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Preface

Electronic RF-communication and sensing systems have dramatically changed
our daily lives since the invention of the first electronic transistor in 1947.
Advanced semiconductor devices are key components within electronic sys-
tems and ultimately determine their performance. In this never ending chal-
lenge, wide-bandgap nitride semiconductors and heterostructure devices are
unique contenders for future leading-edge electronic systems due to their out-
standing material properties with respect to speed, power, efficiency, linearity,
and robustness. At the same time, their material properties are challenging
compared with any other material system due to high growth temperatures
and many other intrinsic properties.

Wide bandgap semiconductors have attracted a lot of attention in the
last ten years due to their use in optoelectronic and electronic applications.
The field is developing rapidly due to the high investments in US, Japanese,
and increasing European research and development activities. Some of the
knowledge acquired may not be available to the general public because of
military or civil restrictions. However, this work compiles and systemizes the
available knowledge and evaluates remaining issues. This book is of interest to
graduate students of electrical engineering, communication engineering, and
physics; to material, device, and circuit engineers in research and industry;
and to scientists with general interest in advanced electronics.

The author specially thanks those people, without whom and without
whose individual contributions such a challenging work would have been
impossible. He owes special thanks to:

Prof. Dr. Giinter Weimann, director of the Fraunhofer Institute of Applied
Solid-State Physics (IAF), for his encouragement, his advice, and continuous
support.

Prof. Dr. Joachim Wagner for the encouragement to start this project.
Prof. Dr. Siegfried Selberherr, Insitut fiir Mikroelektronik, TU Wien, for con-
tinuous encouragement and support.
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Dr. Friedbert van Raay for his proof reading, contributions to large-signal
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Dr. Wolfgang Bronner for his contributions to the development of technology
and the SiC back-end process.

Dr. Wilfried Pletschen for his thorough proof reading and his kind advise on
etching.
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and large-signal modeling.

Dr. Patrick Waltereit for numerous fruitful discussions on epitaxial and pro-
cess development.

Dipl.Ing. Daniel Krausse for his work on low-noise amplifiers.

Dr. Vassil Palankovski and Dipl.Ing. Stanislav Vitanov, TU Vienna, for proof
reading and their valuable support on physical device simulation.

Dr. Azel Tessmann for his continuous good mood and valuable motivation
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Introduction

This monograph is devoted to the development of III-N semiconductor-based
electronics for high-power and high-speed RF-applications. Material prop-
erties of these polar materials, the state-of-the-art of substrates, epitaxial
growth, device and processing technology, modeling, and circuit integration,
and examples are discussed. A full chapter is devoted to the critical aspect of
device reliability. The work concludes with integration and packaging aspects
specific to the new properties of III-N-based-circuits and subsystems.

In the second chapter, general material and transport properties, advan-
tages, and theoretical electrical and thermal limits are presented. Further, the
state-of-the-art for nitride-based substrates, materials, electronic devices, and
circuits are reviewed systematically.

For epitaxial growth, both the aluminum and indium-based binary and
ternary compounds are described with emphasis on AlGaN/GaN and In—
Ga—N-based heterostructure systems in Chapter 3. Epitaxial growth tech-
niques such as molecular beam epitaxy (MBE) and metal organic chemi-
cal vapor deposition (MOCVD) are analyzed systematically. Nitride-specific
material characterization, doping, and material quality issues are analyzed.
Substrate properties are reviewed systematically with respect to electronic
requirements.

Currently a major focus of development is devoted to high electron mobil-
ity transistors (HEMTs) with gate lengths down to 30nm and cut-off fre-
quencies up to 190 GHz. Thus, for this class of devices, specific field-effect
transistor problems such as Schottky and ohmic contacts, and lithography of
optically transparent materials are discussed. State-of-the art recess processes
and passivation technologies are analyzed. Bipolar device technology issues
are reviewed.

In the device modeling and characterization Chapter 5, DC, small-signal,
and noise characterization and modeling are presented with respect to nitride-
specific questions. As frequency dispersion is a major source of performance
and device degradation, the characterization and reduction of dispersion
involving pulsed-characterization and other advanced techniques are dis-
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cussed. Large-signal characterization and modeling are discussed for nitride
devices, including the modeling of contacts, diodes, dispersion, and thermal
aspects.

Chapter 6 discusses circuit examples for high-power RF amplifiers with
a focus on increased impedance, thermal management, and high RF-power
management between 0.5 and 100 GHz. Low-noise amplifiers are presented
and analyzed for high-dynamic range, robustness, and high linearity. The last
section of the chapter treats other circuits functions such as mixers and oscil-
lators. Again, nitride-specific advantages and challenges are investigated.

In Chapter 7, nitride-specific device and circuit reliability issues and device
failure mechanisms are analyzed and described systematically. The last chap-
ter describes integration and packaging considerations, thermal-mounting and
thermal-packaging considerations, for state-of-the-art amplifiers, and subsys-
tems.
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ITI-N Materials, and the State-of-the-Art
of Devices and Circuits

In this chapter, general material and transport properties, advantages, and
theoretical electrical and thermal limits of nitride semiconductors are pre-
sented with respect to electronic applications. This chapter further provides an
overview of substrate materials. The state-of-the-art for nitride-based materi-
als, electronic devices, and circuits are reviewed systematically. The last sec-
tion defines application-specific requirements on nitride semiconductor devices
from a more system oriented point of view. The chapter concludes with a num-
ber of problems.

2.1 State-of-the-Art of Materials Research

A systematic overview of the material properties is given in the following.
For a systematic introduction, Fig. 2.1 depicts the bandgap at a lattice tem-
perature of 300K for various semiconductor materials as a function of lat-
tice constant. The selection of the specific material constant as lattice con-
stant in noncentrosymmetric materials may be arbitrary, however, is useful
for a systematic introduction. With the bandgap of InN recently suggested
to be about 0.8eV and the bandgap of AIN to be 6.2eV at room temper-
ature, the ITI-N material system covers a very broad range of energies and
thus emission wave lengths from the infrared to the deep ultraviolet unchal-
lenged by any other available material. Electronically, a very broad range
of bandgap energies is found resulting in extremely high bulk material break-
down voltages, which can be traded in for low-effective mass and high mobility
of GaN with m,, = 0.2m,, or even of InN with m,, = 0.11m, (potentially
even m, = 0.04m, [2.122]) by changing the material compositions in the
heterostructures. At the same time, a second trade-off is imminent and differ-
ent from any other semiconductor material system. Due to the strong polar
material properties, the modification of the material composition results in
dramatic modifications of the polar crystal properties, and thus of available



4 2 III-N Materials, and the State-of-the-Art of Devices and Circuits

7 T T T T T T T
6 L ® AIN |
_ ' BN
S 5 L ]
o,
&
S 4 I GaN 7
S ZnO
3T sic GaP |
|
" T AAs
2 L ]
o " mpp
1 - \ InN SI® Gaas :
sapphire
0 1 A 1 A ‘I A 1 A
3 4 5 6 7

Lattice constant [Angstrom]

Fig. 2.1. Bandgap energy at 71, = 300 K as a function of lattice constant of III-N
semiconductors: Other ITI-V semiconductors are given for comparison

carrier concentrations obtained at the interfaces and thus available in the
devices. Thus, and in some respect very similar to silicon, the huge success
of III-N material is not mainly due to the intrinsic bulk material transport
properties (especially the p-material properties do not compare well with
n-properties in ITI-N materials), but due to the interface properties. In the
case of silicon, the success is based on the formation of a native oxide which
can be optimized and used tremendously, e.g., [2.411], and is recently replaced
by other dielectrics, which also are well behaved on silicon, e.g., [2.136,2.145].

