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Abstract

HIGH Electron Mobility Transistors (HEMTs) based on GaN are already established for
high-power and high-frequency applications, such as mobile communications and radar.

Discrete transistors and Monolithic Microwave Integrated Circuits (MMICs) are commercially
available, however, emerging new technologies, such as ultra-broadband communication and hy-
brid vehicles, require further device optimization. On the other hand normally-off structures,
while essential for some applications (both analog and digital), still suffer from several perfor-
mance issues. In order to solve these problems and enable a cost and time effective optimization
routine, device simulation tools are expedient.

This thesis discusses III-Nitride materials and material systems on which HEMTs are based. Own
Monte Carlo simulations are supplemented by an extensive study of experimental and theoretical
works available. Using the most recent findings for the band structure and accounting for all
relevant scattering mechanisms the simulations show electron transport properties which are in
agreement with those reported for GaN and AlN. For InN superior transport characteristics are
predicted due to the lower band gap.

New transport models suitable for III-V materials are developed based on the extensive sum-
mary of available experimental and theoretical data and the own simulations results. They are
subsequently implemented in the device simulator Minimos-NT. Established physical models
for the lattice and thermal properties of the materials as well as models describing relevant
effects are discussed with respect to HEMT specifics and material properties.

Several GaN-based device generations are simulated using the presented models and model pa-
rameters. A very good agreement with experimental data and excellent predictive results allow
for extensive optimization studies of the gate geometry. Performance predictions for down-scaled
devices in high-temperature operation are shown. Transconductance investigations are discussed
with respect to the transport model used. InAlN/GaN structures are studied and their RF per-
formance is analyzed accounting for improved material quality. At last two different approaches
towards the realization of normally-off devices are examined: the recess gate technique and band
structure engineering using an additional InGaN cap layer. Based on experimental DC data, the
RF performance is predicted and compared.
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Kurzfassung

HIGH Electron Mobility Transistors (HEMTs) haben sich für Anwendungen, welche gutes
Hochfrequenzverhalten sowie hohe Ausgangsleistung erfordern, z.B. mobile Kommunika-

tion und Radartechnik, bereits etabliert. Diskrete Bauelemente sowie Monolithic Microwave
Integrated Circuits (MMICs) von mehreren Herstellern sind verfügbar. Aufkommende technolo-
gische Neuentwicklungen, wie z.B. Breitband-Kommunikation und Hybrid-Fahrzeuge, erfordern
aber weitere, gezielte Optimierung der Strukturen. Anderseits sind normally-off Transistoren,
welche in mehreren digitalen sowie auch analogen Anwendungsfeldern vorteilhaft sind, immer
noch von bestimmten Problemen geplagt. Um diese zu lösen und eine kostengünstige Opti-
mierung zu ermöglichen, sind Bauelementensimulationen von entscheidender Bedeutung.

In der vorliegenden Dissertation werden die in HEMTs verwendeten III-V Halbleiter diskutiert.
Eigene Monte Carlo-Simulationen werden durch eine umfassende Studie von vorhandenen ex-
perimentellen und theoretischen Werken ergänzt. Unter Berücksichtigung neuester Forschungs-
ergebnisse über die Bandstruktur der Materialien und aller wichtigen Streuungs-Mechanismen
werden Elektronen-Transporteigenschaften errechnet, welche für GaN und AlN in guter Über-
einstimmung mit den vorhandenen Ergebnissen sind. Aufgrund der kleinen Bandlücke für InN,
deuten die Simulationen auf ein besseres Transportverhalten als bisher angenommen.

Auf der Basis eigener Simulationsergebnisse sowie auch zusammengefasster experimenteller und
theoretischer Daten, werden neue Transportmodelle, maßgeschneidert für III-V Materialien,
entwickelt und anschließend in den generischen Bauelementsimulator Minimos-NT implemen-
tiert. Bestehende Modelle für die Gittereigenschaften und das Temperaturverhalten, sowie auch
Modelle für wichtige Effekte, werden unter Berücksichtigung der HEMT-Besonderheiten und
Materialeigenschaften diskutiert.

Eine Reihe HEMT Bauelemente aus verschiedenen Generationen wird modelliert. Dabei werden
die beschriebenen Modelle und Materialparametersätze benutzt. Sehr gute Übereinstimmung
mit experientellen Messdaten und bemerkenswerte prädiktive Simulationsergebnisse ermöglich-
en eine Optimierungsstudie der Gate-Elektrodengeometrie. Ferner werden die Transistoreigen-
schaften bei höheren Temperaturen und kürzeren Gate-Längen untersucht. Transkonduktanz-
analysen in Bezug auf die benutzten Transportmodelle werden durchgeführt. InAlN/GaN Tran-
sistoren werden simuliert und das HF -Verhalten für erhöhte Materialqualität wird erörtert.
Als Abschluß werden zwei unterschiedliche Ansätze zum Erzielen des normally-off Verhaltens
geprüft: Die Gate-Recess-Technik und das Band-Structure-Engineering mittels einer InGaN
Schicht. Das HF -Verhalten wird verglichen und analysiert.
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Chapter 1

Introduction

SOME refer to the age we are living in, as the Information Age. It is the age of global
information exchange and instant access to knowledge, the age of computers, mobile tele-

phones, email, and on-line social networking services. The technological revolution has provided
us with enough computational power to satisfy one’s every day needs at acceptable costs. Even
handheld devices are able to handle computationally intensive tasks, such as complex encoding
algorithms, for instance.

However, one should evaluate technological evolution not only by the ability to process infor-
mation, but also by the ability to transfer it. The progress in the latter has been also nothing
short of impressive: while the first transatlantic telephone cable was able to carry only 36 tele-
phone connections some 55 years ago, a single mobile telephone can achieve the hundred-fold
bandwidth nowadays. Both the cable-bound and wireless telecommunications have experienced
a rapid development. Due to the nature of the transport medium there are different hurdles
which apply to the two techniques. For cable-bound communications one of the major obstacles
is the lack of broadband cable networks (optical cables still are not an established replacement
for classic telephone lines in the last-mile), while the technology has been available for some
years already.

Wireless communications on the other hand face still some technology challenges, despite the
steady development in the last decade. One of the key technologies, that made this evolution
possible was the Gallium Nitride (GaN) based High Electron Mobility Transistor (HEMT).
It offers a high current density at radio frequencies that, combined with its high breakdown
voltage, makes it an excellent choice for high-power amplifiers. While this was the application,
which granted the HEMT technology entry into the mass market, other emerging areas include
automotive power inverters for hybrid vehicles, for instance. An overview of the different present
and future application areas is included in Chapter 2. It is followed by a review of the current
state-of-the-art and an overview of device simulation tools able to deal with the specifics of
HEMTs.

A profound knowledge of the material system is a key requirement for proper device modeling.
Chapter 3 summarizes some of the properties of the III-V materials used in HEMT structures,
with focus on the carrier transport. It features an extensive study of available experimental and
simulation data compared against own Monte Carlo simulations.
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CHAPTER 1. INTRODUCTION

Chapter 4 introduces the basics of device simulation. Relevant models and model parameters
are discussed, with focus on the carrier transport models. Subsequently, different simulation
studies are presented in Chapter 5. These include optimization for various applications, high-
temperature performance analysis, and transconductance collapse investigation of normally-on
devices. Further, several techniques for normally-off devices are studied and compared.

The last chapter provides a short summary and points out several possible directions for future
work.
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Chapter 2

State-of-the-Art

FOLLOWING a brief review of the history of HEMTs different application areas are pre-
sented. Those are split in three major groups: RF communication systems, automotive

electronics, and sensors. The advantages of complementary normally-off structures is discussed
and several approaches to achieve such operation are described. Reports of different research
groups during the last decade are summarized also in respect of currently available commercial
products. HEMT structures based on other materials than GaN are shortly discussed followed
by a brief summary of reports on GaN-based HBTs. The chapter ends with a review of various
simulation software packages and an introduction of our device simulator Minimos-NT.

2.1 History of HEMTs

As many other discoveries, the idea for a HEMT structure was a product of a research with
different purposes and there were several factors superimposed. The late 70s saw the evolution
of the molecular beam epitaxy growth technique and modulation doping together with a vivid
interest in the behavior of quantum well structures [1] (the latter peaking in the work of Klitzing,
Laughlin, Stomer, and Tsui).

At this time T. Mimura and his colleagues at Fujitsu were working on GaAs MESFETs. Facing
problems with a high-density of the surface states near the interface, they decided to use a
modulation-doped heterojunction superlattice and were able to produce depletion type MOS-
FETs [2]. While those structures were still plagued by several issues, the idea to control the
electrons in the superlattice occurred to him. He achieved this by introducing a Schottky gate
contact over a single heterojunction. Thus, the AlGaAs/GaAs HEMT was born [3]. Subse-
quently the first HEMT based integrated circuit was reported [4]. Alongside Fujitsu a number
of other research facilities joined on the further development of the new structures: Bell Labs,
Thomson CSF, Honeywell, IBM [5]. In order to counter different problems, several designs were
proposed: AlGaAs/GaAs HEMTs, AlGaAs/InGaAs pseudomorphic HEMTs (pHEMTs), AlI-
nAs/ InGaAs/InP HEMTs (ordered by increasing ft) [6]. However, until the end of the decade
HEMTs mainly found military and space applications [7]. Only in the 90s the technology entered
the consumer market in satellite receivers and emerging mobile phone systems.
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In the beginning of the last decade new methods for deposition of GaN on sapphire by MOCVD
were developed. Thus, the production of AlGaN/GaN-based HEMTs was possible [8]. GaN has a
wide band gap which brings the advantages of higher breakdown voltages and higher operational
temperature. Due to the large lattice mismatch between AlN and GaN a strain in the AlGaN
layer is induced, which generates a piezoelectric field. Together with the large conduction band
offset and the spontaneous polarization this leads to very high values for the electron sheet
charge density [9]. This large potential of AlGaN/GaN structures (and the indirect advantage
of excellent thermal conductivity of the sapphire substrates) was realized very soon and the
research focus partially shifted from AlGaAs/GaAs to AlGaN/GaN devices.

In the course of further development and optimization various techniques were adopted. An
approach previously used in high-voltage p-n junctions [10], the field-plate electrode, significantly
improved device performance by reducing the peak values of the electric field in the device.
Thus, the breakdown voltage could be further increased. This technique was further refined to
T-shaped [11] and subsequently Y-shaped gate electrodes [12]. Another step in optimization of
the structure is the addition of a thin AlN barrier between the GaN channel and the AlGaN
layer. It increases the conduction band offset and the two-dimensional electron gas (2DEG)
density and decreases the alloy disorder scattering, thereby increasing the mobility [13]. An
additional option to enhance the electron gas transport properties is the double-heterojunction
structure [14]. The InGaN layer under the channel introduces a negative polarization charge at
the interface, and thereby improves the carrier confinement in the channel.

While the depletion mode (D-mode) technology has been significantly improved, no comparable
progress on the enhancement counterparts can be noted. However, such devices have advantages
in certain applications and are therefore getting in the focus of research activities in the recent
years. Several groups have proposed interesting approaches. Devices featuring very thin AlGaN
layers [15] and Fluoride-based plasma treatment [16] have been proposed, however certain sta-
bility concerns remain. A very promising method is the recess gate structure reported by Kumar
et al. [17]. Also recently, excellent results have been achieved with InGaN-cap devices [18].

2.2 Applications for GaN HEMTs

The material and device properties make AlGaN/GaN HEMT structures suitable for a wide
range of applications. In this section the major application areas are listed, without thoroughly
exploring all possible options. A detailed discussion can be found in [19].

2.2.1 RF Applications: Broadband Communication

In the last two decades wireless mobile technologies have matured from enthusiast and business
niche-market to a dynamical mass-market industry. Starting with the first analog networks in
the 80s the first fourth generation networks are already available in 2010. Transmission speeds
are rising accordingly (Fig. 2.1). The limiting factor for all systems is the microwave power
amplifier (PA) performance. Both on subscriber and base station side it has an impact on
power consumption, volume, and weight. While weight is not substantial in the base station
design, low efficiency dramatically increases power consumption and thereby the complexity of
the required cooling equipment. Thus development is focused on high efficiency. GaN power
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Figure 2.1: Down link rate for mobile communication systems.

amplifiers with characteristics surpassing those of GaAs have been demonstrated [20] and prove
that the material system and the device structure are an excellent choice for RF PAs (Table 2.1).
The frequency range of the reported amplifiers extends from the S-band [21], [22], [23] and C-
band [24], [25] up to the Ka-band. Devices for the X-band [26] - Ka-band [27], [28] range have
been demonstrated.

Table 2.1: Device/material features and merits of GaN HEMTs.

device/material features merits for RF PA merits for automotive applications

high breakdown
high efficiency high efficiency

high-voltage operation high-voltage operation

wide band gap high-temperature operation high-temperature operation

high current density high power density high power density

high electron velocity high frequency

HEMT topology high linearity
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2.2.2 RF Applications: Radar Components

Military Applications Based on the platform constraints three main application areas for
GaN-based HEMTs are distinguished (depending on the application the available power and/or
volume are limited) [29]: ground-based applications, airborne applications, and maritime appli-
cations. Phased array systems for these applications are characterized by their power-aperture
product and high reliability. The frequency range includes the S-band, C-band, and X-band [30],
with ultra-broadband applications reaching into the Ku-band [31].

Space Applications Phased array systems are also used for remote sensing and earth obser-
vation for civilian and scientific purposes. Several such programs have been started [32]. Due to
the immense costs of delivering cargo in near-earth orbits, reduced volume and weight, as well as
low power consumption are the main goals. The high radiation levels and extreme temperatures
must also be considered.

2.2.3 Automotive Applications

Hybrid electric vehicles and fuel cell hybrid vehicles are entering the market in the last couple of
years. Those need high electric power inverters [33]. In order to increase efficiency high voltage
boasters are adopted. Therefore, high breakdown voltage as well as low resistance and high
temperature operation are key requirements.

2.2.4 Sensors

Chemical sensors for liquids [34] and gases [35] were demonstrated recently. High temperature
greatly widens the application field for gas sensors and also reduces the response times [36].
The temperature stability of GaN devices is therefore a distinguishable merit. Pressure sensors,
sensitive to high and low pressures, require different techniques. For high pressure applications
planar devices are used [37], while for low pressure applications membranes are required [38].

2.3 Normally-Off HEMT

The properties of GaN and AlN and their heterostructures have encouraged the research of
AlGaN/GaN based transistors for various applications in the last decade. Consequently, out-
standing results have been reported for the depletion mode (D-mode) high electron mobility
transistors. However, for several applications enhancement mode (E-mode) devices are essen-
tial.

