　ofpairs　ofions　ahd　u　is　the一163一relative　displacement　between　two　i6ns．　On　the　other　hahd，　P乞。π．．has　the　relationship　with　Easεo。　E＝．εoE十P信。がThus　the　elec七ric　flux　density　D　is　given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　θ＊2V　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　勉，．　　　　’　　　．　　　　　．　　．己　　　　　．（2．15）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D＝．εOQ　1り十．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ωwith　　　　　　　　　　　　　　　　　　　　　　　　　　　・」醐1／2妬・5r．（1εP）1／1，．．．．「　（・・16）where　1／ερis　giヤep　in　terms　of　the　static（ε5）and　hlgh−frequency（ε。。）dielectric　constants（1／εpニ1／ε5−1／εあ）and　M　is　the　reduced　r耳ass．　Now　th←potential　lア（りis　fbund　by　integrat−ing　the　electromagnetic且eld　E　derived　from　eq．（2．15）over　the　position　vector　7．　The　polarsc・tt・・i・g　P・七・nti・l　E’i・gi…by［16，．‡4，15］　　　　　　　　　　　　　　　　　　　　　　E’　＝　一eσ（伊）　　　　　　　　　　　　　　　　　　　　　　　　　　　〒琴弓聞111凶漣・．1．（・めThe　transition　probability　can　be　obtained　f士om　eq．（2．1）wi七h　eg。（217）and　is　giye耳わy鼻騨）一難器。（・（・・）＋1手1）・・（ダー痢）・縣’一恥・），．（・・11＞so　that　the　result　fbr　the　scatterin＄rate　is．　given　by　　　　　　　　　　　　　　　　　　　騨）一総（・（・・）＋謁）1・（驚），．、（・・19）where　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　鉱業1差歯｝・　（・2・）．　　．1Voη帥。πoη5「cαff師π9ゴ。π乞ze♂加P解吻5cαオオerゴη9：There　ar6　sever昂l　scatteri且g　mecha−nism合which　do　not　involve　direct　interac七ion　bet〜veen　the　phonons昂nd　the　electron，　Herethe　scattering　by　ionized　i正npurity＆t6ms．will．乱lso　be　discussed．　The　electron．scattering　fromthe　Coulomb　potential　of　an　ionized　impurity　atom，　it　is　necessary　to　consider　the　long−ra耳g俘nature　of　the　potential．　A　screeniロg　of　the　Coulomb　potential　by　the　f士ee　carriers　wa8　invokedto　treat　the　long−range　potentiaL　For　the　spherical　symmetry．　about　the　scattering　ce耳ter，　or　ionloca七ion，　the　po七en七ial．is　scre俘ne4　in　a　manne平that呂ive　ri吊e　to　a　standard　screened　Coulombfbrm［16，14，15］as　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　zθ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　y（r）＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　exp（一9P「），　　　　　　　．　　　　　　　　　．　　　（2．．21）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　4πε5rwhere　Z　is　the　the　Ievel　of　ionization　of　the　impurity　atom　and．gD　is　the　reciprocal　of　the　pφyescreening　length　which　is．given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・る一。語・　．．．．（・・2・）　　　　　　　　　　　　　　　　　　　　　　　　The　scaも七ering　potential∬is　wriちten　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，　　　　　．　Zθ2　　　　　　　　　　　　　　　　　　　　　　　　　　　E．＝ey（「）＝4。。。。ex・（一…）・　　　　．�A23）The　transition　probability　of　ionized　impurity　scattering　at　impurity　concentrationハをcan　beobtain6d　f士om　eq．（2．1）wit車eq．（2．23）ahd玲名iven・・綱＝響le46農i券），（2．24）一164一w…e・・一i・’一・）2一…（・一…θ），・…h・an、1・b・・ween・’・…．T・。丘。。1％，m。・scattering　rate　by　su�oing　eq．（2．24）over　all　statesた’leads臨（・）＝燭ZP判π｛、、，（1至’1器＋，ち｝・＝2商Z；葺N國，ち（、賜），　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．25）1w単ere　N（エ残）is　the　density　of　state　defined　in　eq．（2．7）．2．3．2Determinat五〇n　of　final　states　after　scattering里he　choice　of　the　electron　s七ate（final　state）as　well　as　the　magnitud60f　electron　wave　vectorた　after　scattering　are　necessary　to　perfbrm　the　Monte　Carlo　analysis［16］fbr　the　transportproperties　using　above　mentioned　scattering　mechanisms．　The　magnitude　of　electron　wave　vectorた’・丘er　scatt・・i・g　is　readily・bt・i・・d　by七he　en・・gy・…e・vati。n　l。w．　　　In　case　of　the　isotropic　scat七ering　such　as　acoustic．　phonon　scattering　any　stateた’belonging臨雛鵬器盤識IS功勲細註牌糀摂監Cl鯉濃1臨・e・pρ・t，t・争・乳…v・ni・艸・ecti・n・，will　b・g・nt・i・・d　i・th・i・t・・val・4θ’・・d　dφ’i・gi・・n　by君（φ，θ）メφdθ，・ndP（φ，θ）＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　sinθ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　because　o　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　fthe　isotropic　character．of　the　scattering．　Thus　　andθφ　　　　　　　　can　be　expressed　using　two　random　numbers　rl　and　r2　generated　between　O　and　l　a31二、ダゴ�j、｝・．（2．26）Th・・th・丘・・1・t・t・・fだ’＝（ノ　　　　梶，隔，たz）i・exp・essed　byll≡1鷹司｝・（2．27）When　this　simple　model　is　used，　the　polar　axis　is　usually　taken　along　the　direction　of　the　appliedfield．．ρ・th・・th・・h・・d，　th・n・ni・・t・・pic　scaち七・・i・g・u・hおP・1…pti・al　ph・n・n　scatt・・i・g・・｝onlzed　ion　scattering，　the．determinationρf為is　a　Iittle　complicated．　The　transition　probabilityls　incident　of　the　azimuthal　angleφof為aroundたand．the　angleφis　again　chosen　at　randomaccording　to　eq．（2．26）asφ＝2πr3，　where　r3　is　the　random　number．　The　angleθbetween　initialand丘nal　st乱tes　is　deduced　from　r4＝W（θ）／1〃（為）（fbr　ex昂mple，　see　the　second　and　third　termsin　eq．（2，25），　whereγis　the　random　number　generated　between　O　and　1，　ascosθ＝1一2γ41＋（・一・・）（務）2’（2．28）where　gD　is七he　reciprocal　of　the　Debye　screening　length　defined　in　eq．random　number．　　　Now七he　new　coordinate　system（た甚，脇たコ）is　introduced　to　determineた’t・b・th・p・i・・ipl・旺i・u・i・g　th…t・tign　angl・・α・ndβas　sh・w・i・Fig；shows　the　relationship　betweenた　　　　　　　　　　　　　　　　　　　　　　　　　　　　　and為　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　in　terms　ofφandθ．　Thus　theた（た’・i・θ…φ，た’・i・θ・i・φ，た’…θ）（2．22）　and　r4　is　the，where　the髭is　taken2．1（c）．Figure　2。1（d）is　expressed　as（2．29）i・th・（鰭，嚇；）・y・t・m・If　the　c・mp・n・nt・fた’i・t・d・t・・mi・・with・espect　t・砺，た，・・d屍，the　fbllowing　transfbr　matrix　can　be　used：一165一（2．30）where　sinα．，　sinβ，　cosαand　cosβare　expressed　as　　　　　　　　　　　　　　　　　　　　　　　　　・i・α＝警＋鳩，…α＝午　　　　　　　　　　　　　　　　　　　　　　　　　…β一毒裾，…ρ一．毒・多By，。llecti・g・q・．（2．29），（2．30）and．2．31　th・且・・1・t・t・・fた’i・｝・obtained　by（2．31）（1）一⊥　＿湿田　　鳶塁・←た書　　為　確十ん罫＿二』一　　　柘砺裾十裾．　為　嶋一←鳩一　裾＋鳩盤為．為vτ0た盤ん（隅隅／l（2．32）．2．3．3　Results：electron　transport　characteristics．．To　perfbrm　the　calculatioh　of　elec七ron七rahsport　characteristics，　t阜e　many　par七icles　Monte　Carlo倉rogram　which　cohsiders　a　three　valley　model　with　nonparabolicity　based　on　the　sdatteringmechanisms　and　es七imation　of　e16ctron　state（伽al　state）as　mentigned§2・3・1　and§2・3・2　wasdeve16ped．　Recent　calculaもions．have　demoIlstra也ed　the　impor七ance　of　including　the　satellitevalleys　in　Monte　Carlo　simulatiohs　the　steady　state　drif七velocity且eld　relation　in　bulk　GaN　attemperature　as　high　as　300　K［8，．18］．　The　Mqnte　C包rlo　technique，　employed　in　this　study，　to　treatelectron　transport　is　based　on　the　technique　described　in　the　excellent　reviews　by　Tomizawa［16LJacoboni＆nd　Reggiani［19］，Lugi　and　Ferry［20］，　and．Fischetti　and　laux［21］．　　　The　material　parameters　of　cubic　phase　of．GaAs，　cubic　phase　of　GaN　and　hexagQnal　phaseof　GaN　used　are　summarized　in　Table　2．1．．　The　parameters　fbr　the　valleys　are　estimated　fじomrecent　ban（ユstructure　calculations［22］and　are　given　in　Table　2．2．　　　Avariety　of　field　strength　are　simulated七〇understand　the　eff6c七〇n　the　transient　behaviorof　the　electr6n．　The　donor　concentration　is　set．to．1×1017　cm−3　and　degeneracy　effbcts　are　notincorporated，　In　each　simulation，4000　elec七rons　are　initially　distributed　in　the　salnple　according．