In the case of III-N heterostructures, the interfaces allow for the formation
of n-channels and intrinsically provide extremely high carrier concentrations
>10'3 cm ™2 through polarization engineering without further impurity dop-
ing. On the contrary, and unlike silicon, the semiconductor—dielectric inter-
faces remain a challenge in the ITI-N world, as suitable interfaces can be formed
from a practical point of view, however, these interfaces and their long term
behavior are not well understood mainly due to the high-sheet charge concen-
trations.

2.1.1 Binary Materials

The binaries of the elements Al-In-Ga-B-N are the basic materials for the
semiconductor material class named Nitrides: gallium nitride (GaN), alu-
minum nitride (AIN), indium nitride (InN), and boron nitride (BN). Epi-
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taxially grown silicon nitride (SiN), although not of crystalline quality, may
be added from time to time. Boron nitride (BN) is still relatively immature
as a semiconductor material [2.99]. Initial results on the material and device
level are available [2.99], featuring the especially good thermal conductivity
of BN, second only to diamond when semiconductor materials are compared.
Good overview papers and collections are available, with a focus also on opto-
electronic and general material properties, and, e.g., in [2.100,2.101, 2.244,
2.315,2.324,2.369, 2.389]. Laser diodes are particularly addressed in [2.323].
The properties of SiN and SiOy are reviewed, e.g., in [2.440].

Crystal Structures for Electronic Applications

The ITI-N semiconductors can be found in three common crystal structures:

—  Wurtzite
— Zincblende
—  Rock salt

At room temperature GaN, AIN, and InN are found in the wurtzite structure,
while BN prevails mostly in the cubic structure. The zincblende structure
can also be found for GaN and InN for thin films, while for AIN no stable
zincblende phase has yet been detected [2.99]. However, this work addresses
also some mostly theoretical work on Zb—AIN. The rock salt phase is of no
importance to electronic devices so far. In the wurtzite structure the growth is
typically performed along the c-axis. Recently, growth along the m-plane has
been reported [2.61,2.342], as the resulting nonpolar material has a positive
influence on diodes efficiency in optoelectronics.

Gallium Nitride (GalN)

Gallium Nitride (GaN) is the basic material of this material class which is
typically used for all device layers requiring fast carrier transport with a high
breakdown voltage. GaN is used as the channel material in various FET's and
also as the base material in AlGaN/GaN HBTSs, e.g., [2.311]. Most of the
ohmic contact layers in any device incorporate binary n-doped and p-doped
GaN. GaN can further be grown as a semi-insulating material with growth
parameters close to those of the semiconducting layers.

Mechanical and Optical Properties

The crystal structure and the mechanical and thermal properties of GaN are
discussed in a number of publications, e.g., in [2.4,2.244,2.315,2.389]. The
data of all III-N binaries are also compiled in table form in the Appendix.
As an initial quantity, Table 2.1 compiles the data on the mass density. The
Vickers hardness and fracture toughness of bulk GaN in comparison to other
semiconductors are given in [2.92]. More recent results are presented in [2.524].
Table 2.2 compares the values of the hardness H and fracture toughness Kc.
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Table 2.1. Mass density of III-N and other semiconductor materials

Material GaN AIN InN BN Si Ref.

Mass density (gem™) 6.1 3.23 6.81 3.48 233 [2.17,2.99,2.443)

Wz wurtzite, Zb zincblende, ¢ cubic, d diamond

Table 2.2. Vickers hardness H and fracture toughness K¢ of III-N and other semi-
conductor materials

Material GaN AIN InN BN SiC  Si Ref.
H (GPa) 12 14 11.2 5565 33 9  [292,2.451]
Kc (MPam'/?) 0.8 26 - - 3.3 0.7 [2.92,2.244]

Table 2.3. Elastic constants of wurtzite III-N semiconductors and other materials

GaN AIN  InN BN Ref.
(Wz)  (Wz)  (Wz)  (¢)

(GPa) 390 396 223 831 [2.99,2.275,2.372,2.449, 2.485]
Css (GPa) 398 373 200 -  [2.99,2.275,2.372,2.449,2.485)

(GPa) 105 116 48 450 [2.372,2.451,2.485)

(GPa) 145 137 115 190 [2.99,2.275,2.372,2.449, 2.485]
Cis (GPa) 106 108 92 — [2.275,2.372,2.449,2.485]

Wz wurtzite, ¢ cubic

Table 2.4. Elastic constants of zincblende III-N semiconductors

GaN  AIN InN BN Si Ref.

(Zb)  (zb)  (Zb) ()
Cu  (GPa) 293 304 187 820 1658  [2.244,2.371,2.485]
Cu (GPa) 155 193 86 480  79.6  [2.244,2.371,2.485)
Ciz  (GPa) 159 160 125 190  63.9  [2.244,2.371,2.485]

Wz wurtzite, Zb zincblende, ¢ cubic

Table 2.5. Coefficients of thermal expansion (CTE) of III-N semiconductors and
other materials at room temperature

GaN GaN AIN InN BN SiC Sap. Si Ref.

(Wz) (Sa) (p) (p) (c)
a, (107°K71) 31 38 29 3.6 115 3.2 43 26 [2.99,2.222 2.243]
ac (107°K™1) 28 29 34 26 - 3.2 32 26 [2.222,2243)

Wz wurtzite, Sa epitaxially on sapphire substrate, ¢ cubic, p powder
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¢-BN is a particularly hard material, while GaN, AIN, and InN have nearly
the same hardness. This hardness makes c-BN attractive in various ceramic
materials. The elastic constants of wurtzite gallium nitride determined by
Brillouin scattering are reported, for example, in [2.372] and are compiled in
Table 2.3. A prediction of the high-temperature elastic constants of GaN, AIN,
and InN is given in [2.381]. Deduced from this, a bulk modulus By of GaN
is found to be 210 GPa. For BN, a comparison of the different calculated and
measured values is given in [2.99]. First principle calculations of the properties
of zincblende AIN and GaN are given in [2.177]. The elastic constants of the
zincblende phase are compiled in Table 2.4. The pressure dependence of the
elastic constants of zincblende BN, AIN, GaN, and InN is analyzed in [2.178].