In analog electronics E-mode devices supersede the negative voltage supply and also assure a
safe state in case of power loss. In digital electronics, they allow complementary FET-based
logic [39]. Normally-off operation is also a requirement for automotive applications (e.g. hybrid
vehicles) [33]. Despite the interest in E-mode operation, the excellent results as in D-mode
devices remain to be demonstrated.
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2.3.1 Gate Recess and Surface Treatment

The first E-mode transistor, reported back in 1996 by Khan et al. [15], was achieved by using
thin AlGaN barriers. Endoh et al. [40] relied on thin AlGaN layer too. However, the device
worked only in a very narrow drain-source voltage VDS region. Liu et al. [41] could overcome this
issue by substituting AlGaN for AlInGaN and also reach higher threshold voltage Vth, however
the maximum drain current ID and transconductance gm decreased.

A similar approach was adopted by other groups [42], [43], [17], [44], who introduced Induced
Coupled Plasma Reactive Ion Etching (ICP-RIE) in order to etch the AlGaN barrier. This
technique was also used by Okite et al. [45] and Lanford et al. [46]. However, dry etching has
low selectivity and results in a high concentration of defects and thus a high gate-leakage. In
order to cure the damage, thermal annealing is required. Some of the metal stacks used for the
gate contacts are incompatible with the high annealing temperatures. Therefore, the annealing
has to be performed before the gate deposition. As the resist layer has to be removed, self-
centered gate metal deposition is not possible. A second annealing step is required after the
gate metal deposition in order to improve the Schottky barrier [47]. Cai et al. [16] demonstrated
fluoride-based plasma treatment, which introduces fluoride ions in the barrier. Those raise
the potential of the AlGaN barrier and the 2DEG channel. As no recess is required, damage
to the AlGaN layer is avoided. This approach was further applied to double hetero-junction
HEMTs (DH-HEMTs) [48] and used in combination with the gate recess technique [49]. All
those approaches offer an optimization of the parameters (Vth and gm) of selected devices on
the same wafer.

Very thin AlGaN barrier layers have also been demonstrated to significantly rise the threshold
voltage [50], [51]. Devices fabricated using this technique are particularly well-suited for high-
voltage applications due to the demonstrated high breakdown voltage.

2.3.2 Barrier and Capping Layers

Several approaches, relying on additional layers introduced under the gate, have also been pro-
posed. The first was by Hu et al. [54], who suggested a pn-junction under the gate. Mizutani et
al. [18] proposed an InGaN capping (cap) layer in order to raise the conduction band under the
gate. Also Higashiwaki et al. [53] reported an AlN/GaN structure with a thin AlN layer, with
positive Vth.

Fig. 2.2 shows the correlation between Vth and gm achieved with the different techniques. During
the years an overall significant improvement can be noted. The last results show that for the
AlGaN/GaN system there is a certain limit which, while allowing for trade-off between Vth and
gm, has to be overcome. Table 2.2 gives a summary of the advantages and the drawbacks of the
different approaches.
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Figure 2.2: gm vs. Vth of GaN HEMTs featuring different techniques.

Table 2.2: Comparison of different techniques for E-mode structures.

Technique Advantages Disadvantages Reported by

gate recess on-wafer
surface damage HRL [42], [43], UIUC [17], [46]

not self-centered Oki [45], UCSB [49]

surface treatment
low access resistance

no 100% damage-
HKU [16], [52], [48]

on-wafer recovery UCSB [49]

InGaN cap good RF performance low gm& IdMAX Univ. Nagoya [18]

AlN/GaN good DC performance low 2DEG mobility Fujitsu [53]

pn-junction gate on-wafer (selective) very low ID and gm USC [54]

thin barrier low gate leakage high Ron Furukawa [50], Nichia [51]
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2.4 GaN-Based HEMTs

2.4.1 Reports by Research Groups

The evolution of MBE growth technique and modulation doping together with a vivid interest
in the behavior of quantum well structures in the late 70s made the demonstration of the first
AlGaAs/GaAs HEMT by Mimura et al. [3] possible. The potential of the technology was quickly
realized and several designs (AlGaAs/InGaAs PHEMT and AlInAs/InGaAs/InP HEMT) were
proposed in order to counter various problems. The first AlGaN/GaN based HEMTs were
demonstrated in the early 90s [8] after methods for deposition of GaN on sapphire by MOCVD
were developed.

However, the main driving force for the continuous improvements in the material growth technol-
ogy [55] were Nitride-based light-emitting diodes (LEDs). There is a strongly growing demand
for the latter for home electronics but also lighting and back-lighting, where the market in 2010
amounts to over 10 billions USD. For comparison the market for GaN RF transistors in 2010 is
only 100 millions USD.

The very high values for the electron sheet charge density were the reason for a shift of the
research interest from AlGaAs/GaAs to AlGaN/GaN based devices. Consequently the charac-
teristics of GaN based HEMTs have been improved steadily in the last decade. While the first
HEMTs exhibited a cut-off frequency ft and a maximum oscillation frequency fmax of 11 GHz
and 35 GHz (Lg=0.25 µm) [56] later devices reached 50 GHz and 120 GHz, respectively, in
2002 [57]. Currently the highest reported ft and fmax values are 190 GHz and 240 GHz, respec-
tively, for Lg = 60 nm devices with high Al-composition and thin barrier layers [58]. Another no-
table achievement is reported by Shinohara et al., who measured a cut-off frequency of 153 GHz
of a DH-HEMT with Lg = 60 nm [59], and also Chung et al., who produced a device with the
same gate length and a maximum frequency of 300 GHz [60]. However, such a performance
is near the limit of the AlGaN/GaN technology, imposed by the limited polarization-induced
electric fields and current collapse. Fig. 2.3 shows a steady increase of the measured ft over the
years, however such a illustration does not account only for the technology improvement, but
also for the down-scaling of the gate lengths. This is avoided in Fig. 2.4, where the product
ft×Lg is depicted. There is a clear limit of roughly 20 GHz×µm, which was rarely exceeded.
This value was also recently reached with AlGaN/GaN HEMTs [61]. First proposed by Kuzmik
in 2001 [62], the InAlN/GaN interface posseses a higher polarization-induced sheet charge den-
sity as AlGaN/GaN. As the InAlN layer can be grown lattice-matched to GaN, possible strain
relaxation problems are significantly reduced. Consequently, this potential was quickly realized
and the focused research of such structures is yielding excellent results: e.g. cut-off frequencies
of 144 GHz for a Lg = 100 nm device [63].

Another optimization goal is the maximum power density (Fig. 2.5). The first HEMTs exhibited
barely 1.1 W/mm at 2 GHz [64] (Fig. 2.5). Employing multiple field-plates the power density
was raised up to 40 W/mm at 4 GHz [65]. By using internally matched amplifier technology
the limits have been pushed up to 550 W at 3.5 GHz [66]. Because of the large band gap, GaN
based HEMTs are also considered for high power operations.
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Figure 2.7: Cut-off frequency × breakdown voltage of GaN HEMTs.

Early samples demonstrated impressive breakdown voltages in the range of 230 V, but also poor
subthreshold behavior [67]. Those issues were addressed and breakdown voltages VBR=570 V
were reached by gate geometry optimization [68]. By using a “slant-field-plate” technology a
VBR=1900 V could be achieved at the cost of drain current degradation [69]. Another way of
increasing VBR is by using a thick buffer layer, leading to a maximum value of VBR>1800 V [70].
While the breakdown voltage increases steadily over the years (Fig. 2.6), a more significant
characteristic is the product ft×VBR. Some of the achieved very high voltages are due to
exceptionally large devices. The cut-off frequency of the latter is quite low, which translates in
a low ft×VBR (Fig. 2.7).

2.4.2 Commercially Available Products

The first commercially available GaN-based products were available in 2005/2006 by companies
with a long experience with GaAs technology (e.g. Cree, Nitronex). In the following years
several other companies also entered the market. Table 2.3 gives an overview of the major
substrate suppliers and foundries. Most of the products are based on epitaxially grown material
on SiC substrates, however, there are some on Silicon, which offers lower costs and good thermal
conductivity. One of the companies, which developed a GaN on Si process technology, is Azzuro,
however, the bulk of its production is targeted at LED applications. Only recently Azzuro started
providing substrates for GaN power devices. Another company, offering GaN epitaxial layers
grown on Si is Nitronex. It also produces RF power transistors. Only two companies offer
MMICs based on GaN: one of them is Cree which has developed traveling wave amplifiers, two-
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Table 2.3: Companies offering substrates and GaN-based products.

Company Substrate Device

Azzuro GaN on Si LEDs

Cree GaN on SiC 220 W@4 GHz RF devices, MMICs

Eudyna - up to 3 GHz RF devices

Freescale GaN on SiC GaN-based HEMTs in research

Fujitsu GaN on SiC wireless equipment based on GaN HEMTs

Group4Labs GaN on Diamond -

IQE GaN epiwafers -

Nitronex GaN on Si up to 6 W@6 GHz RF devices

Picogiga GaN on SiC -

RFMD - up to 120 W power devices

Triquint - up to 25W power devices

Toshiba - 65.4 W@14.5 GHz RF devices

stage amplifiers, and high efficiency, high gain devices for radio communications. It uses SiC
substrates. The other company to offer power amplifiers is Toshiba. It introduced its first GaN-
based amplifier in 2008. Nowadays amplifiers delivering 50 W in the Ku-band are commercially
available.

One of the early players was Eudyna, which was a joint-venture of Fujitsu and Sumitomo Electric
until 2009, before it was bought back by the latter. It offers both general purpose and high
efficiency, high-gain devices for 3G/LTE applications with an operational voltage of 50 V.

Freescale produces GaN epi layers on SiC substrate and is currently researching HEMTs, how-
ever, no commercial products are available yet. Another company, which is driving the research
in this field is Fujitsu. While it already offers GaN-based products, it also plans to deliver the
first power supply products employing enhancement-mode GaN HEMTs in 2011.

Several companies focus solely on epi structure fabrication (Group4Labs, IQE, Picogiga). While
most of them use a substrate SiC wafer, Group4Labs has developed a technology to attach GaN
epi layers to diamond substrates and is researching HEMTs based on this approach.

2.5 GaAs-Based HEMTs

InP-based InGaAs/InAlAs pseudomorphic HEMTs (pHEMTs) were long considered to be the
best devices for high-frequency communication applications because of their excellent RF and
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Figure 2.8: Cut-off frequency of GaAs mHEMTs over time.

low-noise performance: e.g. in the beginning of the decade structures with a gate length of
25 nm, 45 nm and a cut-off frequency of 526 GHz, 400 GHz, respectively, were reported [71],
[72]. However, InP pHEMTs have some issues, including high cost of InP substrates, low me-
chanical stability, and last but not least poor breakdown performance due to the low band gap
of the InGaAs channel. An alternative are GaAs pHEMTs with lower In content in the channel,
and therefore superior breakdown performance but limited by the lower mobility and velocity
saturation. The advantages of both technologies are combined in metamorphic HEMTs. Those
use a strain-relaxed, compositionally-graded buffer to accommodate the lattice mismatch be-
tween the substrate and the top layer. The technology offers very good RF performance, the
lowest noise figures, and high gain performance. Aggressive gate scaling and several optimization
techniques such as zig-zag formed T-shaped gate electrodes helped to push the cut-off frequency
to 440 GHz [73], [74] (see Fig. 2.8). Interest in these devices is still strong and numerous efforts
are devoted to improve the performance. As an example, Su et al. suggest a dilute antimony
channel in order to improve the interface quality and channel confinement [75]. Another focus
point of research is the design of an enhancement mode device, which faces several issues. The
narrow-gap channel enables high impact ionization rates, which combined with the high Schot-

tky gate leakage current limit the input dynamic range and increase the noise figure. Therefore,
attempts to restrain the gate leakage current in E-mode devices through MOS structures are on-
going [76]. An advantage of the MOS technique is the improved RF performance of the devices
due to the lower gate-source and gate-drain capacitances [77].
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2.6 GaN-Based HBTs

2.6.1 AlGaN/GaN HBTs

In the end of the 1990s III-Nitride technology advanced rapidly. The interest was mainly driven
by the progress in lasers and LEDs but also in HEMTs. The latter soon reached record mi-
crowave performance and thus prompted the development of heterojunction bipolar transistors
(HBTs). They offer traditional advantages over field effect transistors, such as linearity, thresh-
old uniformity, and current handling. One of the first working samples was demonstrated in [78],
but was plagued by poor contacts and the quality of the material. Subsequently a current gain
(β) of only 3 was reached with a very high VCE offset of 5 V. Other groups [79] faced similar
problems. However, while the technology was still lacking, various theoretical studies pointed
out the large potential of the devices. Using a two-dimensional model and based on material
properties reported in literature, [80] predicted a maximum β of 1130, collector saturation cur-
rent of 3.5 kA/cm2, breakdown voltage of 55 V, and ft of 18 GHz. Even higher theoretical
values (reaching β=2000 and ft=30 GHz) were reported by employing compact models [81].
Other studies focused on a comparison between npn- and pnp-structures [82] and the worse
high-frequency characteristics of the latter. Using models and material parameters verified by
modeling experimental device characteristics, an optimization was performed in [83] and a theo-
retical ft of 44 GHz was predicted. Based on improved fabrication processes developed previously
for other compound systems, HBTs with a similar performance (β ≈3 at room temperature)
were fabricated on MBE and MOCVD grown material [84]. The device performance was again
limited by the base resistance. Better results were achieved in [85] by using MOCVD grown
material, with β=80, but high forward resistance at the base-emitter junction due to possible
diffusion of Magnesium into the emitter. The same group also introduced selective area growth
resulting into high crystalline quality, but a still leaky base-emitter diode [86]. The same tech-
nique was used by McCarthy et al. [87], while they also employed emitter mesa regrowth to
avoid etch damage, and material grown using lateral epitaxial overgrowth technique to achieve
low dislocation density. Through optimization of the width and grading of the base, operation
at 70 V with a β=6 was possible.