to　an　equilibrium　Maxwellian．distribution　at　300　K。　Number　of　electrons　larger　than　10000　wer甲tried．狽潤@check　the　results　of　veloci七y　charac七eristics，　and　no　significant　diff6rence　were　fbund　inthe　results．between　4000　and　10000　electrons．　The　simulation　steps　the　elec七ric　field　from　zeroto　fhll　intensity　at　the　beginning　of　the　run（オ＝0），．　after　which　the　velocity　of　electrons　isaveraged．　at　5　f白intervals．．T恥is　interval　ti孟e　was　also．　che6ked　to　know　the　ef琵ct　on．the　velocitycharacもeristics．　The　average．　distance七raveled　as　function　of　time　fbund　bプinteεrating　the　drif七veloci七y．　　　The　electron　velocity『versus　distance　fbr　GaAs　and　fbr　cubic　and　hexagonal　phases　of　GaNare　shown　in　Figs．2．1（a），2．1（b）an42．1（c）．　All　three．materlals　overshoot　only　occurs　a七fieldstrength　larger　than　the　peak　steady　state　velocity　field．　Also　the　fields　which　produce　thehighest　s七eady　state　velqcities（150　kV／cm　in　hexagonal　GaN　a翼d　120　kV／cm　in　the　cubic　GaN）are　very　close　to　the　result6　using　the　full　band　Monte　Carlo　calculations　feport¢d．by　Kolpik．ε孟α1・［22］・　　　Comparing　the　twQ　phases．of　GaN七he　chbic　phase．．　have　an　advantage　be¢ause．of　l七s　highεrs七eady　state　velocity．　However，　Figs．22（aプand　2．ゴ（b）in　the　deep串ubmicron　region，．帥er♀．．theovershoot　effbcts　are　important，indica七e　tha七nearly　equal　perfbrmance　of　submicron　device　maybe　obtained．　　　The　electron七ransi七ti】〔耳e　as　a　function　of　distance　traveled　is　shown　in　Fig．．2．3．　The　fi母dchosen　minimize．the．dectron廿ansit　time　at　1μm．．　Using　relation　　　　　　1方＝　　　　　2π7，（2．33）一166一whereτis　the　transit　time　at　distance　1μm，　the　cutoff　f士equenρies　which　are　the　good　estimationfbr　maximum　operating．f亡equency　of丘eld　ef艶ct　transis七6r（FET）were　determined．　In　ca8e　ofGaA臼，τas　4．5．ps　is　determined　and　the　corresponding　cutoff　f士equency　is　estimated　to　be　35GHz．　Values　as　high　as　20　GHz　have　been　measured　in　1μm　modem　GaAs　modulation　doped丘eld　effbc七transistors，　not　so　far　fめm　the　upper　hmit　predicted　from　eq．（2．33）alone．　The　valuesdetermined　as　2．7　and　3．O　ps　fbr　cubic　and　hexagonal　phases　of　GaN　suggest　that　the　maximumoperating　f｝equency　may　be　capable　of　achieving　a方as　high　as　50　GH：z　in　1μm　GaN　FETs．Asligh七ly　lower丘eld　strength　is　needed　to　achieve　as　high　as　50　GHz．　fbr　a　cubic　phase　of　GaNFETs．　However，　the　drain　bias　at　50　GRz　operation　requires　much　higher　than　thaもof　GaAs．For　the　microwave　power　FETs，　a　high　current−gain　cut−off　flequency（方）along　with　a　highsaturation　current　is　of　essential　importance．　　　The　transit　time　a8　a　function　of　distance　in　the　overshoot　regime　is　shown　in　Fig．2．4．　Theappli6d丘elds　were　chosen　to　minimize　the　transit　time　across　a　O．1μm　region．　Generally，　itis　expected　that　the　electrons　with　small　eHbctive　mass（m＊）have　greater　acceleration　due　toelectric　field，　and　thus　have　greater　velocity　alld．ashor七七ransit　time．　In　case　of　this　study，ef琵ctive　masses　of　both　cubic　and　hexagonal　are　grater　than　that　of　GaAs．　Thus　the　highervelocity　is　estimated　in　GaAs　ra七her　than　GaN．　However，　because　of　larger　ef［bc七ive　mass　ofGaN　its　ability　to　operate　at　higher　voltages　allows　the　transit　time　to　be　reduced　below　thatof　GaAs．　From　the　view　pint　of七his　estima七ion，　the　electric　property　of　GaAs　shows　infbriorto　that　of　GaN　in　the　device　with　distance　below　O．2μm　due　to　higher　velo¢ity，　where　ve16cityovershoot　is　very　important　in　high　speed　devices．　　　The　peak　transiもtime　as　a　function　of　applied　electric　fields　is　sho舳in　Fig．2．5．　In．七hecalculatio耳range，　the　drift　velocities　increase　with　increase　in　applied　electric　field　alld　showno　saturation　behavior　in　both　cubic　and　hexagonal　phases．　This　may　be　due　to　neglecting七heimpact　ionization　e価ct　like　Keldysh　fbrmula［23］．　In　comparison　with　the　hexagonal　phase　GaN，the　cubic　phase　GaN　possesses　a　remarkable　advantage　in　velocity　characteristic　especially　athigh　electric　field，　　　The　peak　transit　time　as　a　func七ion　of　temperature　at　electric且eld　of　300　kV／cnl　and　6．00kV／cm　is　shown　in　Fig．2．6．　The　same　temperature　characteristic　of　velocity　is　shown　in　bothphases，　however，　the　higher　veloci七y　is　obtained　from　cubic　phase　GaN．　compared　to　hexagonalphase　GaN．2．4Hole　Transl）ort　Characteristics　Calculated　by　Relax−ation　Time　ApProximation2。4．1Outline　of　hole　transport　calculationsIn　this　section，　the　Hall　coe伍cients　anisotropy　factors（γA）fbr　cubic　phase　of　GaN　are　deter阻ined卸nd　theoretical　hole　tra耳sport　characteristics（Hall　and　drift　mobilities，　and　effbctive　Hall　factor）are．calculated．　Also　the　extent　to　which　rA　diffbrs丘om　unity　fbr　valence　baロds　is　investigated，and　the　temperatur6　dependence　of　the　Eall　and　drifL　mobilities　and　the　el艶ctlve　Hall　factorsare　discussed．　　　The　scattering　mechanisms　included　in　the　calculations　are　defbrmation　potential　by　acousticand　optical　phonons，　polar　optical　phonon，　piezoelec七ric，　iollized　impurity　and　interband　defbr−mation．potentials　between　heavy−and　light−hole　scattering．　The　interband　defbrmation　poten七ialscattering，　especial正y　from　the　light−hole　to　the　heavy−hole　band，　is　the　mos七important　scatteringin　the　high　temperature　regime［17］．　The　screening　ef艶cts　fbr　the　phonon　scattering　mechanismare　neglected，　because　the　Iow−i】写purity　concentrations　are　considered　here．　All　scattering　ratesin　this　study　have　been　derived　assuming　a　nonparabolic［24］，　which　is　given　in　Appendix　A，sph夢rical　bands，．and　band　warping　is　accounted．fbr　through　the　use　of　approximate　overlap　func−tions　as　discμssed　in§2．2．　This　method　enables　one．to　calculate．　the　Ha11−and　drifむmobilitiesand　the　effbctive　Hall　factor　of　hole　bands　separately。一．P6．7一　　　The　galculated　holeちr．ansport　characteristics，　with　changing　compensation．raちio　over　a　widerange　of　tetnperatures（T＝50−400　K），　are　based　on　the“relaxation七ime　approximation’，　or．“Mathiessen，s．rule，，，　a5suming　transport　in　both　he＆vy−hole．and　light−hole　bands（a　two−band卑odel）w‡th．scattering　allowed　be七ween　the　bands．　　　The　spin−orbit　splitting　energy　at七he　top　of　the　valence　band（△8。）is　Ileglected　in　thiscalculations　because七here　are　no　experimen七al　measuremen七s　nor七heore七ical．calculation　fbrcuもic−phase　GaN．　It　has　beell　reported　that　the　value　of．△5。　of　hexagonal　and　cubic　structuresare　very　close　to　each　other　fbr　many　oth¢r　semiconductors．・．Applying　this　assu皿ption　alsoto　GaN　case，　the△50　value　of．the　c血bic−phasβis　estimated　to　be．11−30　meV　from　that　of七he　hexagonal−phase．［25，26］，　which　is　one　order　of　magni七ude　smaller　compared　to　other　III−Vcompound　semiconductors　such．@as　GaAs（△3。＝340　meV）．　The　hole　occupation　probabi正ityin．the昌plit−off　hole　bands　i串low　in　the　low　te血perature　regime，　apd　thus　it　may　no七greatly哉ffbct　the　hole　transport　char菰cteristics．．　Thus七he　calcula七ed（lata　addressed　in　this．chapterare　highly　reliable．　