The linear coefficients of thermal expansion (CTE) at room temperature
and at elevated temperatures are important for the growth. Those of wurtzite
GaN have been measured between room temperature and >750K for both
bulk GaN and epitaxial layers grown on sapphire, e.g., in [2.243]. The data
are compiled in Table 2.5. Table 2.5 further compares the CTE of ITI-N semi-
conductors to silicon carbide and other typical substrates materials. The dif-
ferences in CTE and its temperature dependence have a similar impact to
layer growth of heterostructures as the lattice constants, as discussed in Chap-
ter 3. The thermal conductivity of GaN was initially reported in [2.423] and
many of the references date back to this publication. More recent measure-
ments, especially as function of dislocation density in thin layers, can be found
in [2.120,2.216,2.264] and are discussed later with respect to the modeling and
the importance of the crystalline quality. The data are compiled in Table 2.16.

Dielectric Constants

Compiling the basic dielectric properties, Table 2.6 gives both the static and
the high-frequency dielectric constants. The dielectric constant of GaN is
slightly lower than in silicon and GaAs (not shown). InN has the highest
values of the three binary materials.

Overviews of further optical functions of GaN such as the refractive index
are given in [2.3,2.298]. The absorption spectrum of GaN at room temperature
and the absorption coefficient are presented in [2.64].

Table 2.6. Dielectric constants of III-N and other semiconductor materials

Material GalN AIN InN GaN BN Si Ref.

(Wz) (Wz) (Wz) (Zb) (c)
& 951,104 || 85 153 95 7.1 119 [2.3,2.64,2.492]
ginf 5.5 ATT 84 535 45 - [2.3,2.64,2.492]

Wz wurtzite, Zb zincblende, and ¢ cubic
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Basic Transport Properties

Electronic transport in GaN is mostly understood, but a number of issues
remain for further research. These include, e.g., the maximum carrier veloc-
ity Upeak in bulk material and at heterointerfaces, which are discussed later.
General electrical properties of GaN, as well as AIN and Al,Ga;_,.N, are com-
piled in [2.123]. An early, but accurate estimate of the carrier concentration
dependence of the bulk mobility in GaN, InN, and AIN using the variational
method is given in [2.64]. Based on more recent data, a mobility and carrier
vs. doping concentration analysis for wurtzite MOCVD-grown bulk GaN is
provided in [2.259]. Both donor and acceptor concentrations in the order of
107 cm ™3 are extracted. A specific mobility model for bulk GaN including
the dependence on the free electron concentration is given in [2.308]; however,
newer experimental results require an update of the actual parameters.

Table 2.7. Comparison of the low-field mobility values in various III-N bulk and
2DEG materials

Material n/p T,  Np/Na 1 Method Ref.
(K) (cm™?) (em?V~ts™h)

GaN (Wz) n 300 Np=1x10"" 990 MC [2.113]
GaN (Wz) n 450 Np =1x10'" 391 MC [2.113]
GaN (Wz) n 600 Np=1x10'" 215 MC [2.113]
GaN (Wz) p 300 Na = 3.6 x 10 150 meas. [2.123]
GaN (Wz) n 2DEG 300 0 2,000 MC [2.337]
GaN (Wz) n 77  Np=1x10" 6,000 VP [2.64]
GaN (Zb) n 300 Np=1x10"" 1,100 MC [2.17]
GaN (Zb) n2DEG 300 0 2,100 MC [2.337]
GaN (Zb) p 300 Na=1x10" 350 meas. [2.21]
AIN (Wz) n 300 Np=1x10" 135 MC [2.349]
AIN (Wz) n 77  Np=1x10 2,000 VP [2.64]
AIN (Zb) n 300 0 200 MC (2.17]
AIN (Zb) n 100 0 400 MC [2.17]
InN (Wz) n 300 Np=1x10" 3,000 MC [2.35]
InN (Wz) n 300 Np=1.5x10'" 3,570 meas. [2.114]
InN (Wz) n 77 Np=1x10" 30,000 VP [2.64]
InN (Zb) n 100 Np =1x10" 9,000 MC [2.17]
BN (c) p 300 Na=5x10" 500 meas. [2.253]

Wz wurtzite, Zb zincblende, ¢ cubic, VP variational principle, MC Monte Carlo,
meas. measured
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Low-Field Mobility

Several predictions and measurements are available for obtaining estimates for
the maximum low-field mobility in both bulk and 2DEG electron gas. Table 2.7
compiles the data of the low-field mobility with respect to temperature and
impurity dependence of the mobility in III-N bulk materials. The maximum
values from [2.64] are given for completely uncompensated material.

Recent advances in material growth show great improvements in channel
mobility of optimized AlGaN/GaN 2DEG channel-layer material with Hall
mobility values of up to 2,000cm? V-1s=1 [2.435] at room temperature in
agreement with theoretical predictions [2.337]. For the analysis of the mobility
in bulk and 2DEG-GaN, the temperature dependence is plotted in Fig. 2.2
taken from [2.37] and data therein. The effects to influence mobility include:

— Phonon scattering by acoustic and optical phonons

— Tonized impurity scattering [2.37] at both background impurities and sur-
face donors

— Threading dislocations [2.258,2.329,2.435)

—  Alloy scattering [2.34,2.414]

The maximum drift mobility of wurtzite bulk GaN is about 1,100 cm? V~1s~1.
The hole mobility in bulk GaN is much lower with maximum values of
175ecm? V=1s~!. The reduced impurity scattering in 2DEG channels at
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Fig. 2.2. Drift mobility as a function of lattice-temperature 71, for bulk GaN and
2DEG-GaN depicting the different limiting effects from [2.37,2.329]
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very low surface scattering levels yield 2DEG-mobility values of up to
2,000cm? V='s~! for both wurtzite and zincblende material. A theory of
charged dislocation scattering in GaN is given [2.258]. The fit of the temp-
erature-dependent Hall data can be correlated with the dislocations observed
by TEM. The impact of threading dislocations on the transverse mobility
in GaN is further discussed in [2.493]. The model explains the impact of
trap occupancy and related scattering on the mobility at different doping
levels. Alloy disorder is a limiting factor to transport at GaN heterointer-
faces, as discussed in [2.414]. Further analysis is provided in Chapter 3. AIN is
an insulator due to the high activation energy of the donors and the large
bandgap. The theoretical low-field mobility of AIN is discussed in [2.17].
It is found to be phonon-limited with the electron mobility values given in
Table 2.7. Theoretical values for the drift mobility of 135cm? V~1s~! and
200cm? V~1s~! for fully uncompensated material have been found. Similar
to InN, the hole transport properties of AIN are not understood very well. The
predicted low-field drift mobility of InN at room temperature is found to be as
high as 3,000cm? V=1s™1 in [2.35] and 3,700cm? V=1s~! in [2.17]. At 100K,
a maximum low-field mobility as high as 9,000cm? V~=!s~! is predicted for
zincblende InN material [2.17]. Variational principle calculations leads to pre-
dictions of 30,000cm? V~!s~! at 77K for completely uncompensated material
at low impurity concentrations of 10'® cm™3. Again, hole transport in InN is
not well understood due to the lack of proper p-doping [2.170].