In the following years work on AlGaN/GaN based HBTs continued [88], [89], [90], [91], [92],
[93], [94] (Fig. 2.9). A possible issue with the measured values of the extrinsic current gain, was
however pointed out [92]. Due to the low quality ohmic contacts and the leaky base-collector
junction, the anomalous current gain at low current levels can be erroneously attributed to
the intrinsic device performance. This was also observed by Hsueh et al. [95], who proposed
that a common-emitter I-V under high current bias is the best way to evaluate the transistor
performance, instead of the Gummel plot. Some of the experimental studies focused on high-
temperature performance [90], [96]. As the hole concentration increases by thermal activation,
the current gain of pnp structures is enhanced [90]. Device operation at temperatures up to
400◦ C was demonstrated, although the device performance shows a degradation after prolonged
operation at this temperature [96]. Despite the progress in the last years the technology faces
still several major problems:

• low base conductivity,

• deep acceptor levels of Mg,

• and emitter-collector leakage currents.
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Figure 2.9: Current gain (measured and simulated) of GaN HBTs over time.

2.6.2 InGaN/GaN HBTs

One of the suggested ways to counter the low base conductivity is to employ a lower gap material
such as InGaN. InGaN is also more resistant against the damage introduced by the dry etching
step used to expose the surface of the base layer [97]. Thus, the potential of an InGaN/GaN HBT
was quickly realized, first in theoretical studies [98], [79], [99] and subsequently in experiments
[97]. The latter is the first reported InGaN/GaN (D)HBT. It achieved a β of 20 but also a
high offset voltage (5 V). Further studies reported breakdown voltages as high as 100 V, mainly
due to the low damage of the InGaN base layer [100]. Ongoing improvement of the base ohmic
characteristics resulted in a decrease of the offset voltage (from 5 V down to 1 V) in addition
to a record β=2000 [101]. The same group reported a collector current density of 6.7 kA/cm2

corresponding to a power density of 270 kW/cm2 [102].

Several works employed a theoretical approach in exploring and optimizing the device perfor-
mance. Ensemble Monte Carlo simulations were used to determine the temperature and doping
concentration dependence of the low-field mobility [99]. Based on this calculations the temper-
ature dependence of the cut-off frequency was studied. The impact of non-uniform base doping
on β was studied in [103].

The implementation of a graded emitter layer was experimentally studied by Keogh et al. [104].
A low offset voltage (2-3 V) and β=27 with breakdown voltage greater than 40 V was reported.
The current gain decreased to 10 at 300◦ C, but no device degradation was observed. The same
technique was used by other groups [105], [106]. A state-of-the-art device with β=42, a current
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density of 5.2 kA/cm2, and a breakdown voltage larger than 75 V was obtained in [106]. A
record current gain of 2450 was reported in [107] at room temperature. At 40 K it reaches 5000
due to a reduction of the recombination current in the base layer. By introducing an AlGaN
collector Kumakura et al. [108] were able to achieve a breakdown voltage of 190 V albeit the
current gain was only 3 due to the low quality AlGaN.

2.7 Simulation Software

Modeling and simulating a wide band gap semiconductor such as GaN faces some physical
effects not encountered in Si or GaAs. The main difference is that GaN crystallizes with a
non-cubic symmetry, which results in an increased size and number of atoms per unit cell,
thus in a more complex band structure [109]. Accounting for those new complexities Monte
Carlo (MC) studies of the transport properties of wurtzite GaN have been conducted. The
advantage of this approach is that it does not require extensive experimental input. Earlier
works employed analytical two-band conduction band models [110]. Other groups use ensemble
Monte Carlo simulation to calculate the transport properties [109] paying special attention to the
band intersection points and their impact on impact ionization. Some studies focus exclusively
on the high-field properties of GaN using a microscopic rigid-ion model and focus on the isotropy
of the properties and the effects of non-equilibrium hot phonons [111].

However MC techniques can also be used to calculate GaN based device characteristics. GaN
MESFETs with different phases were compared by such a method in [112]. Yamakawa et al.
employed a cellular MC approach with quantum corrections [113], however, the overall current
of the device remained nearly unchanged due to the dominant polarization charge. Several works
focused on the proper modeling of the piezoelectric polarization effects by using a quasi-two-
dimensional model based on a self-consistent charge control [114], [115]. Others studied deep
levels at the AlGaN surface and their impact on current-slump phenomena: it was found that
surface trapping effects may play a major role [116]. A method, which combines MC electronic
simulation with an analytical thermal resistance matrix method, was used to investigate the
self-heating effects [117]. Accounting for self-heating effects too, the high-frequency noise at
different temperatures was studied in [118]. The impact of threading dislocation on the velocity-
field characteristics was shown to be small, due to the high carrier concentration screening
effects [119].

2.7.1 Commercial Software

Parallel to the MC approach drift-diffusion (DD) and hydrodynamic (HD) multi-dimensional
modeling approaches have been employed for studies of GaN based HEMTs. Some of them make
use of commercial software while others rely on university-developed simulators. Some simulators
are tailored for simulation of nitride-based optoelectronic devices such as TiberCAD [120], [121],
although it also features drift-diffusion and hydrodynamic transport and heat balance models.
The device simulation tool TCAD Studio [122] developed by ESEMI has been used for the
simulation of SiC based heterostructures [123], but no support for GaN based devices is available
yet. A simulation tool which features models for Nitrides is APSYS by Crosslight [124]. The
simulator focuses on compound semiconductors with silicon as a special case. Though the main
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application area is the analysis of optoelectronic devices, the simulator has also been employed
for studies of HEMT structures [125]. Another commercial device simulation tool is Genius by
Cogenda [126]. While it features DD and HD transport models and also lattice heating, it does
not offer built-in material models for Nitrides and consequently has yet to be applied for GaN
based HEMTs.

A commercial device simulation tool which is widely used is the SENTAURUS device simulator
by Synopsys. It is based on TAURUS MEDICI (which itself is derived from the PISCES

software by the Stanford University) and the device simulator DESSIS by ISE. The latter
has been employed in numerous theoretical studies of GaN-based HEMTs. Those include the
breakdown characteristics dependent on surface defect charges [127], quantum and hot electron
effects [128], and self-heating and current collapse effects [129].

Another commercial simulator based on the Stanford tools is ATLAS by Silvaco. It features
HD and DD transport models and material models for Nitrides. It was used for field-plate
optimization of HEMT structures [130] and drain-lag and gate-lag effects [131] (a DD transport
model was considered in those works), but also for verification of analytical models [132].

2.7.2 Minimos-NT

Minimos-NT is a general-purpose semiconductor device simulator providing steady-state, tran-
sient, and small-signal analysis of arbitrary two- and three-dimensional device structures. The
first approach to study a heterostructure device using Minimos-NT dates back to the 90s,
when mobility models for GaAs and extended recombination/generation models were imple-
mented [133]. Simultaneously interface models for heterojunctions (i.e. a thermionic field emis-
sion model) were developed [134]. Using the extended software tool a simulation setup for the
optimization of GaAs-based HEMTs was established, which delivered results in good agreement
with experimental data and allowed predictive device simulation [135]. Work on heterojunction
devices continued in this decade: both HBT and HEMT structures were analyzed [136], [137]. A
consistent set of model and model parameters was achieved, which best described the physical
behavior of both III-V HEMTs and HBTs [138]. Work was focused on several pseudomorphic
AlGaAs/InGaAs/GaAs and InAlAs/InGaAs HEMT technologies, while device optimization was
conducted with respect to statistical process variations. Additionally, three-dimensional thermal
simulations of III-V HEMTs were conducted in order to help thermal investigations. Accord-
ingly, impact ionization and self-heating were included in the simulation. Additionally, small
signal S-parameters were extracted from AC simulations. The first performed simulation of a
GaN HEMT with Minimos-NT showed a good agreement with measurements [137].
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Chapter 3

Materials

THIS chapter focuses on the properties of the semiconductor materials relevant for Nitride-
based devices: GaN, InN, and AlN, and their ternary alloys. The chapter starts with a

brief introduction of the MC technique used to compute macroscopic parameters. Important
material as well as the electron transport properties from other studies are summarized and
compared. A short discussion of p-type conductivity is provided. The order in which the
materials are presented corresponds to their importance from a device modeling point of view.
GaN is discussed first as nearly all of the current HEMT designs rely on it as a channel material.
Technology issues have hampered structures with an InN channel, however, its recently revised
band structure suggests some excellent carrier transport properties. At last, there is AlN which
due to its very large band gap and lack of experimental as well as simulation reports is only
briefly discussed.

3.1 The Monte Carlo Method

The MC method is a powerful technique to establish a consistent link between theory and exper-
iments. It helps to gain understanding of the transport properties and it provides macroscopic
parameters which are necessary for the description of electronic devices. A single-particle MC
technique is employed here to investigate stationary electron transport in GaN. The model in-
cludes the three lowest valleys of the conduction band. Several stochastic mechanisms such
as acoustic phonon, polar optical phonon, inter-valley phonon, ionized impurity, and piezoelec-
tric scattering are considered and their impact is assessed. The particular advantage of the
MC method is that it provides a transport formulation on a microscopic level, limited only
by the extent to which the underlying physics of the system is included. Since III-N material
systems are yet not so well explored, several important input parameters are still missing or
just inaccurately known. In an iterative approach the influence of the input parameters and
their interdependence are assessed in order to get a set of parameters which are in agreement
with experimental data available for different physical conditions (doping, temperature, field,
etc.). Such a calibrated set of models and model parameters delivers valuable data for low-field
mobility, velocity saturation, energy relaxation times, etc.
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3.2 Gallium Nitride

3.2.1 Material Properties

The choice on the bandgap energies for GaN is based on a publication [139]. The particular
setup for the masses has negligible impact within the available range, thus an average value [140]
is chosen.

An interesting result of the literature search is the fact that in almost all MC simulations the
piezoelectric scattering mechanisms were modeled assuming a cubic crystal structure. This is a
correct approach to most of the technologically significant semiconductors, whereas for wurtzites
the hexagonal structure has to be accounted for in the relevant piezoelectric scattering model.

The role of piezoelectric interaction in bulk wurtzite GaN has been analyzed by Kokolakis et
al. [141]. In particular, the effect of acoustic piezoelectric scattering is taken in consideration, and
the scattering rates have been calculated including the effect of screening. In accordance with
their simulations, present results show that the piezoacoustic rates are higher in the wurtzite
phase than in the cubic phase, and they are very sensitive to the background doping of the
sample. Since nitrides exhibit the largest piezoelectric constants among all of the III-V semicon-
ductors, an accurate modeling of piezoelectric scattering is especially important. In this work
a piezoelectric scattering model similar to [142], [141] is used, assuming equipartition, valid at
temperatures over one Kelvin and considering non-parabolicity and screening in terms of the
Thomas-Fermi inverse length q0.

Material parameters as used by different groups are given in Table 3.1, while Table 3.2 summa-
rizes the experimental and theoretical values of the elastic constants c11, c12, and c44, available
for wurtzite GaN in the literature. From these the corresponding values for cL, cT, vsl, and vst are
calculated. The latest experimental values for GaN [143] are adopted in the MC simulation [144].

Table 3.3 summarizes the experimental and theoretical values of the piezoelectric coefficients e15,
e31, and e33, available for GaN in the literature. In cases, where e15 is not available, e15 = e31

is assumed. From these, the corresponding e2
L and e2

T are calculated, which are necessary to
obtain the coupling coefficient Kav,WZ taking into account the wurtzite structure [144].

3.2.2 Electron Transport

Using the established setup of models and model parameters, MC simulation results for different
physical conditions are obtained (doping, temperature, field, etc.) for bulk GaN. Fig. 3.1 shows
the low-field electron mobility in hexagonal GaN as a function of free carrier concentration.
The mobility depends on the sound velocity via the piezoelectric and the acoustic deformation
potential (ADP) scattering mechanism. A higher sound velocity reduces the ADP scattering
rate, which results in an increased mobility.

The simulations show, that the piezoelectric scattering is the dominant mobility limitation factor
at low concentrations even at room temperature, beside the commonly accepted importance at
low temperatures.

The MC simulation is in fairly good agreement with experimental data from collections or single
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Table 3.1: Summary of material parameters of wurtzite GaN for Monte Carlo
simulation.

Bandgap energy Electron mass Non-parabolicity Scattering models Ref.

Γ1 U Γ3 mΓ1 mU mΓ3 αΓ1 αU αΓ3 ADP ωij ωLO ρ ǫr ǫ∞

[eV] [eV] [eV] [m0] [m0] [m0] [1/eV] [1/eV] [1/eV] [eV] [meV] [meV] [g/cm3] [-] [-] Year

3.5 - - 0.19 - - 0.187 - - 12.0 - 99.5 6.1 9.5 5.35 [145]

3.5 5.00 - 0.19 1.00 - 0.187 - - 12.0 - 92.0 6.1 9.5 5.35 [146]

3.5 5.00 - 0.19 0.7 - 0.187 - - 12.0 - 92.0 6.1 9.5 5.35 [147]

3.4 5.50 5.60 0.19 - - - - - 10.1 - 92.0 6.095 9.5 5.35 [148]

3.5 5.50 5.60 0.20 0.40 0.60 0.183 0.065 0.029 8.3 92.9 92.9 6.1 8.9 5.35 [149]

3.5 5.5 5.6 0.19 0.4 0.6 0.187 0.065 0.029 12.0 - 92.0 6.1 9.5 5.35 [150]

3.39 5.39 5.59 0.20 0.40 0.60 0.189 0.067 0.029 8.3 91.2 91.2 6.15 8.9 5.35 [151]

3.5 4.99 5.25 0.20 0.24 0.40 0.19 0.17 0 7.8 65.0 92.0 6.095 9.5 5.35 [110]

3.39 5.49 5.29 0.20 1.00 1.00 0.189 0 0 8.3 91.2 91.2 6.15 8.9 5.35 [152]

3.5 5.50 5.60 0.19 0.40 0.60 0.183 0.065 0.029 10.1 92.0 92.0 6.1 8.9 5.35 [153]

3.5 5.45 5.60 0.21 0.25 0.40 0.19 0.1 0 8.0 65.0 92.0 6.095 9.5 5.35 [140]

3.36 - - 0.20 - - - - - 10.1 - 92.0 6.095 9.5 5.35 [154]

3.52 5.77 5.87 0.212 - - 0.37 - - 8.3 65.8 90.88 6.087 9.7 5.28 [155]

3.5 4.5 4.6 0.186 0.40 0.60 0.189 0.065 0.029 8.3 - 99.5 6.15 9.5 5.35 [116]

3.52 5.77 5.87 0.212 0.493 0.412 - - - 8.3 - 90.88 6.087 9.7 5.28 [156]

3.5 5.60 3.90 0.20 0.60 0.22 0.183 0.029 0.065 8.3 80.0 92.2 6.15 9.95 5.35 [157]

3.39 5.49 5.29 0.21 1.00 1.0 0.189 0 0 8.3 92.0 92.0 6.15 8.9 5.35 [139]

3.39 5.49 5.29 0.2 1.0 1.0 0.189 0 0 8.3 91.2 91.2 6.15 8.9 5.35 [158]