Eowever，　i七should　be　no七ed　that　neglecting七he　split−off　holes．r←sults　in　anover−estimation　of　hole　mobility　in　the　high七emp　erature　regime．i≧300　K）．．2．4．2．Valence　band　anisgtropy　parametershg・p・・al，　the　cゆi・III−V・emi・・ndu・t・rs　exhibit・・n・id・・ably　w・・ped・f・u・肱ce・th昂t　hav・numerous　interes七ing　consequences　fb癒ole　transport．　At　most，　calculations　yield　a　drift　mobili七y，where耳s　the　experimental　measured　quantity　is　usually　the　Hall　mobility．　The　two　mobilities　arerelated　by　a　known　H：all　coef丑cient　faρtor．　For　the　nondegenerate　sp車erical　sy耳nmetric　bandslthe　Hall　coef丑cient　fac七〇r　can　be　written　a8　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〈ぜ〉　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．34）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　rゴ＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〈η＞2’曲ereτis　the　carrier　scattering　time，〈…＞indicates．a　thermal　average　over　the　distributioll　ofcarrier　energy　and　the　indexゴrefbrs　to　heavy（2＝1）and　light（¢；2）holes・　　　When　the　bands　are　warped，　the　Hall　coe缶cient　factor　depends　on　the　degree　of　warping　aswell　a8　the　scattering　mechanism，　and　can　be．　written　as　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　くず〉　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．35）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　γゴ＝7’Aゴ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〈覧＞2’whereγ痴is　the．anisotropy　fact6r　fbr　2−th　hole　band，　　　Prior　to　calculating　r五‘，it　is　necessary　to　determine七he．valence　band　parameters五，！1f　and　IVde丘11ed　in　terms　of　the　interband田atrix　element［27］．　Then．4，、B　andσparameters，　which　havebeen　used　i箪．all　approximate　expression　fbr　the　light−ahd．heavy−hole．　ene耳gy　surfaces　given　byDresselhaus　eまα乙，［28］were　determined．　These　valence　band　para卑eters　were　calculated　from七hose　of　Luttinger　ef艶ctive　m耳s串p包rame七ers　recently　reported　by　Fan　eオα乙［25］According七〇them，　the　Luttinger　param6ters昂re　71＝3．07，72＝0．86　andγ3＝1．26．　The　notations負）r五，！匠and　IV　are　the　same．those　as　shown　in　re£［27L．Withih　the且ve−band　k・p　model，　the　Luttingervalence　band　p我rameters哉re　given　by’γ1　＝72　＝73　ニ　　1　　　　　　　　　　　　　　　　　　1一言（ダ＋2G＋2H・＋2H・）一1＋ヂ，一1（F−2G一．1ヨ’1．一112）一1・，　　　　　　　　　　　　　　　　　　　　　　　1．　　1一召（F−　G一←　」臼【1　−　1i12）＋互α，（2．3昏）盤e藁細謹�m翻濫瓦葺鯉濃朧。説ね黙蕊！、！2翻自H2　are　derived　from　the　r12　states　and　the　r25　states，　respeρ七iv年ly．　g　is　the　correctioll　term　andiS昂lways　very　smalL．一P68一　　　In　order　to　calculate脇，　the　Lax　and　Mavroides［29］，　Beer［30］and　Strin［31］fbrmulaeexpressed　in　re£［27］were　used．　According　to　their　eゆressions，　r／1乞is　given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　…一α鐸12，　．　　　（…7）whereαd，α12　andα11　are　in　terms　of　r．　The　detailed　descriptions　ofαd，α12，α11　alld．r　aregiven　in　Appendix　B．　The　used　valence　band　parameters　related　to　the＄quations　are　given　inTable　2．3．2．4．3Scattering　mechanisms：hqle　transportThe　theories　fbr　the　scattering　mechanisms　in　the　hole　transport　analysis　are　summarized　brie且y。It　should　be　noted　that　the　basic　treatments　of　the　scattering　mechanisms　are　the　same　as　thosediscussed　in§2・3・1・Here，　only　the　scattering　due　to　the　ionized　impuri七y　and　nonpolar　opticalmode　will　be　discussed．　　　Io痂之e面m郷丁吻8cα孟オεr2πg：In　this　chapter　the　ionized　impurity　scattering　mechanism　fbrhole　bands　can　be　treated　using　the　Brooks−Herring　approximation［32］，where　particles　interactvia　the　screened　Coulombic　potential．　　　For　a　low　hole　concentration（nondeεenerate　case）and　high　temperatures，　the　inverse　ofscreening　Iengthλ1），can　be　written　as1　　　　e2λち＝。、た。T｛P＋（P＋1VD）［1一（N・＋・）／醐｝，（2．38）where　e　is　the　electron　charge，　p　is　the　total　hole　concentration，〈h　and／VD　is　the　concentrationof　acceptors　and　donors，　respectively，ε、　is七he　static　dielec七ric　constant，たB　is　Boltzmann，sconstant　and　T　is七he　temperature．　p　was　calculated　using　the　charge　neutrality　equation　givenby　　　　　　　　　　　　　　　　　　　　　　　　　　農恥部，一罪・x・（△EαたBT），　　（・・39）whereハ�_is　the　ef琵ctive　density　of　states　in　the　valence　band，△Eα（△Eα＝Eα一三）is　theacceptor　activation　energy，　and　g乞is　the　spin　degelleracy　factor，　which　is　4　in　this　case．　The　valueof　Eαis　still　argued　area　in　both　experimentally　and　theoretically．　In　the　case　of　the　commonlyused　Mg　acceptor　fbr　p−type　GaN，　the　activation　energy　in　the　range　f士om　150　to　250　meV　ishigher．　than　that　estimated　by　the　ideal　acceptor　hydrogenic　model　which　might　yield　the　correctorder　of　magnitude　of　tr耳e　ionization　energy．（Psing　an　accep七〇r　eff6ctive　ma£s　of　O．76mo　andlow−frequency　dielectric　constant　of　9．5　results　in　Eαis　determined《5115　meV．）The　origin　ofthe　high　acceptor　activation　energy　is　still　far　ffom　understood．　These　high　values　imply　thatat　room　temperature，　the　hole　cohcentration　is　less　than　l　percent　of　the　Mg　concentration．The　dif艶rence　between　the　experimental　and　calculated　values　of　the　activatioll　energy　is　notnegligible；however，　it　should　be　noted　that　the　activation　energy　fbund　experimentally　is　closeto　that　determined　using　this　ideal　model［33］．　Eαused　in　this　study　is　1200r　250　meV．　　　The　Coulombic　scattering　rate　due七〇the　density　of　ionized　impurities珊（珊＝p十2／Vp）and　the　level　of　iollization　of　the　impurity　atom　27∫is　given　by［17，34］　　　　　　　　　　　　　　　　　亀・隅）一際画面（　　（1一〃）G（9）1一シ十1／2海2λち）、吻，　（・調）whereッ≡cosθand　G（〃）＝G（cosθ）is　the　overlap　function　in　eq．（2．．5）．　Also，　m｝is　the　eff6ctivemass　of　the　relevanのand　into　which　the　holes　are　being　scattered，極is　the　magnitude　of　theinitial−state　wave　vector　andんis　the　reduced　Plaエ1ck　constant．　　　ハroπpoJαr　oμ歪。α」8cαオ孟er伽g：The　nonpolar　optical　scattering　which　produces　a　perturbingpotential　by　defbrming七he　lattice　and　changing　the　band　gap，　is　very　impor七ant　fbr　holes．　In一169一wide・band−gap−semic6nductors，　h6wever，　the　optical　phonoh　energyんωo（o耳．もhe　o士der　of　100meV）is　much　greater　than　the七hermal．．energyたT　even．at．room　te血perature．　The　opticalphonon　energy　in　GaN（91　meV）is　abou七three　times　that　of　GaAs（35　meV）．　This　mechanismis　quite　important　fbr　holes　in　GaAs　aro琴nd　room．temperature．且owever，　it　is　less　important　inGaN．　The　scattering　rate　is［17，含4，3515叩。（た謁）　＝D霧，。m｝1／22＞至・ρん3ω・七．・（・・＋1干1君Σ（動士九ωo）112Gω吻，（2．41）where　1）ηp。　is　the　optical　phonon　coupling　constant，ρis　the　densi七y　of　semiconduc七〇r　material，E乞is七he　initial　hole　energy　andηo　＝　1／［exp（んωo／たBT）一1］．　ωo，　the　longi七udinal　opti6alphonon　angular　fじequency，　is　assumed　to　be　constant．　The　signs　in．ちh�Qsummation，．plus　andminus，　corre6pond　t6　absorpti6n　and　e耳nissiQn　of　all　Qptical　phonon，　respectively．　No七eもhat　theemissioh　process　can　occur　if　the　hole　energy　is　higher．　than七hat　of　the　optical　phonons．　　　The　optical　phonon　coupling　constant　Dπpo　is　t耳eoretica11y　given　by［17］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D。，。＝堕Eゆ，　　　　．　（2．42）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　5where　5　is七he　acous七ic　velocity　and四馬p。　