High-Field Transport

Several MC calculations of the velocity-field characteristics of wurtzite GalN
considering the high-field transport are available and given, e.g., in [2.37,
2.121]. There is a significant discussion on the extraction of delay times in
HFETs and resulting carrier velocities, which disagree with the MC calcu-
lations, see also Sect.2.2.7. Table 2.8 compiles the bulk saturation velocity
and critical field parameters from various sources. The comparison reveals
the increase of both the saturation velocity vs,t and the critical field Ecpi
compared to other high-speed materials such as silicon, GaAs, and SiC. Peak
velocity values as high as 3 x 107 cms™! are found for electrons in GaN. The
differences between wurtzite and zincblende semiconductors are found to be
insignificant. AIN has a very high critical field in agreement with the high
bandgap energy, whereas the critical field of InN is lower than in GaN. The
predicted electron peak velocity in InN can be as high as 4 x 107 cms™?.
Apart from bulk material, MC simulations in 2DEG AlGaN/GaN chan-
nels including hot-phonon and degeneracy effects are provided in [2.380] by
a combined MC and Schrodinger—Poisson analysis. The wavefunctions for the
confined electrons are calculated. The simulation suggests that the degen-
eracy in the 2DEG reduces the electron drift velocity, while hot phonons
reduce the drift velocity and increase the electron energy relaxation time.
The energy relaxation time at RT extract by MC simulation amounts to
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Table 2.8. Comparison of the velocity-field characteristics in various bulk
materials

Material n/p T FEorit Upeak Usat Np/Na Ref.
(K) (kVem™) (10" ecms™) (107 cms™) (ecm™?)
GaN (Wz) n 300 175 2.5 - 2 x 10'¢ [2.500]
GaN (Wz) n 300 150 2.7 2.5 1 x10* [2.37]
GaN (Wz) n 300 140 2.9 1.8 1 x10'7 [2.121)
GaN (Wz) n 77 150 3.2 2.7 1 x 10% [2.37]
GaN (Wz) p 300 - - 0.48 - [2.286]
GaN (Zb) n 300 145 2.6 1.34 1 x 10" [2.17]
GaN (Zb) p 300 - - 0.92 - [2.286]
AIN (Wz) n 300 450 1.7 1.4 1 x 10'7 [2.121,2.349]
AIN (Wz) n 300 447 2.3 2.16 1 x 10" [2.113]
AIN (Wz) p 300 — - - - -
AIN (Zb) n 300 550 1.8 1.59 1x 10" [2.17]
AIN (Zb) p 300 — - - - -
InN (Wz) n 300 65 4.2 1.8 1 x 10" [2.121]
InN (Wz) n 300 52 3.4 - 1 x 107 [2.113]
InN (Zb) n 300 45 2.9 1.4 1 x 107 [2.17]

InN (Zb) p 300 — - - - -

Wz wurtzite, Zb zincblende, ¢ cubic

0.3ps at 10kVem™! [2.380]. Experimental determination of the hot electron
energy relaxation time in MBE-grown n-GaN is presented in [2.521]. The
extracted value amounts to 0.2ps at at a carrier concentration of 108 cm=3.
Similar field-dependent investigations in Al1GaN/GaN heterostructures based
on microwave noise are given in [2.281]. RT data yields energy relaxation times
of 0.3ps at 10kVem ™" and 1ps at 2kVem™!. The transient electron trans-
port based on MC simulations in wurtzite GaN, InN, and AIN is discussed
in [2.121]. In the transient situation very high theoretical overshoot values
are observed. However, the paper also depicts the trade-off between transient
overshoot and saturated velocity in bulk FET-like transient transport.

Band Structure of GaN

The band structure of GaN has been analyzed in a number of publications,
e.g., in [2.108,2.127,2.128,2.238,2.522]. However, it is not yet fully understood,
especially with respect to the higher energy bands. A comprehensive overview
of the band parameters of wurtzite and zincblende GaN, AIN, and InN is given
in [2.485] in a continuation of the great ITI-V overview in [2.486]. A consistent
set of parameters is presented for both the wurtzite and zincblende binary
ITI-N materials. From an experimental point of view, absorption coeflicient,
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energy gap, exciton binding energy, and recombination lifetime of Wz-GaN
are measured and reported in [2.317]. From these both bandgap, exciton ener-
gies, and radiative constants can be derived.

Table 2.9 compiles available mass parameters from band structure calcu-
lations and measurements. Various predictions exist for the effective electron
mass in GaN, e.g., in [2.128]. The conduction band electron effective mass
in wurtzite GaN is measured to be 0.2m,, as reported in [2.91]. The effec-
tive mass parameters are further collected from the band structure calcula-
tions in [2.127,2.128,2.238,2.486]. The heavy hole masses m, are further
distinguished along the z- and z-direction. The hole effective mass in p-GaN
and the influence of band splitting and band anisotropy on free hole statistics

Table 2.9. Comparison of the effective mass parameters in various II1I-N semicon-
ductor materials

My mp(I — K) mu(I' —A) mua(I' — M) Ref.
(me) (me) (me) (me)
GaN (Wz) 0.2 0.36 0.27 0.33 [2.91]
AIN (Wz) 0.48 0.42 0.33 0.40 [2.349]
InN (Waz) 0.11 (0.05) — - - [2.122,2.486)]

my(I7) mp1(X) M, (X) Ref.
(me) (me) (me)

GaN (Zb) 0.15 0.5 0.30 [2.108,2.485]
AIN (Zb) 0.25 0.53 0.31 [2.108,2.485]
InN (Zb) 0.07-0.11 0.48 0.27 [2.485]
Mp.h Mp,1 Mp,so Ref.
(me) (me) (me)
GaN (Wz) 1.4 0.3 0.6 [2.108,2.244]
AIN (W3z) 3.52 (z) 3.53 (2) 0.25 (2) [2.108,2.244]
AIN (Wz) 10.42 (z) 0.24 (z) 3.81 (z) [2.108,2.244]
InN (Wz) 1.63 0.27 0.65 [2.108,2.244]
Mp,h Mp,1 Mp,so Ref.
(me) (me) (me)
GaN (Zb) [100] 0.74 0.21 0.33 [2.108]
GaN (Zb) [111] 1.82 0.18 0.33 [2.108]
GaN (Zb) [110] 1.51 0.19 0.33 [2.108]
AIN (Zb) [100] 1.02 0.35 0.51 [2.108]
AIN (Zb) [111] 2.85 0.30 0.51 [2.108]
AIN (Zb) [110] 2.16 0.31 0.51 [2.108]

Wz wurtzite, Zb zincblende
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in wurtzite GaN are discussed in [2.400]. The degeneracy effects are strong
and require detailed investigations to obtain the effective hole mass at the
particular density-of-states.