3.39 5.49 5.29 0.2 1.0 1.0 0.189 0 0 8.3 92.0 92.0 6.15 8.9 5.35 [159]

3.39 5.29 5.49 0.20 0.30 0.40 0.189 0 0 8.3 91.0 92.0 6.1 8.9 5.35
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Table 3.2: Summary of elastic constants of GaN and the resulting longitudinal and
transverse elastic constants and sound velocities.

c11 c12 c44 Data Refs. cL cT vsl vst

[GPa] [GPa] [GPa] [GPa] [GPa] [m/s] [m/s]

296 120 24 exp. [160] 245 50 6342 2855

374 106 101 exp. [161] 348 114 7557 4331

390 145 105 exp. [162] 376 112 7859 4290

377 160 81 exp. [163] 355 92 7637 3888

365 135 109 exp. [164] 360 111 7693 4278

370 145 90 exp. [165] 364 108 7733 4212

373 141 94 exp. [143] 355 103 7641 4110

369 94 118 calc. [166] 353 126 7620 4546

396 144 91 calc. [167] 368 105 7775 4153

367 135 95 calc. [168] 350 103 7585 4122

350 140 101 calc. [169] 347 103 7548 4106

Table 3.3: Summary of piezoelectric coefficients of GaN for Monte Carlo simulation
of piezoelectric scattering.

e15 e31 e33 Data Refs. e2
L e2

T

[C/m2] [C/m2] [C/m2] Data Refs. [C2/m4] [C2/m4]

-0.30 -0.36 1.00 exp. [170] 0.103 0.123

- -0.55 1.12 exp. [171] 0.175 0.234

- -0.33 0.65 calc. [145] 0.061 0.082

- -0.49 0.73 calc. [172] 0.118 0.149

-0.22 -0.22 0.43 calc. [173] 0.027 0.036

- -0.32 0.63 calc. [169] 0.058 0.077

- -0.44 0.86 calc. [174] 0.109 0.145
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point measurements from [175], [176], [177], [178], [179]. The electron mobilities selected for
comparison, consider bulk material and are measured using the Hall effect. The discrepancy
between the simulation results and the measured data might be attributed to dislocation scat-
tering which is not considered here. This mechanism is considered to be a source of mobility
degradation for GaN samples.

Numerous publications on GaN heterostructure devices (see e.g. a summary in [180]) provide
inversion layer mobilities which are higher. These values are derived from transit frequency and
device dimensions. However, two-dimensional electron gas heterostructures are plagued, among
others, by surface scattering effects, and are not considered in this work.

Fig. 3.2 shows the low-field electron mobility as a function of lattice temperature in GaN at
1017 cm−3 concentration. The experimental data are from [179], [181], [182]. Note, that mobility
increased over the years because of the improved material quality (reduced dislocation density).

Fig. 3.3 provides the electron drift velocity versus the electric field. We compare our MC result
with other simulations [148], [149], [110], [155], [157], [113], and with the available experimental
data [183], [184]. The low field data points are in qualitatively good agreement, at higher
fields experimental values are significantly lower. Both experiments [183], [184] of electron
velocities in bulk GaN, employed pulsed voltage sources. Many devices with etched constrictions
were measured and the peak electron drift velocity vd,max was typically found to be about
2.5×107 cm/s at electric fields Epk=180 kV/cm. The discrepancy in the reported MC results is
due to various uncertainties of parameter values and considerations of scattering mechanisms.

While the low-field transport has been profoundly studied, reports on the high-field transport
properties are inconsistent. Several groups observe a negative differential mobility (NDM) in
their experiments [185], [184], while others do not obtain any saturation below 200 kV/cm [186]
(Fig. 3.4). MC simulation results are contradictory too: some simulations yield a maximum of
the electron velocity at 140 kV/cm [187], [109], while according to others the maximum velocity
is at 180 kV/cm [148], [111]. Those again are in a disagreement with the NDM as observed in
experiments at over 320 kV/cm [185].

3.2.3 Hole Transport

Modeling the hole transport in GaN is hindered by the lack of high quality p-type material.
Several dopants such as Mg, Zn, Cd, and Be [188], [189], [190], [191] have been investigated.
Of all those dopants Mg is known to have the lowest ionization energy [192]. The first p-
type conduction in magnesium-doped GaN grown by MOCVD was realized by Amano et al.
[188]. The as-grown high-resistivity GaN:Mg is converted into p-conductive material by hydrogen
depassivation [193]. Due to the high activation energy of Mg of 150 to 250 meV [194], [192]
only a few percent are active at room temperature. The highest reported efficiency is around
10% [195]. In order to reach a useful hole concentration of 1017–1018 cm−3 a Mg doping as
high as 2×1019–1020 cm−3 is needed [196]. However, such high doping concentrations lead to
a deterioration of the hole transport properties (Fig. 3.5). Kozodoy et al. [197] suggest that at
very high doping levels the degree of compensation and self-compensation [198] increases, which
suppresses the hole mobility. On the other hand the hole concentration is extremely dependent
on the temperature as demonstrated in [199].

One way of improving the performance is by using a δ-doping as suggested by Nakamari et
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al. [200]. The dislocation density is significantly reduced, and a higher conductivity is achieved
in both the lateral and vertical directions. The latter is an issue for Mg-doped heterostructures,
where the super-lattice introduces also potential barriers in vertical direction. Such an approach
was used by several groups [201], [202], [203], [204]. The variation of the valence band energy
caused by the modulation of chemical composition leads to a reduction of the acceptor activation
energy. The polarization fields increase the band bending, and the hole concentration rises in
addition [202]. The acceptors in the AlxGa1−xN are energetically closer to the valence band
edge and are therefore ionized easier [205].

Another problem, which bipolar GaN-based devices face, is the high resistivity of the p-type
ohmic contacts. They are sometimes referred to as closer to leaky Schottky contacts in their
characteristics [84]. Introduction of InGaN/AlGaN super-lattices greatly improves the contact
sheet resistance [206], due to the large oscillations of the valence band.

A parameter also crucial for the modeling of hole transport is the effective hole mass. Estima-
tion of the hole effective masses and their anisotropy was the subject of numerous studies (a
comprehensive review is found in [207], [208], [209], [210]). Values ranging from 0.3m0 [211] to
2.2m0 [212] are reported. Kasic et al. [208] suggest that the effective hole mass depends on the
hole concentration: 1.0m0 for p=5×1016 cm−3, and 1.4m0 for p=8×1017 cm−3 [213]. In this
work a value of 1.4m0 is assumed as reported in [208], lower than the one used in [199] (1.6m0),
and slightly higher than the one recommended by Vurgaftman et al. (1.0m0) [209].

Fig. 3.7 shows the hole drift velocity as a function of the electric field as calculated by two
groups. Rodrigues et al. [214] use a rather high hole mass (2.0m0) and a doping concentration
of 1018 cm−3. The calculation of Chen et al. [159] relies on a standard ensemble Monte Carlo
approach and accounts for various scattering effects including impact ionization. Again the hole
velocity is limited by the high density of states of the heavy band (1.8m0).

3.3 Indium Nitride

3.3.1 Material Properties

In recent years Indium Nitride (InN) has attracted much attention due to the considerable
advancement in the growth of high quality crystals. Furthermore, several new works on the
material properties proposed a bandgap of ≈0.7 eV [215], [216], [217] instead of ≈1.9 eV [4].
Here a Monte Carlo approach is used to investigate the electron transport, considering two
band structures [218], [219]. The calculations include the three lowest valleys of the conduction
band (depending on the chosen band structure, see Table 3.4) and account for non-parabolicity
effects. Several stochastic mechanisms such as acoustic phonon, polar optical phonon, inter-
valley phonon, Coulomb, and piezoelectric scattering are considered and their impact is assessed
[8]. The parameter values for the acoustic deformation potential (ADP Ξ=7.1 eV), polar-optical
phonon scattering ( ωLO=73 meV or 89 meV), inter-valley scattering ( ωiv= ωLO), mass density
(ρ=6.81 g/cm3), and static and high-frequency dielectric constants (εs=15.3 and ε∞=8.4) are
adopted from [219], [221]. In addition, the influence of another set of dielectric constants (εs=11.0
and ε∞=6.7) recently proposed in [222] in conjunction with the narrow bandgap and lower
effective mass is studied.

26





CHAPTER 3. MATERIALS

0 50 100 150 200
Electric field [kV/cm]

0.0

0.1

0.2

0.3

0.4

0.5

D
ri

ft
 v

el
oc

ity
 [1

07 cm
/s

]

Rodrigues ’07
Chen ’08

Figure 3.7: Hole drift velocity versus electric field.

An accurate piezoelectric scattering model, which accounts for non-parabolicity and wurtzite
crystal structure, is also employed [223]. Table 3.5 summarizes experimental values for the
elastic constants (c11, c12, and c44) of wurtzite InN. From these the corresponding longitudinal
and transversal elastic constants (cL and cT) and sound velocities (vsl and vst) are calculated.
Table 3.6 gives theoretical values of the piezoelectric coefficients e31 and e33 available in the
literature and the calculated corresponding < e2

L > and < e2
T > (e15=e31 is assumed). Choosing

the set of elastic constants from [168] and piezoelectric coefficients from [224] results in a coupling
coefficient Kav=0.24.

3.3.2 Electron Transport

Simulations with two different setups are conducted: one with a bandgap of 1.89 eV (effective
mass 0.11m0 in the Γ1 valley [218]), and one with a bandgap of 0.69 eV (effective mass of
0.04m0 [219]), as summarized in Table 3.4. Results for electron mobility as a function of lattice
temperature, free carrier concentration, and electric field are obtained.

As a particular example, Fig. 3.8 shows the low-field electron mobility in hexagonal InN as a
function of free carrier concentration. Results from other groups [176], [222], [231] and various
experiments [231], [232], [233], [234] are also included. Assessing the classical band structure
model (Eg=1.89 eV), we achieve an electron mobility of ≈4000 cm2/Vs, which is in good agree-
ment with the theoretical results of other groups using a similar setup [176]. Considering the
newly calculated band structure model (Eg=0.69 eV), a maximum mobility of ≈10000 cm2/Vs
is achieved. The corresponding scattering rates are illustrated in Fig. 3.9. The increased mo-
bility can be explained with the lower effective electron mass. Polyakov et al. [221] calculated a
theoretical limit as high as 14000 cm2/Vs, however their simulation does not account for piezo-
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Table 3.4: Summary of material parameters of wurtzite InN for MC simulation.

Bandgap energy Electron mass Non-parabolicity Scattering models Ref.

Γ1 A Γ2 mΓ1 mA mΓ2 αΓ1 αA αΓ2 ωLO εs ε∞

[eV] [eV] [eV] [m0] [m0] [m0] [1/eV] [1/eV] [1/eV] [meV] [-] [-]

1.89 4.09 4.49 0.11 0.4 0.6 0.419 0.088 0.036 - - - [218]

1.89 - - 0.11 - - - - - 89 15.3 8.4 [176]

1.89 4.09 4.49 0.11 0.4 0.6 0.419 0.88 0.036 89 15.3 8.4 [225]

1.89 - - 0.11 - - 0.419 - - 89 15.3 8.4 [226]

0.8 3.0 3.4 0.042 1.0 1.0 0.419 - - 89 15.3 8.4 [227]

1.89 4.09 4.49 0.11 0.4 0.6 0.419 0.88 0.036 89 15.3 8.4

Γ1 Γ2 M–L mΓ1 mΓ2 mML αΓ1 αΓ2 αML ωLO εs ε∞

[eV] [eV] [eV] [m0] [m0] [m0] [1/eV] [1/eV] [1/eV] [meV] [-] [-]

0.69 2.47 3.399 0.04 0.25 1 1.413 0 0 73 15.3 8.4 [221]

0.7 - - 0.07 - - - - - - 9.3 6.7 [228]

0.69 2.47 3.399 0.04 0.25 1 1.413 0 0 75/89 11.0 6.7

Table 3.5: Summary of elastic constants of InN and the resulting longitudinal and
transverse elastic constants and sound velocities.

c11 c12 c44 cL cT νsl νst Ref.

[GPa] [GPa] [GPa] [GPa] [GPa] [m/s] [m/s]

- - - 265 44 6240 2550 [176]

223 115 48 218 50 5660 2720 [168]

190 104 10 163 23 4901 1845 [229]

271 124 46 248 57 6046 2893 [167]

258 113 53 242 61 5966 2987 [230]

electric scattering which is the dominant mobility limitation factor at low concentrations (see
Fig. 3.9). Fig. 3.10 shows the mobility as a function of concentration for various values of the
polar-optical phonon scattering coefficient and the high-frequency dielectric constant. Choos-
ing the lower value results in a much higher maximum mobility, while the dependence on the
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Figure 3.9: Illustration of the scattering rates in our simulation for wurtzite InN as
a function of carrier concentration at 300 K.
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Figure 3.11: Drift velocity versus electric field in wurtzite InN: Comparison of MC
simulation results.
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Figure 3.12: Drift velocity versus electric field in wurtzite InN: MC simulation results
with different parameter setups.
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Figure 3.13: Illustration of the scattering rates in our simulation for wurtzite InN as
a function of electric field.

3.3.3 Hole Transport

As in GaN, p-type conductivity in InN has proven to be difficult to achieve. Even though the
valence band edge lies 1.6 eV below the Fermi level stabilization energy [236], the low position
of the conduction band edge makes efficient p-type doping very difficult. Another issue is the
pinning of the surface Fermi level above the conduction band edge, due to native donor defects,
which leads to a n-type accumulation layer at the surface [237], [238]. Any study of p-type
bulk material has to isolate the effects of this accumulation layer. This was achieved by Jones
et al., who provided the first indirect evidence of a net concentration of acceptors, but who
were however unable to verify the presence of free holes [239]. Later works were not yet able
to demonstrate net p-type conductivity [240], but an activation energy for the Mg acceptor
of about 61 meV was extracted by photoluminescence measurements [241]. Using the same
value for the activation energy Wang et al. [242] calculated a hole mobility in the range of
17−36 cm2/Vs for a hole concentration of about (1.4−3.0)×1018 cm−3. However, they used
a suggested effective hole mass value (0.42m0) [243], which was not experimentally confirmed.
The same value was adopted by Fujiwara et al. [244], who reported mobilities of 25−70 cm2/Vs.
Recent works agree [245], that free holes can be detected only for moderate Mg contents. Most
of the evidences of electrical conductance related to free electrons are yet to be confirmed.