is　the　optical　defbrmation　potential　which　is　aboutdouble　EI　in　the　case　of　GaAs［34］．　Applying　this　concept．to　eq．（2．42）in　the　case　of　GaN，Dηp。is．fbund　to　be　about　6．12×1011　eV／m．　To　con且rm　the　ef驚c七〇f　the　scattering　rate，．七heIIQnpolar　optical　scattering　rate　fbr　Dπp。　using　the　values　of　6．12　x　1011　and　1．0×1011　eV／mwas　calculated。　　　The　mechanisms　fbr　polar　optical　scattering，　acoustic　defbrmatiop　potential　scattering　andpiezoelectric　scattering　are　summarized　briefly　in　Appelldix　C．2．4．4Relaxation　time　apbroximation　and　mobilityIn　order　td　detern｝ine　drift（or　conductivity）a耳4　Hall　nlobili七ies　frq耳n　the　above−mention6dscattering　mechanisms，　the　ef飴ctive　Hall　factor　using七he“relaxation七ime　approxima鴬iqn”havebeen　determined，　The．ef琵ctive　Hall　factor　rεがis［27］　　　　　　　　　　　　　　　　　　　　　　　　　　　覧が；（1＋α3／2）（・、α312β2＋・，　　　（1＋α3／2β）2），　一．．圃withα＝m歪／m姦，β＝．μ1／μ2，μ盛＝．ε（〈η〉／m諺）andη＝r．4乞（〈ず〉／〈η＞2）．　m蓼，μ盛andηa，re　theef艶ctive　masses，　the　drifL　mobilities　and　the　relaxation　times　fbr　theゴーth　hole　band，　respectively．（The　indexゴ＝1．always士efbrs七〇heavy，　and　the　index　2＝2to　light　holes．）　　　The　relaxation　and　squares　of　relaxation　times　fbr　theゴーth　hole　b．and　are　determined　by　　　　　　　　　　　　　　　　　〈拶〉一二．．（嘉紬）「．（轟・一昭　．（Z44）where　u＝1is　the　rela：xation　time，賜．＝2is　the．squar6．of　relaxation　time，　E　is　the　hole　energyandち。αオis　the　inverse　of　the　su�oa七ion　of　the　scatt6ring　tate　of　contributing　meρhanisms（3cαオ＝！，2夢．．．．，ηcorresponds　to　the　4if驚ren七sca七七erin＄mechanisms），　ihcl耳ding　intraband，麗，and　in七erband，ぎノ，　and　is　given　by17Bcαオ＝　　　　　　・2’αオ＋．・2∫αガ（2．45）一170一　　　The　drifb　mobiliもyμis　determined　f士om　relationships　between　drifL　and　Haby　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　μH　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　μ；　　　　，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�ieノ∫whereμH　is　the且all　mobility　and　rε〃．　is　the　effbctive　Hall　factor　given　by　eq．（2．43）．　　　The七heoretical　Hall　mobility，μH，　is　de七ermined　f士om　eqs．（2．46）and（2．43）to　bell　mObilities　given（2．46）　　　　　　　　　　　　　　　　　　　　　　　　　　　μH＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　呵where　m童is　the　ef琵c七ive　heavy−hole　ma8s，　　　．The　Ihaterial　parameters　used　in　thare　listed　in　TabI62．4．・・五・〈　　2T1〉＋α1／2・A、〈ぢ〉〈η〉＋α一1／2〈勉〉’andアノ11　andγ．42　are　given　in　eq．（2．35）．（2．47）e．hole　trallsport　calculations　of　the　cubic　phase　of　GaN2．4．5．Results：hole　transpor七characteristicsNow丘rst　discuss　th俘Hall　coe伍cient　anisotropy　factors．　Using　Luttinger　parameters，　the　valenceband　parameters（五，ルf，　N，五，β，�Fare　determined，　a81isted　in　Table　2．3，　fbr　the　first　time．By　using　these　valence　band　parameters，　the　anisotropy　factors�i祖＝0．668　and顎2＝0．991are　determined　fbr　the　heavy−and　Iight−hole　bands，　respectively　as　listed　in　in　Table　2．5．　Forthe　comparison　6f　these　values，　the　anisotropy　factors　of　GaAs　are　also．　listed．　The　anisotropyfactor　of　the　heavy−hole　band　results　of　a　considerable　reduction　inτ・A1《1but　r／L2〜1f〜）r　thelight　hole　band・Tb　the　exten七，　the　transport　properties　of　the　valence　band　are　do�unated　byナA1《1．　Th6refbre　it　is　evident　that　an　effbcもive　r且may　b　e　somewhat　less　than　unity．　　　The　temperature　dependencies　of　scatt6ring　time　by　single−scattering　mechanisms　are　plottedin　Fig．．3．7．　The　interballd　scattering　characteristic　due　to　nonpolar　optical　phonons　shown　inFig．2．7（a）is　di舐ヨrent　f士om　that　due七〇〇ther　scatt6ring　mechanisms　shown　in　Figs．2．7（b），2．7（c）and　2．7（d）．　This　is　because　the　scattering　relaxation　time　due　to　nonpolar　optical　phononscattering　is　determin6d　by　the五nal−state　effbctive　hole　ma8s（ηL｝），　while七hat　due　to　o七herscattering　mechanisms　is　determined　by　both　m｝and　the　magnitude　of　the　initial　6tate　ofthe　wave　vector（たのin　which　nonparabolicity（see　Appendix　A）is　considered．　Two　importantconclusions　can　be　deduced　by　comparing　the　magnitude　of　Scatteri血g　time．　First，　the　scatteringmechanisms　due　to　ponpolar　optical　phonons　a七all　temperatures，　and　to　polar　optical　phollonsbelow　200　K，　are　noもimportant　to　the　hole　transport　characteristics　because　of　their　longerscattering　tinie（》10−12　s）．　Second，　at　temperatures　below　300　K，　the　acoustic　defbrmationpotential　s¢attering　mechanism　play6　the　most　important　role．　　　Several　approximations　fbr　the　relaxation　time　of　ionized　impurity　scattering　have　been　pro−posed［36］，　however，　there　are　no　other　theories　more　reliable　than　the　Brooks−Herring（B−H）approxima七ion．　For　the　cubic　phase　of　p−type　GaN，　the　ef正bctive　density　of　states　in　the　valencebandハ�`is　much　larger　than　the　total　hoIe　concentration　p（Xb＝P／1％《1）fbr　the．impurityconcentration　chosen　here（怖＝5×1017　cm−3）with　various　compensation　ratios（K＝0．1，0．5and　O．9）a七tempera七ures　between　50　and　400　K．　Also，　the　screening　length　calculated　by　eq．（2．38）is　much　smaller　than　the　int6rparticle　distance．　Thus　the　scattering　rate　of　this　mech一．anism，　determined血sing　the　B−H：appr6ximation，　is　reasonable（small　error）fbr　a　givenノ〉λin七his　calculation［37］．　To　account　fbr　the　uncertainty　of　acceptor　activation　energy，　the　average・catt・・ing　tim・（�`り）by　i・n圃imp・・i七i・・is　cal・u1・t・d飴・tw…tivati6・・n・・gies（E。＝120and　250　meV）with　compensation　ra七ios（K＝ノVD／1＞：盆）between　O．1　ahd　O．9，　and　are　plottedin　Fig．2．8．　The　acceptor　concentration（1VA）is　set　to　5×1017　cm−3　in　the　calculations．τ乙U　iscalculated　using　eq．（2．45）with観乙オas　the　sum　of　the　scattering　ra七e　ffom　heavy−t（》heavy−hole，heavy−to−light−hole，　Iight−to−light−hole　and　light−to−heavy−hole　bands．　　　It　goes　withou七saying　that　the　densi七y　of　ionized　impurities珊（＝p十21＞D）ill　eq．（2．40）varied　wi七h　temp　erature．　Also，　the　values　of〈�es　are　Iarger　at　an　activation　energy　of　120　meVthan　those　at　activation　energy　of　250　meV　with　the　same　values　of　1＞A　andκ，　especially　athigher　temperatures．　In　the　range　of　those　acceptor　activation　energies（．房α＝120−250　meV），一171一七he　eff6ct　of．Eαon　the　average　scattering　time　is　almost　negligible（�`U（250）／痂（120）側1a七300K）．　except　fbr　a　low　compensation　ratio（κ＝0．1）．　However，　the．eff6ct　gf　Eαon痂is．appreciable（痂（250）／�`U（120）弼2at　300K）at．a　low　compensation　ratio．．It　is　also負）und　thatthis　scattering　time　characteristic　is　maintain6d　eYen　upon　a：肚er　decrea8ing　Eαdown　to　100　meV。、　　　T恥temperature　d6pendence　of　Hall　fac七〇rs．fbr晦e　dif艶ren七phonon串cattering　mechanismsusing　rAl　and顎2　determined．　above　are　plotted　in　Fig．2．9．　The　Hall　factors　fbr　heavy　hole−andlight−hole　bands　of　nonpolar　and　polar　op七ical　scattering　vary　as　a　f皿nction　gf　temperature　whilethose　of　the　acoustic　defbrmation　poten七ial　and　piezoelectric　scattering　are　nearly　constant．　Thetemp6rature　dependence　of　Hall　factors　can　be　attributed　to．the　temperature　dependenc60fthe　scatte血g　relaxation　time，　since　the．