Bandgap Energies

The bandgap energy parameters of different crystal structures in ITI-N mate-
rials are compared in Table 2.10. Further, the intervalley separation energies
in k-space are of practical importance for the high-field transport of electrons
and holes. They are compiled in Table 2.11 for both wurtzite and zincblende
structures. The uncertainty of the band structure and energy gap prevails
specifically for AIN and InN for the higher bands.

The data of wurtzite GaN and AIN are based on the first principle
calculations in [2.441] and the erratum [2.442]. At heterointerfaces between
two semiconductors, the energy band discontinuities and bandgap alignments
are of high importance, as they determine the energy barriers which the carri-
ers have to surmount. All ITI-N materials lead to so-called type-I transitions.
However, in conventional heterostructures, the alignments are symmetrical
with respect to the growth order starting from the substrate. In highly polar
semiconductors, such as the III-N material system, this is not necessarily
the case, due to the strain effects depending on the substrate (bottom), and
the resulting strain and thus polarization charge in the thin top layer. The
valence band discontinuities for GaN, AIN, and InN have been complied, e.g.,
in [2.275]. The valence band alignment energies are found for the three binary
materials, as given in Table 2.12. The additional transitions toward ternary
material are also discussed later. BN is not included in this comparison, as
the cubic phase BN cannot be grown lattice-matched to the other materials.

Table 2.10. Comparison of the bandgap parameters in various bulk materials at
300K

(Wz) Ref. (Zb) Ref.
GaN Egr1 (eV) 3.43 [2.121] Eer (eV) 3.38,3.1,3.2 [2.108]
GaN Egrs  (eV) 5.29 [2.121] Eex (eV) 457,47 [2.108]
GaN Eg1-m  (eV) 5.49 [2.121] Eer (eV) 5.64, 6.2 [2.108]
AN Bz (eV) 62,612 [2.121,2.245] Eyr (eV) 5.94, 6.0 [2.108]
AN Eg1om (eV) 6.9 [2.121] E.x (eV) 5.1, 4.9 [2.108]
AN Ega_a (V) 7.2 [2.121] Eer (eV) 942,93 [2.108]
IN Eyri (eV) 077 [2.501] E.r (eV) 075 [2.486]
InN Eyc_a (V) 4.09 [2.121] Eex (eV) 2.486 [2.486]
InN Egrs (V) 4.49 [2.121] Eer (eV) 5.79 [2.486]

Wz wurtzite, Zb zincblende



14 2 III-N Materials, and the State-of-the-Art of Devices and Circuits

Table 2.11. Comparison of the intervalley separation energies in various bulk mate-
rials at 300 K

(Wz)  Ref. (Zb)  Ref.
GaN — (eV) — - I (eV) — _
GaN I'—3 (V) 1.9  [2.121] I—X (eV) 14 [2.17,2.244]
GaN L — M (eV) 2.1 [2.121] I'—L (eV) 1.6-1.9 [2.244]
AIN T (eV) — - - (eV) —
AINI —(L—M) (V) 07  [2121,2.441] — (eV) —
AINT - K (eV) 1.0 [2.121,2.441] - (eV) -
InN — (eV) — - (eV) —
InN I — (M — L) (eV) 2.9-3.9 [2.244] (eV) -
InN T — A (eV) 0.7-2.7 [2.244] (eV) -

Wz wurtzite, Zb zincblende

Table 2.12. Comparison of the bandgap alignment parameters in various bulk
materials at 300 K

Bottom  GaN AIN InN Ref.

Top  (eV) (Wz)  (Wz) (Wgz)

GaN  (Wz) 0 0.7 1.05 [2.275]
AN (Wz) 07 0 181 [2.275]
InN  (Wz) 105 181 0 [2.275]

Bottom  GaN AIN InN Ref.

Top (eV) (Zb) (Zb) (Zb)

GaN  (Zb) 0 085 051  [2.324]
AIN  (Zb) 085 0 1.09  [2.324]
InN  (Zb) 051 109 0 [2.324]

Wz wurtzite, Zb zincblende

Further empirical pseudopotential calculations of wurtzite GaN and InN are
given in [2.522]. For the complete band structure, a nonlocal pseudopotential
calculation of the Ill-nitride wurtzite phase materials system is performed
in [2.128] for binary compounds such as GaN, AIN, and InN. Band struc-
ture calculations of wurtzite-type GaN and AIN are given in [2.298,2.441].
Particularly the complicated valence band structure and the effective mass
parameters of the wurtzite nitrides are obtained. The cubic approximation is
found to be fairly successful in the analysis for the valence-band structures of
the wurtzite-type nitrides.
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Table 2.13. Comparison of the direct recombination parameters in various bulk
materials at 300 K

GaN AIN InN
(Wz) (Wz) (Wz)
B (em®s™) 1.1 x107% [2.317] 04 x 107! [2.489] 2x107'° [2.533

Wz wurtzite

The band structure in zincblende GaN, AIN, and AlGaN is described in
[2.108]. Particularly, the energies of I, X, and L valley of Al,Ga;_,N as
a function of mole fraction x of are calculated.

Table 2.13 gives the direct recombination parameters of the III-N semi-
conductors for the direct band structure. As can be derived, the direct recom-
bination in GaN is very strong and about an order of magnitude higher than,
e.g., in GaAs.

Aluminum Nitride (AIN)

Second to GaN, AIN is the most important binary material in the III-N mate-
rial family for electronic applications and is mostly used as its ternary com-
pound Al,Ga;_.N, e.g., in barriers heterostructures. It is characterized to be
an insulator due to the high-bandgap energy and the high-activation energy
of donors. Binary AIN is usually grown nucleation layer to start the growth on
s.1. SiC or sapphire substrates, e.g., [2.96] and as an interlayer at the channel/
barrier interface, e.g., [2.66].

Mechanical and Optical Properties

Basic properties such as the crystal structure, mechanical properties, and
thermal properties of AIN are compiled in [2.287]. The mass density of AIN
is much smaller than in GaN or InN, as given in Table 2.1. As depicted
in Tables 2.2 and 2.3, thermal expansion and Vickers hardness of AIN are
relatively similar to those of GaN. Elastic constants of AIN are given for the
wurtzite phase in Table 2.3 and for the zincblende phase in Table 2.4.