3.4 Aluminum Nitride

Table 3.8 summarizes the experimental and theoretical values of the elastic constants c11, c12,
and c44, available for wurtzite AlN in the literature. From these the corresponding cL, cT, vsl,
and vst are calculated. The experimental values from [165] are adopted in the MC simulation.
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Table 3.7: Summary of material parameters of wurtzite AlN for Monte Carlo
simulation.

Bandgap energy Electron mass Non-parabolicity Scattering models Ref.

Γ1 U Γ3 mΓ1 mU mΓ3 αΓ1 αU αΓ3 ADP ωij ωLO ρ ǫr ǫ∞

[eV] [eV] [eV] [m0] [m0] [m0] [1/eV] [1/eV] [1/eV] [eV] [meV] [meV] [g/cm2] [-] [-]

6.20 6.90 - 0.48 1.0 - 0.044 0 - 9.5 99.2 99.2 3.23 8.5 4.77 [246]

5.84 7.00 8.29 0.326 0.384 0.473 0.29 - - 9.5 75.8 110.3 3.23 8.5 4.46 [155]

6.00 7.05 8.49 0.26 0.495 0.55 0.207 0.035 0.023 - 76.1 110.7 - - 4.68 [247]

6.20 6.90 8.20 0.33 0.40 0.50 0.044 0 0 9.5 99.2 99.2 3.23 8.5 4.77

Table 3.9 summarizes the experimental and theoretical values of the piezoelectric coefficients
e15, e31, and e33.

Fig. 3.14 compares the MC simulation result for AlN against others from [253], [246], [254]. The
simulation results are in good agreement with [253], [246], since similar MC parameters are used
as shown in Table 3.7. The difference visible at high fields can be explained by different effective
electron masses used in the higher valleys. The simulation of [254] differs at low fields, since it
ignores some mechanisms, e.g. ionized-impurity scattering.

Table 3.8: Summary of elastic constants of AlN and the resulting longitudinal and
transverse elastic constants and sound velocities.

c11 c12 c44 Data Refs. cL cT vsl vst

[GPa] [GPa] [GPa] [GPa] [GPa] [m/s] [m/s]

345 125 118 exp. [248] 351 115 10430 5962

411 149 125 exp. [249] 406 127 11214 6280

410 140 120 exp. [165] 398 126 11100 6246

380 114 109 calc. [250] 361 119 10569 6060

464 149 128 calc. [251] 440 140 11677 6579

424 103 138 calc. [166] 406 147 11211 6746

398 140 96 calc. [167] 372 109 10726 5814

396 137 116 calc. [168] 385 121 10920 6131

398 142 127 calc. [169] 397 127 11089 6280
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Table 3.9: Summary of piezoelectric coefficients of AlN for Monte Carlo simulation
of piezoelectric scattering.

e15 e31 e33 Data Refs. e2
L e2

T

[C/m2] [C/m2] [C/m2] Data Refs. [C2/m4] [C2/m4]

-0.48 -0.58 1.55 exp. [248] 0.251 0.304

- -0.60 1.50 exp. [171] 0.260 0.334

-0.29 -0.58 1.39 exp. [252] 0.102 0.230

- -0.60 1.46 calc. [172] 0.251 0.326

- -0.38 1.29 calc. [169] 0.169 0.187

- -0.64 1.80 calc. [174] 0.349 0.429

3.5 Ternary Alloys

Transport simulation of III-V ternaries (and especially AlGaN) have always suffered under the
empirical nature of the alloy scattering models. As reported by Chin et al. [255] the alloy
scattering is the most important scattering mechanism to consider in the ternary nitrides, as
it is the only one to exhibit a ”bowing” behavior with changing composition. While the other
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Figure 3.14: Drift velocity versus electric field in wurtzite AlN: Comparison of MC
simulation results.
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material properties [256] used in this approach are well known, the alloy scattering potential is
still debated.

AlGaN The alloy scattering potential was determined based on the Philips’ electronegativity
theory [255]. The calculations showed, that alloy scattering is extremely pronounced in InAlN
and InGaN (especially at low temperatures around 77 K), while it is mostly insignificant in
AlGaN. Further works neglected it [257], [154], however some explored the extreme cases [155]
and observed that it can become dominant for the largest predicted values of the alloy scattering
potential. A convenient way to calculate the latter was chosen in [247], where a value equal to
half of the AlN/GaN conduction band energy offset was used. A self-consistent approach to
calculate the alloy scattering rate by fitting it to a semi-empirical energy-dependent expression
was proposed in [258] and yielded good agreement with low temperature measurements. Also
some experimental results from indirect measurements are already available [259].

InGaN A value of 0.6−0.65 eV for the alloy scattering potential was calculated by [255] for
InGaN. [260] used a slightly lower value of 0.55 eV, while [228] choose the InN/GaN conduction
band energy offset as the potential.

InAlN The calculation of [255] yielded a value of 0.6 eV for the alloy scattering potential,
while [228] used the InN/AlN conduction band energy offset.
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Chapter 4

Physical Models

MODELS which account for the specific physics in a given semiconductor device are crucial
for device modeling. This chapter starts with a discussion of the carrier transport models

used, and their boundary conditions, and finally introduces lattice, thermal, and transport
properties of the relevant materials. The latter also includes a discussion on polarization effects
characteristic to III-N semiconductors and essential to HEMT structures.

4.1 Semiconductor Equations

The Boltzmann transport equation (BTE) provides the fundament for the semiclassical descrip-
tion of carrier transport in semiconductor devices. As a numerical solution is prohibitive due
to the extraordinary high computational expenses, several approximations to derive simpler so-
lutions exist. Those differ widely in their computational demand and physical accuracy. This
work focuses on the drift-diffusion (DD) transport model and the hydrodynamic (HD) transport
model. The former is a simple model, well established today in TCAD tools, while the latter is
a higher-order model capable of describing non-local effects. Several other approaches also exist,
like the Monte Carlo approach [261] or the method of spherical harmonics [262] for instance,
however those are beyond the scope of this engineering-oriented work.

The basic semiconductor equations include Poisson’s equation, the two current continuity equa-
tions and the two current relation equations. The first three are shared by both the DD and
HD transport models, however the current relations have different formulations for each model.

4.1.1 Maxwell’s Equations

The basic equations solved in a device simulator can be derived from Maxwell’s equations. The
four partial differential equations relate the electric field (E), the displacement field (D), the
magnetic field (H), and the induction field (B) vectors to the current density (J) and the
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electric charge density (ρ):

∇× H = J +
∂D

∂t
(4.1)

∇× E = −
∂B

∂t
(4.2)

∇ · D = ρ (4.3)

∇ · B = 0. (4.4)

4.1.2 Poisson Equation

The Gauß’s law for magnetism (4.4) is satisfied by introduction of the vector potential A as:

B = ∇× A (4.5)

Inserting (4.5) into (4.2) yields

E = −
∂A

∂t
−∇ ψ. (4.6)

Substituting this into the relation of the electric displacement and the electric field

D = ǫ · E (4.7)

results into

∇ · ǫ ·
∂A

∂t
+ ∇ · (ǫ · ∇ ψ) = −ρ. (4.8)

The permittivity is considered to be homogenous, therefore the first term in (4.8) is zero due to
the definition of A (4.5), so the conventional form of the Poisson equation is obtained:

∇ · (ǫ · ∇ ψ) = −ρ. (4.9)

The space charge density ρ can be expressed as the product of the elementary charge q and the
sum of the electron n and hole p concentrations and the net concentration of ionized dopants
Cnet:

ρ = q · (n − p − Cnet). (4.10)

Substituting (4.10) into (4.9) gives:

∇ · (ǫ · ∇ ψ) = q · (n − p − Cnet). (4.11)

4.1.3 Continuity Equations

In order to obtain the continuity equations from the first Maxwell equation (4.1) the current
density J has to be split in an electron and hole component Jn and Jp. Assuming the net
concentration of ionized dopants Cnet is time-invariant the following equation is obtained:

∇ · (Jn + Jp) + q ·
∂

∂t
(p − n) = 0. (4.12)
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(4.12) can be expressed in two different ways with the help of the quantity R:

∇ · Jn − q ·
∂n

∂t
= q · R, (4.13)

∇ · Jp + q ·
∂p

∂t
= −q · R. (4.14)

This formulation gives R the meaning of the net generation or recombination of electrons and
holes. As such, it can be modeled for the respective recombination/generation mechanisms,
thereby (4.13) and (4.14) can be considered as two equations.

4.1.4 The Drift-Diffusion Transport Model

The drift-diffusion transport model is the simplest macroscopic transport model based on the
solution of the semi-classical Boltzmann’s transport equation. Together with higher-order macro-
scopic transport models it is only valid in device operation modes, where quantum effects are
negligible. In order to account for such effects several quantum mechanical models were devel-
oped. Those, however are beyond the scope of this work and a detailed discussion can be found
e.g. in [263].

There are two methods to derive the DD transport model from the BTE: by the method of the
moments [264] and from basic principles of irreversible thermodynamics [265]. In the former the
BTE is multiplied by a set of weight functions and integrated over the momentum space. The
DD transport model takes only the first two moments into account. However, specific to the
moments method, each equation of a given moment contains also the next higher moment. Thus,
the equation system is under-defined. In order to address this problem (the so called closure
problem), the carriers are assumed to be in thermal equilibrium with the lattice (Tn=Tp=TL).
This yields:

Jn = qnµnE + kBµn∇ (nTL) (4.15)

for electrons, where µn is the electron mobility and kB is the Boltzmann constant. From now
on the equivalent equations for holes are omitted as they can be easily derived from those for
electrons.

The DD transport model was the de-facto standard model for semiconductor device simulations
for many years due to its excellent convergence behavior and relatively low computational cost.
However, its major drawback is that it cannot account for non-local effects such as e.g. velocity
overshoot and real-space transfer.

4.1.5 The Hydrodynamic Transport Model

The hydrodynamic transport model is again obtained from the BTE by the moment methods,
however it accounts for the first three moments instead of only two as the DD transport model.
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The resulting equations are:

Jn = qnµnE + kBµn∇ (Tnn), (4.16)

∇ · Sn = EJn −
3kB

2

∂nTn

∂t
+ RTn + n

Tn − TL

τǫ,n
, (4.17)

Sn = −
5kBTn

2q
J + Qn, (4.18)

for electrons, where Sn is the energy heat flux, Tn is the electron temperature, Qn is the heat
flow, and τǫ,n is the energy relaxation time of the electrons. The model is closed by using
Fourier’s law for the heat term Qn:

Qn = −κn∇Tn (4.19)

where κn is the thermal conductivity. The latter is calculated by the Wiedemann-Franz law,
proportional to the mobility µn and carrier temperature Tn:

κn =
5

2
+ cn

k2
B

q
µnnTn (4.20)

The factor cn (cp for holes, respectively) is set to zero so that both terms of (4.18) have the
same factor and any inconsistency can be avoided. The model obtained is actually an energy
transport model as the moment equations were derived under the assumption that the average
kinetic energy of the carriers is negligible in comparison to their thermal energy:

mnv
2
n

2
≪

3kBTn

2
(4.21)

However, since in literature the terms energy transport and hydrodynamic transport are often
used interchangeably, the name hydrodynamic transport is further retained.

4.1.6 The Lattice Heat Flow Equation

Self-heating effects are accounted for by including the lattice heat flow equation

∇ · (κL∇TL) = ρLcL
∂TL

∂t
+ H (4.22)

in the system of partial differential equations. ρL and cL are the mass density and the specific
heat, respectively. The heat generation term H depends on the transport model used.

Due to the assumption that the carrier temperature does not deviate from the lattice temperature
in the DD model, the energy relaxation times are zero and the heat generation reads:

H = EJn + EJp + REg. (4.23)

The last term in (4.23) gives the recombination heat transferred to the lattice and is proportional
to the net recombination R and the band gap eneregy Eg.
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In the HD transport model, the heat generation is obtained by substituting the local energy
balance equations (here only for electrons):

E2µ =
3kB(Tn − TL)

2qτǫ
(4.24)

in the DD heat generation term (4.23). The resulting expression reads:

H =
3kB

2
n

Tn − TL

τǫ,n
+ p

Tp − TL

τǫ,p
+ REg. (4.25)

This solution is obtained from the stationary energy flux balance and the carrier continuity
equations (4.13), (4.14). The first term approximates the energy relaxation of the scattering
terms of the Boltzmann equation [266].

An alternative global self-heating model also exists [267]. By calculating a spatially constant
lattice temperature it delivers similar results to the standard model, at greatly reduced compu-
tational expenses.

4.1.7 Insulator Equations

In insulating materials only the Poisson equation (4.11) and the lattice heat flow equation (4.22)
are solved. The carrier continuity equations are not solved because doping and mobile carriers
are neglected. This reduces the Poisson equation to the Laplace equation:

∇ · (ǫ∇ψ) = 0. (4.26)

The heat generation term in (4.22) is also neglected:

∇ · (κL∇TL) = ρLcL
∂TL

∂t
. (4.27)

As a result neither carriers nor current are considered in insulators, however the consideration
of charges at semiconductor/insulator interfaces is unaffected.

4.1.8 Boundary Conditions

For the solution of the semiconductor equations a closed domain is required. Boundary condi-
tions for the unknowns in a certain segment must be specified at the boundaries of that segment.
Depending on the number of segments (one or two) and the type of the quantity of the unknown
(distributed or non-distributed) several model types can be separated [267]. However, in order
to illustrate the basic boundary conditions such a differentiation is not needed and therefore not
provided here.

4.1.8.1 Artificial Boundaries

The simulation domain usually includes only a single device. In order to separate it from the
neighboring devices artificial boundaries, which have no physical origin, are introduced. Through
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the Neumann boundary conditions a self-contained domain is guaranteed. The fluxes across the
boundary are set to zero:

n · E = 0, n · Jn,p = 0, n · Sn,p = 0, n · SL = 0. (4.28)

n is an outward-orientated vector normal to the boundary. (4.28) define the boundary conditions
for a semiconductor segment, while for an insulator the first two conditions are sufficient.

4.1.8.2 Semiconductor/Metal

Ohmic Contact: Ohmic contacts are defined by Dirichlet boundary conditions: the contact
potential ψs, the carrier contact concentration ns and ps, and in the case of a HD simulation
the carrier contact temperatures Tn and Tp are fixed. The metal quasi-Fermi level (which is
specified by the contact potential ψm) is equal to the semiconductor quasi-Fermi level. The
model assumes charge-neutrality on the boundary. The contact potential at the semiconductor
boundary is:

ψs = ψm + ϕbi, (4.29)

where ϕbi is the built-in potential:

ϕbi =
kBTL

q
ln

1

2C1
Cnet + C2

net + 4C1C2 (4.30)

= −
kBTL

q
ln

1

2C2
−Cnet + C2

net + 4C1C2 . (4.31)

Cnet is the net concentration of dopants and other charged defects at the contact boundary. The
variables C1 and C2 are defined by [268]

C1 = NC exp
−Ec

kBTL

(4.32)

C2 = NV exp
−Ev

kBTL

(4.33)

where NC and NV are the effective density of states.