changes　in　scattering　relaxa七ion　times　of　nonpolar　andpolaエop七ical　scat�nering（change　in　scat七e血g　relaxation　time＞104　s），　as　shqwn　in　Figs．2．7（a）and　2．7（b），　are　larger　than　those　of　acoustic　defbrnユation　po七ential　and　piezoel夢c七ric　scatter−ing（change　in　scatterlng　relaxation　time≦．102　s）as　shown　in　Figs。2．7（c）a丑d　2．7（d），　in　thecalculated　temperature　range．　The　scatte血g　relaxation　time　due』七〇the　acoustic　de拓rmationpo七ential　or　piezoelectric　scattering　is　not　greatly　affected　by　the　temperature　compared七〇thatdue　to　nonpolar　or　polar　optical　scattering．　The　values　of　the　Hall　factor　fbr　heavy−hole　bands．are　lower　than亡nity　over．the．w瓦ole七emp6raちure．range，　because　of　the　anisotropy　factor　effbct．On　the　other　hand，　the　Hall　factor長）r　light−hole　bands　varies　f士om　1．O　to　1．5．　　　From　the　above　results，　the　calculated　Hall　and　drifヒmobilities　due．to　the　single　Iatticescatte血g　mechanisms　with　the．　ef艶¢tive・Hall　factof　as　a．f皿n¢tion　of　temperature　are　shown　i耳Fig．2．10．　It　is　obvious　from　the　results　that　the　acous七ic　defbrmation　potential　scattering　is七he　most　important　mechanis甲limiting　hole　mobility　in　cubic　phase　GaN　over　a　wide　rangeof　temperature（T＝50．一300　K）．　The　calculation　of　the　hole　characteristics　is　mainly　in且uenced．by　the　uncetta釦ty　of　severalとoupling　constants七hat　are　curre堪1y　not　well　knowh．　Hence，七he　choice　of　parameter　E1．in　eq．（C．2）is　very　importallt．　Details　are　discussed　later．　For七emperatures　above　300　K，　the　polar　optical　phonon　scatterihg　mechallism　is　the　domillallt　factorthat　influences　hole　transpor七cha士acteristics．　The．inse七in　Fig．2．10（a）shows　the　drift　mobilitiesdue七〇the　acoustic　phonon（�K）and　piezoelectric　scattering（pε）below　50K　Based　on　this　result，it　should　be　noted　that　the　calculation　predicts　that七he　piezoelectric　scatte血g　inechanisminfluences　these　characteristics，　especially　at　low　te卑peratures（T≦50　K）．　　　The　obtained　e伽ctive　Hall　factors　vary　f士om　1．3　to　1。9011．changing　the七emperature　as　shownin　Fig．2．10（b）．　This　result　indicates　that　the．Hall　factors　becQme　increasingly　importan七．withincreasing　temperature　when　we　attemp亀to　comparεthe　c勧lculated　drifむmobility　wi七h　measured．Hall　ones．　　　Considerin∫g七he　ioni乞ed　inipurity　scattering，　as　well　a串the　lattice　scattering　mechanisms，七he．calculated　Hall　and　drifむmobilitie6　and　the　ef艶ctive　Hall　factor　as　a　f皿nction　of　temperature　wi七hcompensation　rati6s（K）be七ween　O．O　a耳d　O．9　are　plotted　in　Fig．2．11．　T与e　acceptor　conc�Qntration．of　N五＝5×1017　cm−3　and耳α＝120　meV　are　used　in七his　calculation．　　　As七he　compensation　ra七io（K）ihcreases，　the　temperature　at鵬axi卑um　mobility　alsQ　in．creasesl　The　eff6ctive　Hall　factor（re∫∫）increa8es　as　K　decreases　wi七h　increa串ing　temperature．From　Figs．2．11（a）and　2．享1（与），　i七is　obse士ved庫atちhe　maximum　value　of　the　Hall　a耳d．drifむmobilities　are　in　the七emperature　range串〇一150．K　fφr　all　values　of　K　between　O．1　and　O．9．．　Incomparison　with　Fig．2ユ0（b），　Fig．2．11（b）shows七hat　the　inclusion◎f　sca七tering　by　ionized　im加一rities　intg　the　Hall　factor．calculation　is　important　at　high　compensation　ra七io（κ＝0．5　and　O．9）。The　obtained　ef琵ctive耳all．　factors　vary　f士om　1．4　to　1．．8．with　changing　temper乱ture（K≧0．1）．The　ionized　inipurity　scatte血g　mechanism　aEects　the　te血pera七ure碑minimi多ed．　ef艶ctive　Hallfactor　and七he　ef正bctive】日［all　faとtor　itself．　　　The　Hall　and　drif七mobilities　a8　a’function　of　total　hol俘concentratiqnωwith　bompensationratios（K）between　oユahd　o．9　fbr　E1α三13Q　and　250　meV　at　30Q　K　are　plo七ted　in　Figs・2・12（a）and2．12（b）．Ih　the　calculations，　the　acceptor　concentrations．（ノV且）．　were　vari6d　from　1×1016　cm−3to　8×1018　cm−3　fbr　e“ch　K．　The　total　hole　concentrations　determined　by　6q，（2．39）fφr　Eα＝120m・V・nd　250　m・V・・e　2・9・1917℃二一l　a・母2・7・1015　cm−3（κ＝0・1，塩＝8・1・18　cm一三），respectively．、一172一　　　One　of　the　most　important　properties　derived　from　Hall　measurement　is　the　mobility　char−acteristic　as　a　function　of　carrier　concentration．　It　is　fbund七hat　the　mobilities　at　Eα＝250　meVchange　drastically　fbr　a　small　change　of　hole　concentration（p）；however，　those　at　Eα＝120　meVchange　gradually　with　increasing　P．　Quantitatively，　the　maximum　Hall　and　drifもmobilities　cal−culated　here　are　about　315　cm2V−1s−1　and　175．cm2V−1s−1，　respectively．　The　H：all　mobilitiesdecrease　from　315　cm2V『1s−1　at　low　hole　concentrations　to　abou七171　cm2V−1s−1　at　hole　con−centration　of　3×1017　cm−3　at　Eα＝120　mV　and　1（＝0．1．　This　also　shows　clearly　that　thecompensation　ratio　is　strongly　af驚cts　the　hole　transport　characteristics、　The　mobility　abruptlydecreases　wi七h　increasing　K．　This　indica七es　that七he　use　of　cubic−phase　GaN　in　devices　is　thoughtto　be　limited　by　the　compensation　ratio．　If　the　compensation　ratio　varies　from　O．1　to　O。5　at　ahole　concentration　p　of　2．6　x　1016　cm−3，the且all　mobility　changes　from　302　to　259　cm2V−1s−1（Eα＝120mV）．　　　Knowledge　of　the　anisotropy　parameter　is　essential　fbr　the　evaluation　of　hole　transport　char−acteristics．　Figure　2．13　shows　how　the　drifむmobility　and　the　ef琵ctive　Hall　factQr　deviated　onusing　unity　values　of　T．41　and　rA2　and　values　calculated　by　us（γ且1：＝0．668　and　r且2＝0．991）．It　is　clear　seen　ffom　this　that　the　influence　of　the　anisotropy　parameter　on　the　drifしmobility　isstrong　at　all　calculated　temperature　ranges．　The　theoretical　drifb　mobility　with　the　calculatedvalue　of　TA乞is　half　that　with　a　unity　value　of　r海．　Thus，　it　is　necessary　to　account　f〜）r七he　correctamsotropy　parameters　fbr　the　effbctive　Hall　factor　when　the　comparillg七heory　and　actual　Hallmeasurenユent．　　　Fin勘lly，　we　inves七igated　the　infiuence　of　EI　and　Dπp。　of　ambiguous　values，　as　mentiolledearlier（§2・4・1，§2・4・5）・As　mentioned　befbre，　the　hole　transport　characteristics　depend　on　theuncertainty　of　coupling　constants。　Tb　investigate　the　in且uence　of　these　values，　we　perfbrmedhole　transport　calculations　at　the　acceptor　doncentration　of押伍＝5×1017　cm−3，　Eα＝120　meVand　compensation　ra七io　K＝0．5．　Figure　2．14　shows　how　EI　in且uenced七he　Hall　mobility　and　theef艶ctive　Hall　factor．　Based　on　this　result，　we　find　that　if　the　constant　fbr五71　is†aried　by」＝20％，the　deviation　of　the　resulting　Hall　mobility　is　about　22％at　300　K．　Thus，　EI　is　the　importantparameter　fbr　calculating　the　mobility．　　　In　the　case　of　collstant　Dπp。，Fig．2．15　shows　how　Dπp。　influenced　on　Hall　and　the　ef驚ctiveHall　factor，　using　the　values　of　1）πp。＝1．0×1011　eV／m　and　6，1×・1011　eV／m　estimated　byapplying　the　theory　to　the　case　of　GaAs．　Although　this　ambiguity　slightly　af艶cted　hole　transportollly　at　high　temperatures（T≧150　K），　in　general，七he　variation　of　this　constant　is　not　greatlyaf℃ectβd。　This　resul七is　easily　understood，　since　the　nonpolar　optical　phonon　scattering　is　notthe　predominant　mechanism　which　af£ects　the　mobility　characteristics，　as　seen　in　Fig．2．10（a）．2．