The intrinsic thermal conductivity of AIN is determined in [2.428]. Its
high-thermal conductivity is better than that of any other semiconductor
apart from BN, SiC, and diamond, as is compiled in Table 2.16. This makes
AIN a potentially attractive substrate material. The optical functions, such as
the refractive index n, of AIN are given in [2.287]. The optical functions are
also compiled in [2.260], including the dielectric functions and the absorption
functions.

Basic Carrier Transport Properties

Although not of primary importance to most devices except in very thin
layers close to the channel, transport in AIN is relatively well investigated
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by MC simulations, also with respect to the understanding of the transport
in Al,Ga;_,N for various material compositions z. An early compilation of
the transport data of Al,Ga;_,N and AIN is given in [2.123], yielding the low
mobility of wurtzite AIN for both n- and p-type material, as given in Table 2.8.
The low-field electron mobility of AIN is calculated to be 135cm? V=15 ! at
room temperature and at a doping concentration of 10'7cm™3.

High-Field Transport

The electron high-field transport in wurtzite AIN is investigated by MC sim-
ulations in [2.349]. Further MC simulations on the transient transport in AIN
are given in [2.121]. The characteristics are determined by the relatively high-
effective electron mass of 0.48 m,, the large bandgap of ~6.2eV, and the very
small intervalley separation. The resulting velocity-field characteristic yields
a very high critical field of 450kV em™?! [2.349], as shown in Table 2.7. The
saturation velocity in AIN reaches 1.4x 107 cms™! at room temperature, while
the peak velocity in the bulk is calculated to be 1.7 x 107 cms~! at a doping

concentration of 1 x 1017 cm 3.

Band Structure of AIN

The high-bandgap energy of AIN of 6.2eV at room temperature allows the
bandgap in Al,Ga;_,N to be modified in a broad range from the value of
GaN to that of AIN. With the bandgap of InN found to be even smaller than
that of GaN, an even wider range is available for the material In,Al; _,N.
Early calculations of the band structure of wurtzite and zincblende AIN are
collected in [2.236]. The band structure of wurtzite AIN is calculated in [2.128].
Electronic band structure properties of zincblende AIN are further calculated
by the empirical pseudopotential method in [2.108]. From these calculations,
effective electron and hole mass parameters can be obtained, as compiled in
Table 2.9. The direct recombination parameter is depicted in Table 2.13, taken
from [2.489] and used for the development of light-emitting diodes with very
high bandgap and resulting photon energy.

Indium Nitride (InN)

InN and its compounds In,Ga;_,N and In,Al;_,N so far are not yet widely
used in electronic devices [2.230]. When used, both InAIN/GaN [2.143] as well
as AlGaN/InGaN [2.425] heterostructures have been reported. The indium
contents are low, e.g., in [2.85,2.150], to achieve the lattice match to GaN
buffer layers. The MOCVD growth of InN is complicated caused by the high-
growth temperature and resulting defect background concentrations and the
high amount of residual nitrogen vacancies due to the higher growth tem-
peratures required relative to MBE growth, as described in Chapter 3. The
MBE growth of InN is under development and allows improved material
quality and thus the use of the full range of material composition in the
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material In,Ga;_,N. High-quality InN has been recently grown by MBE,
e.g., [2.114,2.501]. A full review of the epitaxial growth is given in [2.38]. A bulk
electron mobility of 3,570cm? V~!s~! at 300K is obtained. The mobility at
150K is as high as 5,100cm? V~!s~!. P-type InN has been recently reported
in [2.170], which is essential for the realization of bipolar or optoelectronic
pn-devices.

Mechanical and Optical Properties

An initial compilation of mechanical, optical, and thermal properties of InN
is given in [2.449,2.451]. Mechanical data are compiled in Tables 2.1 and 2.2;
however, the data are relatively uncertain, due to the lack of real bulk InN
material [2.449]. Elastic constants of InN are given in Table 2.3. The thermal
expansion coefficients CTE in both wurtzite and zincblende structures are
compiled in Table 2.5. The CTE and the lattice constants suggest the growth
on sapphire substrates [2.54]. The thermal conductivity and the heat capacity
of InN are still primarily based on estimates and extrapolations, as explained
in [2.449], see also Table 2.16. The optical functions of InN are compiled
in [2.299]. Due to the new research on samples with improved material quality,
the bandgap and optical functions of InN are reconsidered, e.g., in [2.278,
2.279,2.425]. This fact also had a drastic impact on the calculation of transport
properties and the higher band, which have not yet been fully repeated based
on the new band structure.

Basic Carrier Transport Properties

An early compilation of the transport properties in InN is given in [2.54,2.453].
The early data are characterized by high background concentrations of 1019
102°cm =3 and associated low mobilities. An early evaluation of the InN
mobility as a function of temperature and compensation ratio using varia-
tional principle calculations is given in [2.64]. In theory, very high mobility
values of 4,400cm?V~1s™! are calculated, which, however, have not been
fully reached experimentally. An electron mobility of 1,200cm? V~!s~! and
a sheet carrier concentration of 1.2 x 10'* cm™2 have been obtained experi-
mentally at the InN/AIN interface, as reported in [2.307]. Polarization engi-
neering of n-InAIN/GaN HFETSs and the effect on DC- and RF-performance
are described in [2.186,2.187]. The use of In,Al;_,N/GaN is critical, as the
polarization-induced charge (PIC) is a much stronger function of the mate-
rial composition x than in the AlGaN/GaN material system, as explained
later. P-channel In, Ga;_,N HFETSs based on polarization doping are demon-
strated in [2.450]. Hall measurements indicate a 2D-hole gas (2DHG) mobility
of approximately 700cm? V~=!'s~! at a low temperature 77, = 66 K.

High-Field Transport

Mostly, the simulated results on transport in InIN are still based on the assump-
tion of a direct bandgap of InN of 1.89eV and an associated band structure.
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This was recently corrected to the much smaller bandgap value of ~0.77¢eV at
room temperature [2.501]. Most of the initial MC simulations thus have to be
taken with a grain of salt. Electron transport in wurtzite—InN is calculated by
Leary in [2.348]. Further ensemble MC calculations on the wurtzite material
by Bellotti et al. are given in [2.35]. The intervalley separation energies are
given in Table 2.11. As depicted in Table 2.8, the velocity-field characteristics
yield a maximum carrier velocity of up to 4.2 x 107 cms™! at a critical field of
about 52-65kV cm ™! in the homogenous bulk case [2.113,2.121]. These prop-
erties are promising, however, compared to GaAs or InGaAs material they are
not really surprising when considering the low effective mass, the low bandgap,
and maximum electron velocity. Transient-transport calculations in InN given
in [2.121] report velocity overshoot values above 10% cms™!. Quite outstand-
ing theoretical HFET cut-off frequencies are derived from these simulations
as upper bounds for a theoretical pure InN-channel-FET performance.