The carrier concentrations in the semiconductor are pinned to the equilibrium carrier concen-
trations at the contact:

nS = NC exp
−Ec + qϕbi

kBTL

(4.34)

pS = NV exp
Ev − qϕbi

kBTL

(4.35)

This model works properly, only if a high doping (≥ 1018cm−3) in the semiconductor is guaran-
teed.

The carrier temperatures Tn and Tp are set equal to the lattice temperature TL:

Tn = TL, Tp = TL. (4.36)
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Thermal Interface: If a contact temperature TC is specified, the lattice temperature is cal-
culated using TC and a thermal resistance RT. The thermal heat flow density SL at the contact
boundary reads:

n · SL =
TL − TC

RT

. (4.37)

If no thermal resistance is specified, an isothermal boundary condition is assumed and the lattice
temperature TL is set equal to the contact temperature:

TL = TC. (4.38)

In case of a DD simulation with self-heating an additional thermal energy is accounted for. It
is generated, when the carriers transcend the potential difference between the conduction or
valence band and the metal quasi-Fermi level. The energy equation reads:

Jn
Ec

q
+ ϕm + Jp

Ev

q
+ ϕm = ∇ · SL. (4.39)

The expression ∇ · SL denotes the surface divergence of the thermal heat flux at the boundary
considered. In case of a HD simulation with self-heating the thermal heat flow across the
boundary is accounted for self-consistently.

Metal Resistance: It is possible to include an electric line resistance of the contact RC using:

ψm = VC − ICRC (4.40)

with VC the applied terminal voltage and IC the current through the contact.

Schottky Contact: At the Schottky contact mixed boundary conditions apply. The contact
potential ψs, the carrier contact concentration ns and ps, and in the case of a HD simulation,
the contact carrier temperatures Tn and Tp are fixed. The semiconductor contact potential is
the difference between the metal quasi-Fermi level and the metal work function difference ψw:

ψs = ψm − ψw (4.41)

where

ψw = −
Ew

q
. (4.42)

The difference between the conduction band energy Ec and the metal work function energy gives
the work function difference energy Ew, which is the so called barrier height of the Schottky

contact, also denoted as φB. The applied boundary conditions are:

n · Jn = −qυn(n0 − ns) (4.43)

n · Jp = qυp(p0 − ps), (4.44)
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where υn and υp are the recombination velocities. The carrier concentrations read:

ns = NC exp −
Ec − Ew

kBTL

(4.45)

ps = NV exp
Ev − Ew

kBTL

, (4.46)

where Ef is the Fermi level in the semiconductor. If the values of υn and υp are set to zero, the
current through the Schottky contact is suppressed. The Schottky contact boundary conditions
for the carrier temperatures Tn and Tp and for the lattice temperature are similar to those which
apply for the Ohmic contact: (4.36) and (4.37) or (4.38).

For the equilibrium situation, the quasi-equilibrium concentrations n0 and p0 can be rewritten:

n0 = NC exp
−φB

kBTL

(4.47)

p0 = NV exp
−φB

kBTL

. (4.48)

The recombination velocities are calculated from:

υn = A∗
T 2

L

qNC

(4.49)

where A∗ is the Richardson constant.

Typical values for the Schottky barrier heights of common semiconductor barriers are listed
in Table 4.1. Values measured by different methods (I-V and C-V) for n-GaN/metal differ
significantly. This is caused by defects in the surface region, which enhance the tunneling effect
and therefore have an impact on the Richardson constant [269], [270]. The exact value of the
barrier height depends also on orientation, stress, and polarity of the GaN layer [271]. No data
is provided for contacts on InN as most metals show ohmic behavior [272]. Schottky barrier
height varies with annealing temperature: generally it is reduced after annealing.

4.1.8.3 Insulator/Metal

A model similar to the Schottky contact model is used to calculate the insulator contact poten-
tial. The semiconductor contact potential is the difference of the metal quasi-Fermi level and the
metal work function difference potential similar to (4.41) and (4.42). The lattice temperature is
set equal to the contact temperature (4.38).

4.1.8.4 Semiconductor/Insulator

In the absence of surface charges the normal component of the dielectric displacement and the
potential are continuous:

n · εsEs − n · εinsEins = 0, ψs = ψins. (4.50)
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Table 4.1: Schottky barrier heights of common contacts.

Materials φB[eV] Ref. Materials φB[eV] Ref.

n-GaN/Au 0.87-1.1 [273], [274] InxAlxN/Pd 1.56 [275]

n-GaN/Ni 0.95-1.13 [273] In0.17Al0.83N/Ni 0.75 [276]

p-GaN/Ni 2.68-2.87 [277] p-In0.15Ga0.85N/Ni 0.39 [278]

Al0.11Ga0.89N/Ni 0.94-1.24 [279] In0.1Ga0.9N/Pt 0.62 [270]

Al0.15Ga0.85N/Ni 1.26 [280] In0.1Ga0.9N/Ni 1.39 [270]

Al0.23Ga0.77N/Ni 1.02-1.30 [279] Al0.07In0.02GaN/Ni 0.98-0.93 [281]

In the presence of surface charges along the interface, the dielectric displacement obeys the law
of Gauß:

n · εsEs − n · εinsEins = σs, (4.51)

where σs is the interface charge density. This distributed surface charge is introduced to describe
the Fermi level pining at the surface due to a high trap density of states.

At the semiconductor/insulator interface the current densities and heat fluxes normal to the
interface vanish.

n · Jn,p = 0, n · Sn,p = 0 (4.52)

The lattice temperature at the interface is continuous.

4.1.8.5 Semiconductor/Semiconductor

The calculation of the electrostatic potential at the interfaces between two semiconductor seg-
ments is similar to that for semiconductor/insulator interfaces:

n · εs1Es1 − n · εs2Es2 = σs, ψs1 = ψs2 (4.53)

The interface charge can take any value including zero. The way to calculate the exact value
depending on the materials is discussed in Section 4.5. The subscripts are used to distinguish
between the two semiconductor segments on both sides of of the interface.

To calculate the carrier concentrations and the carrier temperatures at the interface, three
different approaches are considered:

• a model with continuous quasi-Fermi level across the interface (CQFL),

• a thermionic emission model,

• a thermionic field emission model.
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Each model can be specified for electrons and holes for each semiconductor/semiconductor in-
terface.

In the following Jn denotes the normal to the interface component of the current density J , Sn

the energy flux density component, and ΔEν the difference in the conduction band edges ΔEc.
The effective electron mass is denoted by mi. The subscripts denote the semiconductor segment
i. Only the equations for electrons are given, those for holes can be deduced accordingly.

Continuous Quasi-Fermi Level Model: Dirichlet boundary conditions are applied, when
the CQFL is used. The carrier concentrations are determined so that the quasi-Fermi levels
remains continuous across the interface [134].

n2 = n1
m2

m1

3/2

exp −
ΔEc

kBTn1
(4.54)

Tn1 = Tn2 (4.55)

Jn2 = Jn1 (4.56)

Sn2 = Sn2 −
1

q
ΔEcJn2 (4.57)

The model is suitable for use at homojunctions. In Chapter 5 it is applied at the interface
between segments of the same material but different characteristics (e.g. material quality).
However, it is not suitable for heterojunctions, as it ignores the band gap alignment.

Thermionic Emission and Thermionic Field Emission Model: To consider the band
gap alignment as typical in a heterostructure, the thermionic emission or thermionic field emis-
sion interface models must be used.

Jn1 = Jn2 (4.58)

Jn2 = qvn2n2 − qvn1n1
mn2

mn1
exp −

ΔEc − δEc

kBTn1
(4.59)

Sn2 = Sn1 −
1

q
(ΔEc)Jn2 (4.60)

Sn2 = −2kB Tn2vn2n2 + Tn1vn1n1
mn2

mn1
exp −

ΔEc − δEc

kBTn1
(4.61)

(4.58) guarantees the particle conservation at the interface. (4.60) relates the energy and current
fluxes on both sides of the interface. The second term corresponds to the conversion of potential
energy into kinetic energy, when the electrons descend the step ΔEc − δEc. (4.60) describes the
thermionic emission across the energy barrier by relating the interface current to the quasi-Fermi

level on both sides of the interface [134], [282]. The exponential factor in (4.59) and (4.61) shows
that only the fraction of the total electron concentration on Side 1, which is energetically above
the barrier, is able to cross the potential step. In both (4.59) and (4.61) the same emission
velocities occur:

vni(Tni) =
2kBTni

πmi
(4.62)
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Tunneling can be included in this model by assuming that the tunnel effect lowers the barrier
ΔEc − δEc:

δEc =
qE⊥2dtun, E⊥2 > 0

0, E⊥2 ≤ 0
(4.63)

The barrier lowering δEc depends on the electric field orthogonal to the interface E⊥2 and the
effective tunneling length dtun. The latter is material dependent: for Al0.2Ga0.8As/In0.2Ga0.8As
it is estimated to 7 nm [283] and for Al0.25Ga0.75N/GaN to 3 nm [138].

4.2 Lattice and Thermal Properties

The system of differential equations discussed in Section 4.1 contains several physical mate-
rial parameters. A proper modeling is crucial for a successful device simulation. While some
properties are well defined for most of the materials (such as lattice constants and mass den-
sity), others (such as thermal conductivity) were subject of numerous studies yielding equivocal
results. Therefore, a discussion on the choice of model is required.

4.2.1 Permittivity

The dielectric constant of the three materials GaN, InN, and AlN is discussed in Section 3.2,
Section 3.3, and Section 3.4, respectively. Here, the range of the reported values is shown in
Table 4.2. The values used for the static permittivity for GaN, AlN, and InN are 8.9, 8.5, and
15.3, respectively.

Table 4.2: Model parameters for the static permittivity.

GaN AlN InN References

range 8.5-10.4 8.5 11.0-15.3 [284], [285], [176], [222]

used 8.9 8.5 15.3

The permittivity of a ternary semiconductor alloy AxB1−xC depending on the material compo-
sition x is interpolated by a quadratic function of the permittivities of the basic materials εAC

s

and εBC
s [286]:

εABC
s = (1 − x)εAC

s + xεBC
s (4.64)

A linear interpolation is used for the three ternaries [287], [288].
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4.2.2 Mass Density

The reported value ranges of the mass densities of the three materials are summarized in Ta-
ble 4.3. For GaN, AlN, and InN values of 6.15 g/cm3, 3.23 g/cm3, and 6.81 g/cm3, respectively,
are adopted. For the alloys a linear interpolation between the basic material values is used:

ρABC
L = (1 − x)ρAC

L + xρBC
L . (4.65)

Table 4.3: Model parameters for the mass density [g/cm3].

Material Range Used References

GaN 6.085−6.15 6.15 [289], [290]

AlN 3.23−3.26 3.23 [176], [291]

InN 6.81 6.81 [176]

4.2.3 Thermal Conductivity

The thermal conductivity is modeled by a power law:

κ(TL) = κ300 ·
TL

300 K

α

,

where κ300 is the value at 300 K. From early experiments κ300=130 W/mK for “bulk” GaN
[292] was extracted. However, later measurements of epitaxial structures yielded higher values
[293], and a strong dependence on the dislocation density was observed [294]. Based on various
studies [292], [293], [295], [296], [297], [298] we give two parameter sets in Table 4.4, applicable
for different material quality. Fig. 4.1 compares the two model sets with other models and
experimental data.

For AlN the variation of the measured values for the thermal conductivity is smaller (Fig. 4.2).
We assume κ300=350 W/mK, which is close to the value reported in [299]. The parameter α,
which models the decrease with temperature, is calibrated against measured data [299], [300],
[301].

As of today no studies of the temperature dependent thermal conductivity of InN are available.
Based on [302] a κ300=176 W/mK at 300 K is assumed. This is a theoretical estimation, while
the measured value was only 45 W/mK due to phonon scattering by point-defects and grain-
boundaries.

Several expressions exist for the thermal conductivity κABC
300 of semiconductor alloys. As an

example, Adachi et al. [303] use one based on Abeles’s complex model [304]. However, an
even more straightforward approach is proposed in [305], where a harmonic mean is used to
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Figure 4.1: GaN thermal conductivity as a function of temperature.
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Figure 4.2: AlN thermal conductivity as a function of temperature.
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model the conductivity at 300 K, while the exponent αABC is linearly interpolated as there is
no experimental data for temperatures other than 300 K yet:

κABC
300 =

1 − x

κAC
300

+
x

κBC
300

+
(1 − x)x

Cκ

−1

,

αABC = (1 − x)αAC + xαBC

Applying this expressions, a value of 3.1 W/mK is adopted for Cκ of AlxGa1−xN. This results in
a fair agreement with the experimental data of Daly et al. [306] and Liu et al. [298] as depicted in
Fig. 4.3 and corresponds to the value used in [303]. For InxGa1−xN Cκ=1.5 W/mK is adopted,
again matching the model in [303] (Fig. 4.4) and the experimental data of Pantha et al. [307].
For InxAl1−xN a fit to the only available experimental data [308] resulted in an Cκ=1.2 W/mK
(Fig. 4.5).

4.2.4 Specific Heat

The lattice specific heat cL is modeled by the following expression proposed in [305]:

cL(TL) = cL,300 + c1

TL

300K

β
− 1

TL

300K

β
+ c1

cL,300

,

where cL,300 is the value of the specific heat at 300 K and c1 and β are fitting parameters.
Fig. 4.6 shows a comparison between the calibrated model (values are listed in Table 4.5) and
measurements as a function of temperature for GaN. The results both of Kremer et al. [309]
and Danilchenko et al. [310] are from bulk wurtzite GaN while most previous measurements
were conducted on polycrystalline powder samples. Our model is calibrated against the model
of Danilchenko et al., which is in excellent agreement with their own measurements for the heat
capacity in the 0 K−300 K range and also with experimental results given in [309].

The parameter values for AlN are based on the summarized results in [138].

For the heat capacity of InN several works are based on the experimental data provided by
Krukowski et al. [302]. Their results are shown in Fig. 4.7 together with the models of Leitner

Table 4.4: Model parameters for the thermal conductivity.