5ConclusionsTh6　Monte　Carlo　simulation　program　is　developed　and　the　simulations　are　perfbrmed　to　com」pare　the　transit　times，　velocity　overshoot　e｛琵cts，　and　applied　electric且eld　and　temperaturedependence　of　velocity　in　cubic　and　hexagonal　phases　of　GaN　and　GaAs．　　　Overshoot　effbcts　dominate　and　the　transit　time　in　both　phases　GaN　is　comparable　or　lessthan　that　of　GaAs　in　shorter　distance．　And　the　transit　time　are　less　than　those　in　GaAs　withdistances　shorter　than　O．2μm．　　　In　comparison　with　hexagonal　ph“se　GaN，　the　cubic　phase　GaN　has　an　advan七age　from　theapplied丘eld　electric　dependeht　and　temperature　dependent　velocity　field．　Furthermore，　bothphases　may　be　capable　of　same　or　higher　frequency　perfbrmance　than　GaAs　when　transit　tilneis　an　important　factor．　　　The　theoretica正Hall　and　drif毛mobilities，　and　the　effbctive　Hall　factor　of　the　cubic　phase　ofp．type　GaN　were　calculated，　fbr　the　first　time，　over　a　wide　range　of　temperatures（T＝50−400　K）using　the“relaxation　time　apProximation”．　　　The　valence　band　parameters　fbr　the　light−and　heavy−hole　band　energy　surfaces　were　deter−mined．　Then　the　anisotropy　factors　fbr　heavy−and　light−hole　bands　were　also　calculated　usingLuttinger　and　valence　band　parameters．一173一　　　The．qu包ntita七ive　explanation　of　the　anisotropy　factors　which　de七ermine　hole　mobilities　wa8shown．　The　results　of　calculations　showed　that　scattering　by　th6　acousti6　defbrmation　potentialplays　an　important　role　in　determining　the　hole　transport　characteristics．at　temperatures　between50and　300　K．　　　Conceming　the　ambiguity　of　the　activation　energies　in　the　ionized　impurity　s¢at七ering　mech−anism，　thefe　is　no　sighi且cant　diff6rence　in　the　scattering　ti血e　in　the　range耳00−250　meV　at　highcom亘ensation　ratios（K＝0．5　alld　O．9）．　　　The　theoretical　Hall　mobilities　at　total　hole　concentrations．of　3。5×1015（N五＝8×1015　cm−3）and　3．5×1016　cm−3（1▽盆＝5×1017　cm−3）are　about　312　and　225　cm2V−1s−1，　respectively，with　the　activation　energy　of　120　meV　and　the　compensation　ratio　of　O．5　at　300　K　　　Arather　important　conclusion　is　tha七the　hole　transport　characteristics　are　strongly　affectgdby　th6　compensation　ratio．　This　becomes　marked　as　the　carrier　concentra七ion　is　increase．　　　Unfbrtunately，七he　calculated　Hall　mobility　is　still　higher　than　that　in　the　experimentalreports，　but　may　approach　that　value　if　the　quality　of　the　cubic　phase　of　GaN　film　is　improved．　　　Afutur臼study　will　explQre　this　issue．一174一Table　2．1：Material　parameters　of　cubic　phase　of　GaAs，　cubic　pha8e　of　GaN　and　hexagonal　phaseof　GaN　in　the　Monte　Carlo　simulations．・PropertySymbolUnitsCubic　GaAs　Cubic　GaN　Hexagonal　GaNDielectric　constantDensitySound　velocityAcoustic　defbrmation　potentialEquivalent　inter　valleyde負）rmation　potentialNonequivalent　inter　valleydefbrmation　potential．Polar　optical　phonon　energyPiezoelectric　constantε5εOQρ　SE1DゴゴD‘ゴゐωoんPβkg／m3m／s　eV×10！1eV／m×1011eV／m　　　　eV　　C／m212．ga10．ga）5360a）3860a）9．3a）50．e）　1．oe）0．0354a）0．14a）9．5b5．35b）6095b）4570b）10．1b）．0．5f）1．of）0．092b）0．375d）9．55．35b）6095b）4330b）8．．Rc）0．5d）1．od）0．092b）0．56c）aRefbrence［17］．b）Re鉛rence［22］．c）Refbrence［6］．d）Refbrence［13］．e）R・飴・ence［16］．f）Assumed　to　be　same　as　values　of　hexagonal　becauseof　no　available　data．Table　2．2：Valley　parame七ers　of　cubic　phase　of　GaAs，　cubic　phase　of　GaN　and　hexagonal　phaseof　GaN　in　the　Monte　Carlo　simulations．Materia1Valley　Energy　gap　Electron　ef驚ctive　mass　Nonparabolicity　　　　　　　　　　　　（eV）　　　　　　　（mo）　　　　　　　　（eV−1）GaAs1231．4931．7091．9000．0630．2220．5800．6510．4550．221Cubic　GaN1233．44．76．00．150．400．600．2500．1280．067Hexagonal　GaN1233．55．55．60．190．400．600．2310．1090．714Table　2．3　Valence　band　parameters　fbr　the　cubic　phase　GaN．Material’γ1’γ2’γ3一五．M．1V一ノ1一βoGaN3．07　　0．86　　1．26　　2．35　　7．51　　7．56　　3．07　　1．72　　10．18Note：The　notatioll　of　parameters　used　here　are　samethose　in　ref．［27］．一175一Table　2．4：Bulk　material　parameters　of　cubic　pha8e　GaN　used　in　the　calculation．PropertyUnitsValue　　Egm、／m。m2／m。　　ρ　　ElD卿。　　ε8　　ε○○　んωo　　んμEnergy　r�ａ�Effective　heavy葦ole　mass　ratioEffective　light　hole　mass　ratioDen．sitySound　velocityAcoustic　deformation　potentia10ptical　coupling　constantStatic　dielectric　constantHigh　frequency　dielectric　constantPolar　optical　phonon　energyPiezoelectric　constanteVkg／m3m／s　eVev／meVC／m2　　3．38a　　O．76a）　　0．21a）　　6095b）　　4570b）　　10．1b）1．0×1011b）　　　9．5b）　　5「．35b）　0．0912c）　　0．375c）aReference［25］．b）Reference［22ユ．c）．Reference［37］．Table　2．5：Anisotropy　parame七ers負）r　the　cubic　phase　GaN　and　GaAs．Materia1Heavy−hole『band　工・ight−hole　band　　　　　　γノ11　　　　　　　　　　　　r／12GaNGaAs0．6680．6590．9910．998一176一た0，θq1ん’323　θ，剣「匂@　鮨　　ん、、、、　　　1　　、、」θq1た’IlIφ、．φ、、、　　　■　　、、」kyAbsorption　of　PhononEmission　of　Phonon（a）（b）kr〆！肩kzkzrん＝α＝　　　　’@　’f肩．潮髪　　　、、んkzr01為’111、kxr、φ、、、　　　1　　、、」ky「�s『Coordinte　SystemNew　Coordinte　Syste（c）（d）Figure　2ユ：Relationship　b6tween　the　various　wave　vectors　involved　in　electron／hole　scatteringby　a　phonon（a），（b）and　geometry　fbr．the　determination　of　the　sta七e　a：既er　scattering　when　fullthree−dimensional　simulation　perfbrmed（c），（d）．一177一魯§看毒7．06．�@5，04。03．�@2。OLOO．0　　　　　　　GaAs　Zincblend@　　　　　　T＝300K@　　　30kVlcm^　／10kVlcm＼5kVlcm．＼3kVlcm0．00．1　　　　　0。2　　　　　0．3　　　　　0．4　　　　Distance（μm）　　（a）Cubic　GaAs．0。5　　　10．0　　　　9。0　　　　8．0　着・・9ら　　6．0＞｝　5．0．溜8　4．o旬＞　　3．0　　　　2．0　　　　1．0　　　　0．0　　　　　　　　　　GaN　Zincblend@　　　　　　　　　T＝300K@　　600kVlcm^／200kVlcm＼、2。kV1，m＼30kV1，血0。00．1　　　　　0．2　　　　　0．3　　　　　0．4　　　】）istance（μm）　（b）Cubic　daN．　　　　　　　　　　　　　　　　　　　10。0　　　　　　　　　　　　　　　　　　　　910　　　　　　　　　　　　　　　　　　　　8。0　　　　　　　　　　　　　　　　富　　　　　　　　　　　　　　　　這　7・o．　　　　　　　　　　　　　　　　　9　　　　　　　　　　　　　　　　ら．　6．0　　　　　　　　　　　　　　　　ご　　　　　　　　　　　　　　　　　〉≧　5．0　　　　　　　　　　　　　　　　出　　　　　　　　　　　　　　　　　8　4”　　　　　　　　　　　　　　　　旬　　　　　　　　　　　　　　　　＞　　3．0　　　　　　　　　　　　　　　　　　　　2．0　　　　　　　　　　　　　　　　　　　　1．0　　　　　　　　　　　　　　　　　　　　0。0　　　　　　　　　　　　　　　　　　　　　　0．0　　　　　0．1　　　　　0．2　　　1　0．3　　　　　0．4　　　　　0．5　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1）is戯mce．（μmγ　　　　　　　　　　　　　　　　　　　　　　　　　　　（c）Hexagonal　GaN。Figure　2．2：Monte　Carlo　simulation　of　electron　velocity　as　a　function　of　distance　in　cubic　ph包seof　GaAs，　cubic　phase　of　GaN　and　hexagonal　GaN．　　　　　　　　GaN　Wurtzite@　−　　　T＝300KU00kVlcm300kVlcmP50kVlcm60kVlc血0．5一178一パ巴冨．塁ヒ●露田543210GaAsG劉N．（Wurtzite）　　　　　　　　　　　／aN（Zincblende）00．2　0．4　　　　　0．6　　　　　0．8Distancρ（μm）1Figure　2．3：Electron　transit　time　as　a　function　6f　distance．　The　calculated且elds　are　5　kV／cm（GaAs），120　kV／cm（cubic　GaN）and　150　kV／cm（hexagonal　GaN）．曾冨．自ヒ●自雪←1、0．80．70．60．50．40．30。20．10GaAs　　　　　＼GaN（Wurtzite）G裂N（Zincblende）0．000．05　　　0．10　　　0．15　　　Dista耳ce（μn耳）0．20Figure　2．4：Electron　transit　time　as　a　function　of　dis七ance　across　O．2μm（overshoot　regime），The　cal・ul・t・d丘・ld・a・r　30　kV／・m（G・A・），300　kV／・m（・ubi・G・N）・and　300　kV／・m．（h・x・g・nalGaN）．一179一ハ看．ぎご昏’δ2��〉121086420T＝300KG訊N・．Zin・b1・nd＼GaN：Wurtzite1　　　　10　　　　　　　100E豆ectric　Field（kVlcm）1000Figure　2．5：Peak　electron　velocity　fbr　both　cubic　and．hexagonal　phase　of　GaN　as　a　f皿nction　ofapplied丘elds（10−1000　kV／cm）．　The　temper菰ture　is　set　to　300　K．　