Band Structure

The data for the band structure of InN are taken, e.g., from the band structure
calculations in [2.128], which do not yet account for the recent modification
of InN bandgap energy. More experimental data on the electronic structure
of MBE-grown InN are provided in [2.307]. The effective electron mass of InN
has been found to be 0.11m, [2.486], as compiled in Table 2.9. This effective
mass value has to be considered high relative to the bandgap of 0.77eV, when
we compare it to other semiconductors, such as InAs or InP. Initial values of
the optical bandgap of InN were reported by Tansley in [2.450]. This leads to
a value of 1.89eV at room temperature. More recent reports on the optical
properties of InN, resolving the discrepancies of several publications at differ-
ent growth and doping conditions, are given in [2.278,2.279]. The bandgap of
InN is found to be 0.77eV at room temperature [2.425], as given in Table 2.10.
The difference is explained by the existence of oxy-nitrides, which have a much
larger bandgap. This low bandgap means a really conventional electronic ITI-
V material, e.g., with respect to the expected breakdown of devices. Optically
it means that a very broad range of wave lengths is available in the ITI-N
systems from deep ultraviolet to red. The intervalley separation energies of
both wurtzite are compiled in Table 2.11, based on the bandgap of 1.89¢€V.
Currently, there is little information on the intervalley energies of Zb—InN.

Boron Nitride (BN)

Boron nitride can be found in several crystallographic forms. The most impor-
tant insulating or semiconducting form of BN is cubic material, which is
metastable under normal conditions [2.53,2.99,2.253]. Ceramic BN is widely
used for industrial tools as abrasive. The great advantage of cubic-BN is its
Vickers hardness [2.253] and its good thermal conductivity, as compiled in
Table 2.16. Even ultraviolet pn-diodes can be formed from c-BN, as given
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in [2.300]. Despite the material growth problems, ultraviolet LED can be
formed [2.491], which operate up to very high temperatures of 530°C [2.300].

Mechanical and Optical Properties

The mass density of cubic ¢-BN is given in [2.99], as compiled in Table 2.1.
The outstanding Vickers hardness of BN can be observed in Table 2.2 [2.99].
Elastic constants of cubic BN are compiled in Table 2.3. The thermal expan-
sion for cubic BN is given in Table 2.5. The values for the cubic phase are
very similar to those of Zb—GaN. Thermal conductivity measurements and
heat capacity measurements of cubic BN will be given in Table 2.16. The
thermal conductivity of BN amounts to values of up to 750 Wm ™K', which
is higher than in any other semiconductor. The theoretical limit found is as
high as 1,300 Wm'K—1.

Basic Carrier Transport Properties

Basic mobility evaluation of cubic BN as a function of carrier concentration
have been provided, e.g., in [2.253]. Cubic BN is typically p-doped [2.135].
A Hall mobility of 500cm?V~1's™! is found at a carrier concentration of
5 x 108 cm—3 [2.253]. For n-type material, only few experimental data exist,
e.g., [2.300,2.496]. As ¢-BN is an insulator [2.496], the transport is character-
ized by high-activation energies of the carriers of >0.2 eV.

High-Field Transport

Band structure calculations are given in [2.71] with the result that cubic BN
is an insulator with a bandgap of 7.1eV. Thus, no MC transport calculations
are available for c-BN.

Dielectric Breakdown Fields

Table 2.14 compiles measured dielectric electric breakdown fields for various
ITI-N bulk materials. The dielectric breakdown field of GaN is reported to be
about 3 MV cm™'. AIN has a much higher breakdown field due to the higher
bandgap, which can be even higher than the value given in Table 2.14 [2.388].
The dielectric breakdown field of InN is not well investigated. The latter is due
to the high trap concentrations Nt and the new findings for the fundamental
bandgap. The breakdown fields of bulk ¢-BN reported in [2.53] vary from 2
to 6 MVem™!.

Table 2.14. Comparison of the bulk breakdown fields in various bulk materials at
300K

GaN  Ref. AIN Ref. InN Ref. BN Ref.
(Wz) (Wz) (Wz) (c)
Erreax MVem™') 33 [261] 84 [2.388) 12 [2.244] 26 [2.253]

Wz wurtzite, ¢ cubic
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Band Structure of BN

Band structure calculations of cubic BN are available [2.496]. Similar calcu-
lations, but not of cubic phase BN, are provided in [2.237]. The bandgap of
cubic BN is found to be similar to AIN and reported to be E, ~ 6.4eV at RT
in [2.253]. Further calculations of cubic BN in pseudopotential local density
formalism are provided in [2.497]. The calculated charge density of the BN is
very similar to other III-V semiconductors. A defect analysis of Be, Mg, and
Si in cubic BN is reported in [2.135,2.448]. The substitution of B by Mg or
Be typically leads to the p-type behavior of the grown material.

2.1.2 Material Limitations

The transport properties of III-N materials and the limitations of these mate-
rials have been discussed above. Further issues are discussed in the next para-
graphs.

Recombination, Generation, and Breakdown

Recombination and generation are of fundamental importance for opto-
electronic and bipolar electronic devices. However, due to the influence of
electron trapping in FETs, these effects also critically determine their device
performance. For high-field effects at increased driving forces, an experimen-
tal evaluation of impact ionization in GaN is discussed in [2.229]. The impact
ionization parameters are extracted from a AlGaN/GaN HFET device with
a gate length of 0.9 um. For the high-field region of >10° Vem™! the data can
be fitted to the classical relation:

an, = A-exp(—K/FE), (2.1)
= 2.9 x 10%exp(—3.4 x 107/ E). (2.2)

For lower fields, this expression needs to be modified, as the field dependence
is weaker due to the weakness of real carrier multiplication. The relations in
(2.1)/(2.2) suggest that the critical field is a factor of 8 higher when com-
pared to GaAs-data taken from a similar extraction procedure. MC simu-
lations of electron impact ionization in both zincblende and wurtzite GalN
are provided in [2.212]. At comparable fields, the electrons are cooler in the
wurtzite structure, thus the ionization rates are lower than in the zincblende
phase. A similar study on the electron initiated impact ionization in Zb—GalN
can be found in [2.340]. The simulations suggest a very soft breakdown thresh-
old similar to the device findings in [2.229]. MC simulations of hole-initiated
impact ionization in both GaN-phases are discussed in [2.339]. The critical
field for the hole-initiated II in Zb—GaN are found to be similar to those for
the electron-initiated II and amount to 3MV cm™!. For the wurtzite struc-
ture, the breakdown is similar for high-electric fields, while for lower field,
the hole Il-rate appears to be greater. Electron-initiated impact ionization
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Table 2.15. Breakdown fields, bandgap energies, and dielectric constants for various
semiconductor materials

Material Breakdown field Fj, & Ref.