Material κ300 [W/m·K] α

GaN model 1 130 -0.43

GaN model 2 220 -1.2

AlN 350 -1.7

InN 45-176 0
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Figure 4.5: InAlN thermal conductivity as a function of In content.

et al. [311] and Zieborak et al. [312], which both provide models based on measurement results.
In the present work the model is calibrated against the data in [311].

The specific heat coefficients for alloy materials are expressed by a linear interpolation between
the values of the binary materials [305]:

cABC
L = (1 − x)cAC

L + xcBC
L .

4.3 Band Structure

This section presents a discussion of the models for the band gap energies for both basic materials
and their alloys, and also for their temperature dependence. Further, a short overview of the
alignment of the band gaps of the different materials is provided.

Table 4.5: Parameter values for the specific heat model.

Material c300 c1 β

[J/ kg K] [J/ kg K]

GaN 431 171 1.75

AlN 748 482 2.29

InN 296 108 1.5
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4.3.1 Band Gap Energy

The Varshni formula [313] well describes the temperature dependence of the band gap in nitrides
with:

Eg = Eg,0 −
αgT

2
L

βg + TL

.

The values for Eg,0 (energy band gap at 0 K), αg, and βg (empirical constants) for GaN, AlN and
InN are summarized in Table 4.6. The parameters for GaN are an average of various reported
results as summarized in [209], those for AlN are based on the experimental work of Guo et
al. [314]. For InN the parameters are taken from [315], where three different techniques were
used to study the band gap energy and its properties. The results are in agreement with the
recently reevaluated band gap energy of InN as discussed in Section 3.3.

The band gap of semiconductor alloys is interpolated by Vegard’s law [316]:

EABC
g = EAC

g (1 − x) + EBC
g x + Cg(1 − x)x,

with the bowing parameter Cg. The reported values for AlxGa1−xN of the latter show a large
variation ranging from −0.8 eV [317] to +1.33 eV [318]. However, several experiments [319],
[320] show a linear variation (Cg ≈0 eV) which is adopted here.

For InGaN a bowing parameter Cg=1.4 eV in agreement with the work of Walukievicz et al.
[315] is well established. It corresponds to the theoretical value given by Caetano et al. [321]
(Cg=1.44 eV). Other theoretical studies show that a single bowing parameter cannot be used
for the whole alloy band gap [322], [323]. While the dependence of the bowing parameter on the
composition in the aforementioned works is weak, it still remains to be experimentally verified.
Until such studies are available, Cg=1.4 eV and Cg=2.1 eV for unstrained and strained samples,
respectively, are adopted [324]

Several works suggest a bowing parameter with a value ranging from 3.0 eV and 6.1 eV [315],
[325] for InAlN. Those large disagreements can be attributed to low crystalline quality and high
doping levels. Recent calculations and experimental studies showed, however, that the bowing
parameter for InAlN is strongly dependent on the material composition [326], [327]. In order to
account for this dependence the following expression is proposed in [327]:

Cg(x) =
Cg,1

1 + Cg,2x
.

Table 4.6: Summary of band structure model parameters.

Material Eg,0 [eV] αg [eV/K] βg [K]

GaN 3.4 9.09×10−4 800

AlN 6.2 18.0×10−4 1462

InN 0.69 4.14×10−4 454
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Figure 4.9: Band alignment of InN, GaN, and AlN at room temperature.

it is closer to the intrinsic value as it is free from effects introduced by interface defects and
inhomogeneities.

The most widely cited value for the valence band offset of InN/GaN is the one reported by
Martin et al. [334] (E InN

off = 1.05 eV). It was however determined over a decade ago, and the
recent reevaluation of the band structure have rendered it dated. Recent studies show a valence
band offset between 0.58 [335] and 0.62 eV [323]. The band alignment is shown schematically
in Fig. 4.9.

For alloys the offset energy is calculated by the following expression [138]:

EABC
off =

EAC
off (EABC

g − EBC
g ) − EBC

off (EABC
g − EAC

g )

EAC
g − EBC

g

,

where EAC
off and EBC

off are the offset energies for the binary materials.

As an example, for AlxGa1−xN with x=0.22 the valence-band-offset against GaN is 0.25 eV.
Our setup provides a value of 0.225 eV for x=0.2, which is in a good agreement with the
experimentally determined offset of 0.25 eV [336] for the same composition.

4.4 Carrier Mobility

Mobility models which account for the specific physics in a given semiconductor material are
crucial for device modeling. While for Silicon there exist well established models [337], the
III-V material system still poses certain challenges (e.g. negative differential mobility) and
nevertheless, is not so well studied (especially concerning InN). Also certain device specific effects
such as high electric fields and very strong gradients of electric fields have to be considered for
the simulation of HEMTs.

Several groups have proposed various models and model parameter sets for the simulation of
GaN-based devices. Farahmand et al. [253] provide a low-field model which accounts for temper-
ature and ionized impurity concentrations as well as a high-field model based on Monte Carlo
simulation results. Another low-field model, valid in a large temperature and concentration
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range is proposed by Mnatsakanov et al. [338]. A highly parameterized field-dependent model
based on an extensive data pool was developed by Schwierz [175]. Turin et al. [339] propose an-
other high-field model which delivers excellent agreement with the results from MC simulations.
All those models are suited only for the drift-diffusion transport model. However, the latter
is not able to deliver accurate results for sub-micron devices [340], therefore a hydrodynamic
transport model is necessary, too.

4.4.1 Low-Field Mobility

Ionized Impurity Scattering: The low-field mobility is modeled by an expression similar to
that proposed by Caughey and Thomas [341], [138]:

µLI = µmin +
µL − µmin

1 + (CI/Cref)
γ0

.

CI denotes the concentration of ionized impurities, µL is the mobility in undoped material, µmin

is the mobility in highly doped material, limited by impurity scattering. The maximum (µL)
mobility, and minimum (µmin) mobility, and the parameters describing the mobility decrease
with rising impurity concentration (Cref and γ0) are calibrated against an extensive analysis of
available MC simulations results and experimental data.

For GaN our model for electrons assumes the high mobility consistent with the defect-free sub-
strates of the simulated devices (Fig. 4.10). It is calibrated against own Monte Carlo simulation
results presented in Section 3.2.2. The values of the parameters for GaN and other materials
are given in Table 4.7.

The model for electrons in InN is calibrated against own Monte Carlo (Fig. 4.11) simulation
results, too, described in Section 3.3.2. The latter assumes an updated band gap of ≈0.7 eV
and proper electron masses.

While for GaN and InN experimental data exist for the transport properties, for AlN such
data are hardly available as the grown AlN films are normally semi-insulating. Most authors
therefore rely on MC results [342]. We verified our model against the measurements of Taniyasu
et al. [343] who achieved a high mobility in Si-doped AlN. They supplemented the experimental
data with simulations (Fig. 4.12). The higher maximum mobility used here is in agreement with
the value proposed in [253]. It is higher than the measured values, due to our model assumption
of dislocation-free conditions.

The hole transport in GaN is plagued by several doping technique issues as discussed in Sec-
tion 3.2.3. Therefore, it is difficult to give a profound model. Based on the limited experimental
data an initial setup is proposed (Fig. 4.13).

Due to the lack of experimental data on the transport properties of holes in InN and AlN, no
corresponding parameter setups are given here. Such can be found in [342], however solely based
on Monte Carlo simulations.

The low field mobility of alloys is calculated by a harmonic mean:

1

µABC
=

1 − x

µAC
+

x

µBC
.
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Figure 4.10: Electron mobility versus concentration in GaN.
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Figure 4.11: Electron mobility versus concentration in InN.
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Figure 4.12: Electron mobility versus concentration in AlN.
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Figure 4.13: Hole mobility versus concentration in GaN.
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Table 4.7: Parameter values for the low-field mobility.

Material carrier µL
300 µmin

300 Cref
300 γ0 γ1 γ2 γ3

[cm2/Vs] [cm2/Vs] cm−3

GaN
n 1600 100 3×1017 0.7 -1.5 -0.2 1.3

p 175 10 2.5×1017 1.5 -3.7 -1.5 1.0

AlN n 683 29 5×1017 0.8 -3.21 1.21 -0.18

InN n 10200 500 3.4×1017 0.65 -3.7 2.39 -0.33

Temperature Dependence: In order to model the temperature dependence, the mobilities
are parameterized using power laws [15]:

µL = µL
300

TL

300 K

γ1

,

µmin = µmin
300

TL

300 K

γ2

,

Cref = Cref
300

TL

300 K

γ3

.

Similar expressions have been also used in [253], [175].

Monte Carlo simulations by other groups [253], [181] and experiments [345], [346] for the electron
mobility in bulk GaN as a function of the temperature are shown in Fig. 4.14. Over the years
the electron mobilities increase due to the improved quality of the material samples. Models
proposed by other groups [175], [338] are also displayed. Fig. 4.15 shows the electron mobility as
a function of temperature in the two-dimensional electron gas as experimentally determined by
various groups [347], [348], [14], [179], [349], [350]. The mobility exhibits overall higher values
especially at high temperatures, while retaining the trend for improved results over time. The
parameter values we chose are listed in Table 4.7. The maximum (µL

300) and minimum mobility
(µmin

300 ) are calibrated against own MC simulations. A decrease of the maximum mobility with
temperature (γ1 = −1.5), in agreement with the power term of the acoustic phonon mobility
expression [110] is assumed. Our MC simulation results and recent experiments from [351]
confirmed that the latter is the dominant scattering mechanism at high temperatures. A weak
temperature dependence (γ2 = −0.2) of the electron mobility at high concentrations is adopted.

Experimental data for the mobility dependence on temperature for InN and AlN is scarce.
Therefore, the values from [342] are adopted here.

The hole mobility at different temperatures of GaN is discussed in Section 3.2.3. Based on the
experimental data, a value of γ1 = −3.7 is chosen which describes the decay in mobility with
higher temperature well.

60



4.4. Carrier Mobility

300 350 400 450 500
Temperature [K]

0

200

400

600

800

1000

1200

1400

1600

E
le

ct
ro

n 
m

ob
ili

ty
 [c

m
2 /V

s]

own model 
model Mnatsakanov ’03
model Schwierz ’05
exp. Joshi ’94
exp. Look ’97
exp. Molnar ’97
exp. Farahmand ’01

Figure 4.14: Electron mobility versus temperature in bulk GaN.
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Figure 4.15: Electron mobility versus temperature in 2DEG GaN.
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4.4.2 High-Field Mobility for DD Equations

The models proposed for the high-field mobility are based on the mobility expression of the
form [352]:

µLIF(E) =
µLI

ξ + (1 − ξ)β + µLI·E
vsat

β 1/β
. (4.66)

µLI is the low-field electron mobility as calculated previously, vsat is the electron saturation
velocity, E is the electric field. The same expression was used in [353].

For the DD high-field mobility two different models are available. The first is the convenient
model used for Silicon, referred as Model A. The second one is a modified model which can
account for negative differential mobility (NDM), referred as Model B. The latter is especially
tailored to describe the transport properties of electrons in Nitrides. Further, based on Model B
a corresponding HD model can be synthesized.

Model A: The basic high-field mobility model has the form:

µLIF
ν (Fν) =

µLI
ν

1 +
µLI

ν · Fν

vsat,νν

βν
1/βν

, ν = n, p (4.67)

where Fν is the driving force, defined as:

Fn = ∇ψ −
1

n
∇

kBTL

q
n ,

Fp = ∇ψ −
1

p
∇

kBTL

q
p ,

for electrons and holes, respectively. The saturation velocity vsat,ν can be calculated in a separate
model, accounting for temperature dependence. The parameter β models the slope of the
mobility increase with increasing electric field, respectively driving force. While in the DD
model it can be varied, a corresponding HD model can be obtained only for certain values.
Therefore, for electrons in all three materials a value of β=1 is adopted.

The model is derived from (4.66), with ξ=1/2 and using the driving force F instead of the
electric field E. It offers excellent convergence behavior and a straight-forward calibration
method. However, it cannot account for the velocity decrease at higher electric fields. Yet it
offers a reasonable agreement with the experimental data and MC simulation results for electric
fields below the maximum velocity for all three materials (Fig. 4.16, Fig. 4.17, and Fig. 4.18)
using the parameter setup provided in Table 4.8.

Model B: The model is based on the same expression for the mobility (4.66), with β=1 and
ξ=1/2. In order to approximate the mobility decay due to intervalley transfer at high fields, two
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Figure 4.16: GaN electron drift velocity versus electric field: simulations with
different mobility models compared to MC simulation results and
experimental data.
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Figure 4.17: AlN electron drift velocity versus electric field: simulations with
different mobility models compared to MC simulation results.
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Table 4.8: Parameters for DD high-field electron mobility Model A.

vsat β

[cm/s] [1]

GaN 3.0×107 1.0

AlN 3.7×107 0.45

InN 5.0×107 1.3

sets of µ are used. One describes the mobility µΓ(F ) in the lower valley and the other one in the
higher µU(F ) (while Γ and U are the lowest two valleys only in GaN, this notation is retained
for the other materials for simplicity):

µΓ(E) =
µLI

Γ

1 +
µLI

Γ
E

vsat,Γ

, (4.68)

µU(E) =
µLI

U

1 +
µLI

U
E

vsat,U

. (4.69)
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Figure 4.18: InN electron drift velocity versus electric field: simulations with different
mobility models compared to MC simulation results.
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A weighted mean is built:

µLIF
n (E) =

µΓ(E) + µU(E)PDD(E)

1 + PDD(E)
(4.70)

where PDD(F ) is the valley occupancy [354]:

PDD(E) = 6 A
m∗

U

m∗

Γ

3/2

exp


−

ΔEC

kBTL 1 + E
E0


 . (4.71)

m∗

Γ and m∗

U are the electron masses in the Γ and U valleys, respectively, and ΔEC is the
difference in the conduction bands.

This model allows to set a lower electron mobility and velocity in the higher conduction band.
Thus, the characteristic electron velocity decrease of most Nitrides can be described well.

Since all MC simulations and experiments, on which we rely to calibrate the low-field mobility in
GaN, were performed at low electric fields, we set µΓ=µLI

ν as calculated by the low-field mobility
model. Using a down-scaled mobility (µU = 0.1×µLI

ν supported by MC data) and velocity in the
higher band results in a decrease of the electron velocity at higher fields. With the parameters
listed in Table 4.9, the model delivers an acceptable approximation in comparison to MC simu-
lations, accounting for as much as six bands [355] (Fig. 4.16). Results from different groups vary
widely (e.g. peak velocity from 2.5×107 cm/s to 3.5×107 cm/s), therefore our goal is not really
a perfect agreement with this particular MC simulation. The model (and the corresponding HD
model) is a carefully chosen trade-off. On the one hand they provide a velocity-field charac-
teristics close to the one obtained by MC simulation, while on the other hand they maintain
low calculation complexity and a good convergence behavior. An extension accounting for three
valleys is possible, however, it was ruled out due to the downgraded convergence of the solution
process.