看。ご昏●δ2　〉1098765432Zillcblend3600　kVlcmZincUend3600　kVlcm　　　　1ノWurtzite3300　kVlcm　　　ノWurtzite：300　kVlcm100　　　　　　　　　　　　　500Temperature（K）1000Figure　2．6：Electron　veloci七y　a8　a　function　of　temperature（100−1000　K）．　The　calcula七ed　fieldsare　300　kV／cm　and　600　kV／cm　fbr　both　cubic　and　hexagonal　phase　of　GaN．一180一曾壽書勇10・910・1010・1110・12、、、、h・＞h＝1一＞b　一且・＞1＝11・〉且　一一、、、、、、、nonpolar　optical　p甑ono皿mode、、50100150　　　200　　　250　　　300　　　350　　　400Temperature（K）（冨．震⇔の’口8駕お10・910−1010・1110・1210・1310・14コ芯．　　　　　　　　　　　h・＞h一敵．　　　　　1・＞h一一醜　　　　　謬1＝’＝※．　　　　歎．．　　　　　　“。．　　　　　　　κ、○．　　　　　　　　く、．。・．　　　　　　　　　　’蕊1’・．。　　　　　　　　　　　　　’醸k　　　　　　　　　　　　　　　　　　　　　　　　軸陶　軸晦polar　optical　phonon　mode50100150　　　200　　　250　　　300Tempera加re（K）350400（a）Nonpolar　optical　phonon　mode（叩op）．（b）Polar　optic田phonon　mode（poP）．宕》．自6ω’＝8欝お10・1010・1110・1210・1310・14○、．　．、○．　。、。　　・　　、◎　　　の、　　●。　　、　　　　、h・＞h一且・＞h　一一1・＞1　■一・一h一〉匪　■圏・・　　、。・・_＼＼＼�`、、．＝＼＼．、．＼く＝＝・・…ご�e　　　　　　　　　　　　　　　　　軸　　鞠　　　　　　　　　　　　　　　　　　　　　鞠　　鞠　　　　　　　　　　　　　　　　　　　　　　　　　隔acous6c　de最）rma“on　po重ential　mode50100150　　　200　　　250　　　300　　　350　　　400Temperature（K）曾葺誉壽10・1010・1110−1210−13oh・＞h−1．＞h　一一塁一＞1　一・一h一＞1　・・圏・●　辱　聖　●　塵　．＼くくこごここ、、鯛陶@　、　　　　亀■　　隔■　　　　　　　　一　　一　　　　　　　　　　　　噛　　一　　　　　　　　　　　　　　　　噛　　■咀　　口■■　　聰階　　職piezoelectric　mode50100150　　200　　250　　300Temperature（K）350400（c）Acoustic　de飴mation　potenti蝕mode（♂p）．（d）Piezoelectric　mode（p2）．Figure　2．7：Variation　with七emperature　ofρalculated　scattering　relaxa七ion　time　correspondingto　nonpolar　optical　phonon　mode（a），．polar　optical　phonon　mode（b），　acous七ic　defbrma近ion．potential　mode（c）and　piezoelectric　mode（d）．（h→h−scattering　from　heavy−to−heavy−hQleband，　h→1−scattering　from　heavy−to−light−hole　band，141−scattering食om　light−to−light−holeband，　and　l→h−scattering　from　Iight−to−heavy−hole　band．）一181一　畳．塁営§あ跳お〉＜10・1210・1310・14　　　’　　’．’　　　・’．一■’　　　　　　　　　　　　　　　　　　，　’　　　　　　　　　　　　　　　，　’　　　　　　　　　　　　　　　　　／．／二！！’ノ’Dノ．ノノ’，！●’Ea＝120】meVK＝0．1K＝0．5一一・K＝0．9一一・・50100　　150　　200　　250　　300　　350　　400　　　　Temperature（K）（a）Average　scattering　time　fbr　ionized．impurity　sc昂tter−ing　with　temperature　fbr　Eα＝120　meV．（りτ．昌．ぎ．§あ跳お〉＜’10・1110・1210・1310・14　　　　　　　　　　　　　　　　　　　　　　　，　　’　　　　　　　　　　　　　　　　　　　　一　　’　　　　　　　　　　　　　　　　■5　’　　　　　　　　”／ニノ・一・ノー’　　　，”〆’・ノ’．ニニ．’・ぞ’Ea＝250　meVK＝0．1K＝0，5，・■・K＝0。9．一・一・50100　　　150　　　200　　　250　　　300　　　350　　　400　　　　Temperature（K）（b）Averag6　scattering　t三me　f6r　ionized　impurity　scatteトing　with　temperature負）r　Eαニ250　meV．Figure　2．8：Varia七ion　of　calculated　averaged　scattering　time負）r．ionized　impuでity　scattering　withtemperathre　fbr　Eα＝120　and　250　meV　with　dependence　on　co士npensation　ratio．iK＝1Vp／1VA）lThe　acceptor　concentratiop（1VA）was　set七〇5×1017　c血一3　in　the　calculations．一182一1。0．0．9oもEα8罵0．70．6npOPPOPdppetota1一　　　一脾　　■　　■　　■國日一●．　　　　・　　　　■　　　　■　　　　●　　　　暉　　　　o　　　　●　　　　o　　　　■　　　　■heavy　holes　　　　　　　　　　　　　　　　　　ノ　　　　　　　　　　　　　　　　　ノ　　　　　　　　　　　　　　　ノ　　　　　　　　　　　　　　7　　　　　　　　　　　　　　　　　　●ノ匹．　　　　　　　　　　　　7　　　　　　　　　　　7　　！・ノ…・…・撃ﾅ：・…・　　　　　　　●1■■■「旧一■■■口旧一■■■口曜　　　　　　　　　　　　　●　　　　　　　　　　　　．1　　　　　　　　　　・’　　　　　　　　o’　　　　　　・’　　亘一6一・’■■■剛一一■■，■一■■■日5�@100150　　　200　　　250　　　3�@OTemperature（K）35�@4�@�@（a）EH〕ective　Ha皿factors　with　temperature　due　tQ　Iatticescattering　mecha皿isms｛br　heavy　hole．1．51．4お1・3も臼・．2需国　　1．11．00．9npOPPOPdppetotaI一　　　一・　　．　　日　　●■國鵬昌Iight　holesノ！ノ　　ノ　ノノ　。∠　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　　　　　　　　　　　　　　　ノ■　　　　圏　　　　」　　　　9　　　　■　　　　●　　　　■　　　　隅　　　　●　　　　●　　　　昌　　　馴　　　　．　　　　●　　　　●　　　　■　　　　■　　　願　　　　●　　　　●　　　　　　　　■　　　　●　　　昌　　　　■　　　　■　　　　■　　　　●　　　　日　　　　o　　　　巳　　　　■■　　．■　　■　　■　　圃　　■　　凹　　■　　■　　■　　■　　圏　　．　　■　　■凹　　．　　■　　　■　　■　　閏　　．　　一　　■　　脚　　　隔　　一　　．■　　■　　■5�@100150　　．200　．　250．．300．．Temperature（K）35�@400（b）Ef驚ctive　Ha皿factors　with　temperature　dueも01atticescattering　mechanisms　fbr．Hght　hole．Figure　2．9：Variation　of　calculated　e伽ctive且all　factors　with　tempe士ature　due　to　lattice　scatter−ing　mechanisms　fbr　heavy．　holes（a）and　fbr　light　holes（b）．πpop　isもhe．　nonpolar　optical　phonohscat七ering・pop　is　the　polar　optical　phonon　scattering・吻is　the　acous七ic　phonon　scattering．　peis　the　piezoelectric　scattering．観α1　is　the　total　of　all　fbur　lattice　scattering　mechanisms．一183一．106．　u堕　　105≧バ自ε・　104⇒葺§1伊著⇔　　102】LO1　　　　、．　　　　　、、　　　　　　、、　　　　　　　　、、領＝一一一一一一一一こ鵡く一晶L一」」」一一ニー一＿一父÷：P：く：く：くミ海：こ更窃さ、。・旦垂伊霞、。，萄●　。。。dp．．．　　　ゆ　　馬軸軸軸鞠二＝�_．．　　　　　　　馳一一　　　pe10　　　　　30　　　　　50Te田peratur6（K）．npOPP．OP　　一　一dp　　　’’”pe　　　一一■■tota且　一・■隅50100150　　　200　　　250　　　300Temperatμre（K）350400（a）Drift　mobiHties　due．　to　each　lattice　scattering　mechρa皿1sms．宕ヒN自昏ヨ巷薯104103102101．’、　　　　　　　　　　　　　　ノ＼＼　　　　　　ノ．！　　　　　、。　　　　　　　　　　　　　　！　　　　　　、。　　　　　　　　　　　　　ノ　　　　　　　　、。　　　　　　　　　》く　　　　　　　　　！　　、・、。　　　　　　ノノ　　　　　　、。、。　　　　ノノ　　　’ノノ’’．’’’．、。　　、。　　　、蹴　　　　　、蹴　　　　　　　、。　　　　　　　　、’Hali　Mobility．　　一Dri血Mobi血ty　　　一一Effbctive　Ilall　Factor　■■21．91．81．7L61．，5．1．．41．」3．501001．2．150　．．．200　　．250　　　300　　　350．　　400Temperature（K）』oぢ角昌口．窪琶竈国（b）舳�pd・搬皿・b皿ti・・a・・d　the　e伽i・・H』飴・t・・due　to　lattice　scattering　mechξmis皿s・Fig・f・2．10・Th…eti・al　d・i銑m・biliti・・d・・t・・a・h　l・ttice・catt・・i・g　mech・ni・m・（・），・・d　lh・theoretical　Hall　and　drifL　mobilities　and　the　e倫ctive　Hぴll　f乞ctor（b）due　to　lattice　scatterlngmechanisms　as　a　fu且ction　of　temperature．　The　inset　in（a）shows　the．drifヒmobili七ies　due　t6（加andρe　below　50　K．一184一富ヒペ目ε碧巷薯鑓占104103102101Hall　Mobili’’　　　　陶一　　　　　馳陶　　　　9一■・’　　　　．F留つ　　　り　　　　　，　．　，　　　隔。　　　φ’　　’、　　、、蜀鞠匿K＝0．0−K＝0．1一■K＝0．5一・一K＝0．9・■一、　　嫡喝　、Drift　Mobilit50100150　　　200　　250　　　300Temperature（K）350　400（a）Ha工1　and　drift　mob皿ties　due　to　lattice　and　ionizedimpurity　scattering　mechanisms．o⇔9自窪葛竈臼1．91．81．71．61．51．41．31．2K＝0．0−K＝0。1一一K＝0．5一・一K＝0．9・o■・、．’　　　　　　　　ノ　　　　　　　！　　　／　　　　　！　　。！．　　　　！　　　．1　　！》をご二／　　　　　　　　　　　　　　　　　’　　　　　　　　　　　　　　　’　　　　　　　　　　　　　’　　　　　　　　　　　’　　　　　　　　　　　　　　　　●1　　　　　　　　　’　　　　　　　　　　　　　　．！　　　　　　　　！　　　　！　　　　　．’／’／　　　ノ　　／　　！　！　　／　，！！　／！／o　　　，’”50100150　　2�@0　　250　　30�@．　350Temperature（K）400（b）El艶ctive　Ha皿factor　due　to　lattice　a耳d　ionized　impu−rity　scatte血g　mechanisms．Figure　2．11：．Theoretical　Hall　and　drift　mobilities（a），　and　ef艶ctive　Hall　factor（b）due　to　latticeand　ionized　i血purity　scattering　mechanisms　fbr　diffbr6nt　ratio　of　compensation　as　a　func七ion　oftemperature．　Eαused　in　the　ionized　impurity　scattering　mechanism　is　120　meV．一185一350　、　300宙．．ヒN　250目ε〉き200董、o　　．150嵩．10050、電HaH　Mobility　　　鞠．、8Drift　Mobi胱yK＝0．1K＝0．5一一・K＝0。9一・一・・Ea＝120　meV　　　軸　　、、。　　　　　　、．@、　　◎@　　＼、．、bility　　　　、　　　　　9@　　　　、　　　　　6@　　　　1．　　　　　●@　　　　1　　　　　曽@　　隔A8D、．　　　・　■鞠@　　＼1、、、．、．　1b餌hy　’　　　　　9@　　　　、＝w1、覧塾1　1014　　．　　　1�@15　　．．　　1016　　　　　　1017　　　　　Ho豆e　Co血centration（c�u一3）（・）舳�pdh・1・m・bihti・・f・・E。＝120．　m・V．1018350　　　300宙ヒペ　．250日ε〉｝200墾毫15010050　1013　　　　　　　．　．1014　　　　　　　　　　1015　　　　　　　　　　1016　　　　　Hole．Concentration（cm・3）（b）制�pdh・1・．血・bihti・・f・・E。〒含50　m・V．　　　　　　　　　　　　　Ea＝250．meV臼’、　　　　　　■、．@　iHallM・b晦1　　■　i@i　　　l@i．　　　1．@i　　　　「@i・　　　1u翫・・踊・1i　　　　l堰@　　　1！　　　　　　　　　　　・K昌0．1．j＝0．9K＝0。