MVem™) (V) ()
Si 0.3 1.12 119 [2.463]
GaAs 0.4 1.43 125 [2.463]
InpP 0.45 134 124 [2.463]
GaN (Wz) 3.3 343 95  [2.463]
AIN (Wz) 84 6.2 85 [2.388,2.463]
InN (Wz) 1.2 0.7 153 [2.244,2.451]
BN (c) 2.6 64 71 [2.253]
AH-SiIC 35 32 10  [2.463]
6H-SiC 3.8 286 10  [2.463]
Diamond 5 56 5.5 [2.463]

in Al,Gaj_.N is evaluated by ensemble MC simulation in [2.56] for the full
material composition range. The results obey the simple expression, as given in
(2.1). As expected, the critical fields increase with the increase in the material
composition and bandgap. Very low impact ionization rates are observed for
Al,Gaj_.N in general. A study of RF-breakdown in bulk GaN and GaN MES-
FETSs is given in [2.112]. It is found that the RF-breakdown voltage increases
with the frequency of the applied RF-large-signal excitation. The difference
is explained by the time-response of the particle energy. The critical field for
impact ionization at AlGaN/GaN HFETs is found to be around 3 MV cm™!
at room temperature, as reported in [2.95]. This agrees well with the break-
down field in bulk GaN. Breakdown fields and related material properties are
again compiled for comparison in Table 2.15 for various homogeneous mate-
rials. Generally, the increase of the breakdown fields with increasing bandgap
is observed. The wide bandgap materials have breakdown fields, which are
an order of magnitude higher than those of conventional semiconductors. The
substrate material SiC and diamond have breakdown fields similar to ITI-N
semiconductors.

2.1.3 Thermal Properties and Limitations

In addition to their electrical limits ITI-N semiconductor devices are subject
to strong thermal (self-)heating. Table 2.16 compiles the thermal properties of
several binary semiconductor materials. The temperature dependence of the
thermal conductivity is modelled according to:

o\
Ty) = | — 2.
kL(T1) = Ksoo K (300K> ; (2.3)

as also stated in Chapter 8.
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Table 2.16. Thermal properties of III-nitride binary and ternary materials at 300 K

K300 a €300 Ref.

WK m™) () (K kg
Si 148 135 711 [2.406]
GaAs 54 125 322 [2.356]
InP 68 —1.4 410 [2.356]
GaN (Wz) 130 —043 491 [2.120,2.423]
AIN (Wz) 285 157 748 [2.428]
InN (Wz) 38.5, 45, 80,176 — 325 [2.223,2.428,2.449]
BN (c) 749 - 600 [2.99]
6H-SiC 390 —15 715 [2.57]
6H-SiC 490 - 690 [2.244,2.331]
AH-SiC 330 - 690 [2.244, 2.416]
V-doped SiC 370 - 690 -
Sapphire 42 - 750 -
Diamond 2,000-2,500 —1.85 520 [2.405]

Thermal Conductivity and Heat Capacity

Silicon serves as a reference. The thermal conductivity of silicon is not reached
by GaAs. On the contrary, GaN has a thermal conductivity similar to silicon.
The thermal conductivity at 300K k3gg of AIN is better than the xkggg of
GaN, while InN has a very low value [2.223]. BN has the best value of all
ITI-N materials. Initial determination of thermal properties of GaN is given
in [2.423]. Further thermal data is compiled in [2.4]. The intrinsic thermal con-
ductivity for AIN is determined in [2.428]. The thermal conductivity of GaN
is often quoted dating back to the work of Sichel [2.423]. However, several
investigations are available which especially focus on the effects of disloca-
tions on the thermal conductivity. A good overview of the data are presented
and the methods of measurements are compiled in [2.120]. The effect of dis-
locations on the thermal conductivity in GaN is investigated experimentally
in [2.264]. The measurements show a dramatic increase of the thermal conduc-
tivity at reduced dislocation density of 10% cm™2, especially at temperatures
below 200 K. The theoretical predictions in [2.216] support a maximum value
for the thermal conductivity in GaN of nearly 200 W K~'m™!. The experi-
mental data for the thermal conductivity of InN (<45 WK~'m™1!) is much
lower than the theoretical predictions of 176 WKt m~! [2.223].

The data for the heat capacity are also compiled in Table 2.16. The heat
capacity is given for constant pressure. For SiC, the measured value of the
polytype 6H-SiC is used for SiC in general [2.356]. The heat capacity of the
binary semiconductors is lower than of the substrate material. More analy-
sis with respect to the packaging materials and to the dynamic response is
provided in Chapter 8.
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2.1.4 Ternary and Quaternary III-N Materials

The existence of ternary and even quaternary materials in the III-N system
is a fundamental advantage relative to other wide bandgap semiconductor
materials, such as SiC. The possibility of growing Al,Ga;_,N, In,Ga;_,N,
and IngAl; N in heterostructures with the III-N binaries allows bandgap
engineering. This has tremendous impact on the electronic and optoelectronic
application of the materials. The material parameters of the quantity P are
combined by quadratic interpolation in the following two approaches:

Pag, N=Pr-z+Ps-(1—2)+Cpag-z-(1—x). (2.4)
In the second approach, (2.4) can be written in another way, i.e.:
Pa,B,_,N=0a+b-z+c- 2 (2.5)

resulting in different coefficients, which can be directly correlated with the
binary materials. Sometimes (2.5) is extended to a third-order polynomial:

PAmBl,mN=a+b-$+c-x2+d-x?’. (2.6)

All relevant quantities will be analyzed in the following sections using the
aforementioned formulae in quadratic interpolation. If necessary, cubic or
other interpolation schemes will be mentioned.

Aluminum Gallium Nitride (Al,Ga;_,N)

Al,Gay_.N is the most important ternary compound, as the lattice-mismatch
relative to GalN can be effectively controlled for nearly all material compo-
sitions. A distinction may be required for wurtzite and zincblende AlGaN
materials, as the zincblende material has a transition from a direct to an
indirect semiconductor [2.235].

Mechanical and Optical Properties

For mass density, Vickers hardness, and dielectric constants, typically no bow-
ing is applied, and the values can be interpolated linearly with high precision
between the binary values of GaN and AIN. The heat capacity of the ternaries
is interpolated linearly as given in (2.7):

CL,AB = (1 — ,T) “CLA+tZ-CLB- (2.7)

The thermal conductivity of Al,Ga;_.N is interpolated as the following equa-
tion (2.8), taken from [2.357]. Data for the thermal conductivity of Al,Ga;_,N
is given in [2.255]. The derived parameters are given in Table 2.17.

o (u N L) | (2.8)

KA KB Cr AB