5一一・@　　　一　9一　■　・Figure．2．．12：Acomparison．of　the◎retical　Hall　and　hole　mobilities．as　a　function　of　total　hole・・h・e・t・ati・・with・・mp・n・ati…ati・（K＝ND馬）・f　O・1，10・5昂・d．0・9飼・彦・＝120（・）・pd　250meV（b）at．300K．一186一宙ヒ霞昏電信囲震国104103102101rA1」rA2＝1．OrAl＝＝0．66　rA2＝0．991　■■・■嗣@陶陶�`　’’！、！、、ノ、．　　、　！！！《7＿、ノ、’、’、’、’、2．121．91．81．71．61．51．4501．3100　　150　．200　　250　　300　　350　　400　　　　Tempera加re（K）』oり。昌国窪葛些国Figure　2．13：Theoretical　Rall　mobility　and　ef琵ctive　Hall　factor　as　a　function　of　acceptor　concen．tration，　comparing　the　choice　of　anisotropy　parameters．．一P87一宙≧日誉．ヨ．碧雲鳶＝104103102101　　　　○　　　！　　　や　．！　　の　！　のノ．　　ノ。　　　　ノ　　　　ノ　　ノ　ノ’一　　　　　　　　　ノ．三、　　　　　　　　　　．！9　　　　　　　　　　　◆！　　　黛、．’・／》・…、｝》ピ　　　　　　　　　　！　。、　　　　　　　　　ノ　　　。＼　　　　　　　　！1・！ノ　　　　　5’鵬　　　・’　唇ノ’’’’、、　　　、　　　。、．’、、．、・、ミ0．8xE1一閣・1ρxE11．2．xE1　一・一・．・2，0L91．81．ツ1。6L51．41．31。2501．1100．@．150　　200．　．250　　300．　350．．　400　　　　Temperalure（耳）』o●り盟国詞ぞ．竈国Figure　2．14：TheQretical　Hall　mobility　and．e鐸ective　Hall　f耳ctors　as　a　f皿nction　of　temperature，comparing七he　dhoice　of七he　acoustic　defbrmatlon　potential　constantβ1，　Thg　lattice　sρatteringmechanismsηpop，　pop，�Kand　pεare　considered　in七he　6alculation．f一188一（ヒ§）潟唱。薯104103102101Dri且Mobilitall　Mobilitノ’’’’’’7’、、’、、、、、、、、、、、D斬1．O　x　1011（eVlm）一D・pF6．1　x　1011（eV／m）一一・2．01．91．81。71．61，51．41．350100L2150　　200　　250　　　300　　　350　　　400』oりり＝国窪田竈国Temperature（K）Figure　2．15：Theoretical　Hall　mobility　and　eff6ctive　Hall　factors　as　a　function　of　temperature，comparing　the　choice　of　the　defbrmation　potential　constant　Dπp。．　The　lattice　scattering　mech−anismsηpqp，　pop，（加and　pe　are　considered　in　the　calculation．一189一Appendix　AKane　Model　and　Nonp績rabolicityIn　the　Kane　model［24］，　the　611ergy　band　is　reμesen七ed　by　3　no加arabolic，　spherical，　and　ana−lytical　efFective　mass　expression　of　the　fbllowing　fbrm；．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゐ2た2　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＝E（1十αE），．　　　　　　（A・1）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2m＊wher6魏deno七es　the　crystal　momehtum，　E　represents　the　electron／hole　ehergy，　m＊is　theeffective　mass，　and　t．he　nonparaboliclty　coe．f丑cien七，α，　is　given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　．・一毒（・一需ア，where　mo　and　Eg（垣note　the　barβelectron．血asS　and　the　energy　gap．（A．2）一190一Appendix　BDetermination　of　r，α4，α11　andα12Together　with　the　valence　band　parameters．4，．8　and　O　discussed　in§2．4。2，1’is　given　by［27］　　　　　　　　　　　　　　　　　　　　　02　　　　　　　　　　　　　　　　与・B’（肚B），　　　　（B・1）wh・・e　B’i・th・（B2＋02／6）1／2．　αd，α12andα11　are　determined　by負）llowing　approximate　fbrms．　　　　　　　　　　・・＝1＋0・05r＋0・01635r2＋0・000908r3＋…　　　　（B．2）・・1＝1＋o・01667r＋o・041369r2＋o・00090679r3＋o・ooo91959r4＋o。00002106r5＋…（B．3）　　　　　・・2ニ1−0・01667「＋o・0・7956r2一・…69857r3＋・・…261・r4＋…　（B・4）一191一Appendix　C．Other．　Scattering　Mechanisms　inHole　Transport　Calculation．The　expressions　for　sca七tering　mechanisms，　except　other．than　those　mentioned　in§2・4・4，　aresummarized．　　　Po1αT　oμ2cα『5cαオオθT2ηg’Th¢polar　optical　scattering　mechanism，　which　is　the　interactionbetween　f亡ee　holes　by　dipole　moment，isちhe　most　impor七ant　at　room　temperature．　The　scatteringrate　is　［17，34］亀。（秘，たひ）＝・2m｝ω・4πε、ん2砿儲）毒（Σ・・（・・＋1干1）Gω1−2（ん±／た乞）十（たま：／轟『の、・ﾌ，（c．1）whereε○。　is　the　high−frequency　dielectric．　constant．　The　wave　vectors和±correspond　to　energiesEゴ±んωo，respectively．　　　．4co冠5オ歪04εノbTm漉。πpoまe襯α『5cα伽熾g’The　acoustic　defbrmation　potential　due　to　thechanging　of　lat七ice　aちom　positions　scatters　carriers．　The　scattering　rate　by　acoustic　defbrma七ionpotential　is　given　by七he　fbrm［17，34］　　　　　　　　　　　　　　　　　　　　　　亀・（扇）一E即興讐）吻，　　（c・・）whgre．配1　is　the　acoustic　defbrmation　potentiaL　　　−PぎεzoeJec魏。　5cαオfer腕g’The　scattering　rate　by　the　piezoelectric　potential　has　the．負）rm［17，34］．　　　　　　　　　　　　　　　　　　　　　晶晶）一ε2癖黙ムG穿）吻，．　（C・3）whereんpz　is　the　piezoelectric　collstant．　Sometimesε14　is　used　instead　ofんpβ．　In　mQst　otherIII−V　semiconductors　such　as　GaAs，　the　effect　of　this　scattering　mechanism　on　hole　transport　isless　important　than　that　of　the　other　sca七tering　mechanisms。一192一Bibliography［1］M．E工in，　G．　Xue，　G．　L．　Zhou，　J．　E．　Green　and　H．　Morkoc：Appl．　Phys．　Lett．63（1993）　　　932．［2］S．Chichibu，　H．　Okumura，　S．　Nakan｝ura，　G．　Feuillet，　T．　Azuhat＆，　T．　Sota　and　S．　Yoshida：　　　Jpn．　J．　Appl．　Phys．36（1997）1976．［3］B．E．　Foutz，　L　R　Ea8tman，　U．　V．　Bhapkar　and　M．　S．　Shur：AppL　Phys．　Lett．70（1997）　　　2849。［4］PDas　and　D．　F．　Ferry：Solid　State　Electron．19（1976）851．［5］W．Sei飴rt　and　A．　Tempel：Phys．　Status　Solidi　A23．（1974）K39．［6］S．K．　O，Leary，　B．　E．　Foutz，　M．　S．　Shur，　U．　V．　Bhapkar　and　L．　F．　Eastman：J．　Appl．　Phys．　　　83（1998）826．［7］M．A』ittl〔葡ohn，　J．　R．　Hauser　and　T．　H．　Glisson：AppL　Phys．　Lett．11（・1975）625．［8］B．Gelmont，　K．　Kim　and　M．．Shur：J．　Appl．　Phys．74（1993）1818、［9］V・W・L・Chi・，　T・R・T・n・1・y・・d　T・0・・t・h…7・ApPl・Phy・・75（・994）7365・［10］N．S．　Mansour，　K．　W．　Kim　and　M．　A．　Littl句ohn：J．　Appl．　Phys．77（1995）2834．［11］U．V．　Bhapkar　and　M．　S．　Shur：J．　AppL　Phys．82（1997）1649．［12］J．D．　Albrecht，　R　P．　Wang，　P．　P．　Ruden，　M．　Farahmand　and　K．　F．　Brennan；J．Appl．　Phys．　　　83（1998）1446．［13］J．D．　Albrecht，RP．　Wang，　P．　P．　Ruden，　M．　Farahmand　and　K．　F．　Brennan：」．Appl．　Phys．　　　83（1998）4777．［14］B．K．　Ridley：g彫α撹πm−Procε55e5伽3em2coπ4賜。オor5（Oxfbrd　University　Press，　Oxfbrd，　　　1988）2nded．［15］D．K．　Ferry：5e煽coη4％cオoT5（Macmillian，　New　York，1991）．［16］K．Tomizawa：∬α裾ofα2、Oeゐα乞5冠5ん翻騨Te5Ψoη（Semiconductor　Device　Simulation）（Ko−　　　rona，　Tokyo，1996）p．208［in　Japapnese］，［17］M・W・・zel，　G・1・mer，　J・M・neck・and　W・Si・g・i・J・ApPL　Phy・・8・（1997）正78…［18］R．P．　Joshi：Appl．　Phys，　Lett．64（1994）223．［19］C．Jacoboni　and　L　Reggiani：Rev．　Mod．　Phys．55（1983＞645．［20］P．Lugli　and　D．　K．　Ferry：IEEE　Trans．　Electron．　Devices　ED−32（1985）2431．［21］M．V。　Fische七ti　and　S．　E．　Laux：Phys．　Rev．38（1988）9728．一193一［22］J．Kolnik，1．　H．　Oguzman，　K．　R　Brennan，　R．　Wang，　P．　Ruden　and．Y．　Wang：」．Appl．　Phys．　　　78（1995）1033，［23］LV・K・ldy・h・年hTETF　48（1965）1♀62・［24］w．Fawcett，　A．　D．　Boardman　and　s．　swaih：J．　Phys．　chem．　solids　31（1970）1963．［25］W・F・F・・，M・F』i，　T・C・Chong　and　J・．　B　Xia，：Soli璽Slaちe　go甲興nρ7（1996）3r1・［26］M・．S・・gki・nd　T・U・n・y・m・・M・七…R…S…Symp・P・…46S（1997）．251・［27］J．D．　Wiley：5ε煽coπ4％cオoT5απ45e煽meオα♂5（Academic，　New　Ybrk，1975）VoL　10，　Chap．21［28］G．D・esselh・u・，　A．　F，　Kip・nd　C．　Kiぢ七・1・、Phy・．　R・v．98（1955）．368．［29］B．Lax　and　J．　G．　Mavroidgs：Phys．　Rev．100（1955）1q50．［3・］A・C・．Bee・・σ伽・・m・鱒・砺・cオ・¢・5・禰・・蜘吻・（A・ad・�u・，　N鐸％・k，・963）・［31］R・J・Stim・5・蜘・4・・オ…・45・漁・姻A・ad・甲i・，　N夢w　Y・・k，1972）．　V・L　8・［32］H．Brooks　and　C．　Herring：Phys．　Rev　83（1951）879．［33］O．Brandt，　E　Yang，．H．　Kostial　and　K　Ploog：AppL　Phys．　Lett．71（1996）2707．［34］D．C．　Look，　D．　K．10ran6e，　J．　R．　Sizelove，　C．　E．　Stutze，　Kl．　R．　Evans　and　D．　W．　Whitson：　　　J．AppL　Phys．71（1992）L260．［35］T．Brudevoll，　T　A，　Fjeldy，　J．　Baek　a孕d　M．　S．　Shur：J．　AppL　Phys．67（1990）L7373．［36］D．Ch“ttopadhyay．and　H．．J．　Queisser：Rev．　Mod．　Phys．5き．（1981）745．［37］M．Shur，　B．　Glemont　and　M．　Asifkhan：J．　Electron．　M昂七er．25（1996）777．r一194一