For AlN, the model cannot be applied due to the very slow increase of the velocity versus electric
field. In order to model the latter properly β=0.45 is needed, however, while being straightfor-
ward for the DD model, this will increase considerably the complexity of the corresponding HD
model. Therefore, no parameter setup is given here for AlN.

Based on the recent MC simulation studies for InN (accounting for the re-evaluated band gap),
a parameter setup is extracted (Table 4.9). Due to the value of β close to 1, a good agreement
can be achieved (Fig. 4.18) for velocity characteristics below the maximum, while a low value
of F0 accounts for the intervalley transfer at fields starting at 50 kV/cm.

4.4.3 High-Field Mobility for HD Equations

In order to obtain a consistent hydrodynamic mobility expression, the local energy balance
equation:

E2µ =
3kB(Tn − TL)

2 · q · τǫ
(4.72)

is solved for E(Tn), which is then inserted into (4.66). This is performed again with ξ=1/2 for
both models, and with β=2 for the first model and β=1 for the second model, respectively. τǫ

is the energy relaxation time.
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Table 4.9: Parameters for DD high-field electron mobility Model B.

vsat,Γ vsat,U µΓ µU ΔEC m∗

Γ/m∗
0 m∗

U/m∗
0 F0

[cm/s] [cm/s] [1] [1] [eV] [1] [1] [V/m]

GaN 3×107 107 µLI 0.1×µLI 1.4 0.2 0.3 0.26

InN 6×107 107 µLI 0.1×µLI 1.78 0.25 0.4 0.035

Model A: The expression obtained with the chosen values for ξ and β is identical with the
one proposed by Hänsch et al. [356]. In order to account for NDM effects it is modified by
introducing two parameters (γ4 and γ5) [20]:

µLIT
n (Tn) =

µ (Tn/TL)γ4

1 + α1/γ5 (Tn − TL)1/γ5

γ5
(4.73)

α =
3kBµLI

n

2qτǫ (vf)
2

(4.74)

In the standard Hänsch model vf corresponds to the saturation velocity vsat (as in (4.66)).
However, due to the powered temperature term (Tn/TL)γ4 in the numerator the velocity is
steadily decreasing at high-fields. Hence, vf does not describe the saturation velocity as a physical
quantity, although it does affect the high-field transport characteristics. The parameter γ5 has
a more pronounced effect at low fields, while γ4 influences primarily the high-field mobility,
though their impact cannot be isolated to a specific field region. The conventional Hänsch

model corresponds to the parameter set γ4 = 0, γ5 = 1. However, in order to approximate
the simulation and experimental data, a set with γ4 = −0.3 and γ5 = 2.4 is chosen for GaN
(Table 4.10). It delivers good agreement with the velocity-field characteristics obtained using
the DD Model B (Fig. 4.16). A similar good match with DD Model A can be achieved for AlN,
too (Fig. 4.17). Only for InN it is not possible to model the very strong NDM effect.

Table 4.10: Parameters for HD high-field electron mobility Model A.

γ4 γ5

Hänsch 0.0 1.0

GaN -0.3 2.4

AlN 0.1 3.3
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Model B: Inserting (4.72) into (4.66) with ξ=1/2 and β=2 gives the following expression for
the high-field mobility:

µΓ (Tn) =
2µLI

Γ

2 + aΓ + aΓ (4 + aΓ)
, (4.75)

µU (Tn) =
2µLI

U

2 + aU + aU (4 + aU)
, (4.76)

aΓ =
3kBµLI

Γ (Tn − TL)

2qτΓ (v f,Γ)2
, (4.77)

aU =
3kBµLI

U (Tn − TL)

2qτU (vf,U)2
. (4.78)

In order to approximate the intervalley transfer at high fields, two sets of µv are used as in DD
Model B. In this model too, vf does not denote the saturation velocity. The weighted mean is
built:

µLIT(Tn) =
µΓ(Tn) + µU(Tn)PHD(Tn)

1 + PHD(Tn)
. (4.79)

The expression for PHD is analogous to that for PDD:

PHD(Tn) = 6
m∗

U

m∗

Γ

3/2

exp −
ΔEC

kBTn
. (4.80)

Fig. 4.19 compares the valley occupancy as a function of the electric field as calculated in this
model and MC simulation in GaN. The used parameter setup is the same as for DD Model B
(Table 4.9). The only additional values needed, are the scaled energy relaxation times listed in
Table 4.11 (the base relaxation times τǫ,GaN, τǫ,AlN, and τǫ,InN are discussed in Section 4.4.4. An
excellent agreement between all models is achieved for GaN (Fig. 4.16). For InN the model can
describe the abrupt decay in velocity very well (Fig. 4.18), while the maximum velocity value is
slightly higher than the one achieved by the DD model (which is possibly due to the high energy
relaxation times used).

While the models deliver consistent results, the two approaches expose some differences. HD
Model A is close to already established models and offers a straightforward calibration with only
two auxiliary parameters (within a narrow value range). HD Model B is more complex, however,
it allows for a more flexible calibration. Its parameters are derived from physical quantities.

4.4.4 Energy Relaxation Times

The energy relaxation times are used in the HD mobility models, in the energy balance equations
of the hydrodynamic transport model, and in the lattice heat flow equation. They can be either
set constant or calculated using the following model depending on the carrier energy:

τǫ,n = τǫ,0 + τǫ,1 ·
Tn

300 K
(4.81)
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Figure 4.19: GaN valley occupancy as a function of the electric field.

Table 4.11: Parameters for the energy relaxation times for HD high-field electron
mobility Model B [ps].

τΓ τU

GaN 8.0×τǫ,GaN τǫ,GaN

InN τǫ,InN 0.1×τǫ,InN

For GaN and InN we use the parameter sets as listed in Table 4.12, while for AlN a constant
relaxation time of τǫ = 0.1 ps is assumed. Special care is taken that the relaxation times never
reach negative values even at high electric fields (for which Si models indeed yield negative
erroneous results).

Table 4.12: Parameters for the energy relaxation time model [ps].

τǫ,0 τǫ,1 τǫ,2

GaN 0.21 0.004 0.0

InN 0.21 0.012 0.0
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4.5 Spontaneous and Piezoelectric Polarization

A good understanding of the electrical polarization effects at the material interfaces is key
to proper device simulation. III-V nitrides are the only III-V materials that show spontaneous
polarization PSP. This has been found to increase from GaN over InN to AlN [172] and it also has
a negative sign. The reason is an intrinsic asymmetry of the bonding in the equilibrium wurtzite
crystal structure. However, mechanical stress also results in polarization, which is then called
piezoelectric polarization PPZ. It is negative for tensile and positive for compressive strained
AlGaN layers. Therefore, the orientation of the spontaneous and piezoelectric polarization is
parallel in case of tensile strain and antiparallel in case of compressive strain. AlGaN layers grown
on GaN buffers are always under tensile strain, thus only this case will be further discussed. As
both polarizations have the same direction the total polarization is simply the sum:

P = PPZ + PSP.

Further, the total polarization of the AlGaN layer is stronger than that of the underlying re-
laxed GaN buffer layer. The negative spontaneous polarization of both layers and the negative
piezoelectric polarization vector under tensile strain points from the Nitrogen atom towards
the nearest Gallium atom along the [0001] axis. Thus, for Ga-faced polarity crystals the total
polarization is directed towards the substrate, while for N-faced crystals it is directed towards
the surface. It is found that the polarization-induced sheet charge is positive for AlGaN on top
of GaN with Ga-face polarity and GaN on top of AlGaN with N-face polarity.

In the following the polarization induced charge at an AlGaN/GaN interface is calculated. Using
the provided parameters and the same approach, the polarization for different material interfaces
can be determined accordingly.

The spontaneous polarization PSP at the AlGaN/GaN interface is calculated by [358]:

PSP = PSP,AlN + PSP,GaN(1 − x),

The piezoelectric polarization PPZ is calculated by:

PPZ = 2 ·
a − a0

a0
e31 − e33 ·

C13

C33
,

without taking partial relaxation into account. The parameters a and a0 are the lattice constants,
e13 and e33 are the piezoelectric coefficients, and C13 and C33 denote the elastic constants.
The parameter values for both the spontaneous (Table 4.13) and piezoelectric (Table 4.14)
polarization are achieved by the revised calculations of [359].

Table 4.13: Spontaneous polarization parameters [C/m2].

GaN AlN InN Refs.

PSP -0.029 -0.081 -0.032 [172]

PSP -0.034 -0.090 -0.042 [359]

69



CHAPTER 4. PHYSICAL MODELS

Table 4.14: Piezoelectric polarization parameters.

Material a a0 e13 e33 C13 C33

[Å] [Å] [C/m2] [C/m2] [GPa] [GPa]

GaN 3.197 5.210 -0.37 0.67 68 354

AlN 3.108 4.983 -0.62 1.50 94 377

InN 4.580 5.792 -0.45 0.81 70 205

Using the provided method and the listed values, the polarization induced charges for AlGaN/GaN,
InAlN/GaN, and InGaN/GaN interfaces are calculated and shown in Fig. 4.20. While using
slightly different values than Ambacher et al. [358], we still obtain a good agreement with their
results. Furthermore, the significantly larger charges at the InAlN/GaN interface must be noted
(due to the higher spontaneous polarization in AlN).

The dependence of the spontaneous polarization coefficients for GaN, AlN, and InN on temper-
ature has been measured to be minimal [360], [361]. There are no reports on the temperature
dependence of the piezoelectric polarization.
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Figure 4.20: Piezoelectric and spontaneous polarization-induced charge
σ/q(PSP + PPE).
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4.6 AC Simulation:

Equivalent Circuits and Parameter Extraction

The small-signal response of a two-port network (Fig. 4.21) can be described by several equivalent
parameter sets. The Y-matrix (admittance matrix) gives the relation between input voltages
and output currents:

I1

I2

=
Y11 Y12

Y21 Y22

V1

V2

(4.82)

with

Y11 =
I1

V1 V2=0

Y12 =
I1

V2 V1=0

(4.83)

Y21 =
I2

V1 V2=0

Y22 =
I2

V2 V1=0

. (4.84)

Another established relation is the Z-matrix (impedance parameters), which links the output
voltages to the input currents:

V1

V2

=
Z11 Z12

Z21 Z22

I1

I2

(4.85)

with

Z11 =
V1

I1 I2=0

Z12 =
V1

I2 I1=0

(4.86)

Z21 =
V2

I1 I2=0

Z22 =
V2

I2 I1=0

. (4.87)

However, measurement of those parameter sets requires open or shortcut conditions, which are
difficult to achieve at high frequencies. To avoid this problem, matched loads can be used. Thus,
the device is embedded into a transmission line with a specific impedance (Z0). For a traveling
wave, the inserted network acts as an impedance, different from the characteristic impedance of
the line. S-parameters are the complex valued reflexion and transmission coefficients (Fig. 4.22):

b1

b2

=
S11 S12

S21 S22

a1

a2

(4.88)

Two−Port NetworkI IV V2211

Figure 4.21: Voltages and currents at a two-port network.
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Two−Port Network
a2a1

21b b

Figure 4.22: Incident and reflected waves at a two-port network.

with

S11 =
b1

a1 a2=0

S12 =
b1

b2 a1=0

(4.89)

S21 =
b2

a1 a2=0

S22 =
b2

a2 a1=0

. (4.90)

The power waves can be expressed as a function of the currents, voltages, and the complex
reference impedance [362].

In order to obtain important figures of merit for the frequency characteristics of the devices, such
as the cut-off frequency and the maximum oscillation frequency, an equivalent circuit is useful.
Here, the one used by Dambrine et al. [363] for FETs is applied (Fig. 4.23). The expressions to
calculate the values of its circuit elements are as following [363], [364]:

ω = 2πf (4.91)

YGS = Y11 + Y12 (4.92)

Ygm = Y21 − Y12 (4.93)

YDS = Y22 + Y12 (4.94)

YGD = −Y12 (4.95)

CGD =
−1

Im 1
YGD

ω
(4.96)

CDS =
Im (YDS)

ω
(4.97)

CGS =
−1

Im 1
YGS

ω
(4.98)

RGS = Re
1

YGS

(4.99)

RDS =
1

Re (YDS)
(4.100)

RGS = Re
1

YGD

(4.101)

(4.102)

As the cut-off frequency is defined as the frequency at which the gain is unity, based on the
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Figure 4.23: Equivalent circuit for a HEMT.

given equivalent circuit the following expression for ft can be obtained:

fT =
gm

2π(CGS + CGS)

with

gm =| Ygm(1 + jωRGSCGS) | .

In order to separate eventual errors introduced by the measurement equipment it is helpful to
embed the device in a parasitic equivalent circuit, independent of the biasing conditions. Such
a parasitic equivalent circuit is shown in Fig. 4.24 [365]. The values for those elements are given
in Table 4.15.
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Figure 4.24: Extrinsic parasitic elements.
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Table 4.15: Applied parasitic elements for GaN HEMT simulation.

Element Ls Lg Ld Cpgs Cpgd Cpds

Unit [pH] [pH] [pH] [fF] [fF] [fF]

Value 1 44 46 18 6 9
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Chapter 5

Simulation Studies

VARIOUS hydrodynamic simulation studies of different HEMT structures are presented in
this chapter, which can be divided into two main parts: the first part deals with normally-on

devices and their characteristics, while the second one focuses on normally-off structures. At the
beginning, three different generations of normally-on devices are analyzed by using the models
discussed in Chapter 4. Both the DC and AC characteristics are studied. As several applica-
tion areas require the devices to operate at elevated temperatures, simulations of AlGaN/GaN
HEMTs at high temperatures are presented, too. The simulator delivers good predictive results
for the DC and RF characteristics of various devices after initial calibration. The tempera-
ture dependence of the maximum current and cut-off frequency of submicron devices is further
studied.

One of the drawbacks of GaN-based HEMTs is the pronounced decrease of the transconductance
gm at higher gate bias, due to increasing source-gate and gate-drain resistances. Via simulations
it is proved that the electric field distribution and the resulting carrier velocity quasi-saturation
are the main source for the transconductance collapse, consequently also for the resistance rise.
A shorter source-gate distance leads to a higher gm peak value, but a more abrupt collapse at
high gate bias. These effects are further discussed with respect to device linearity.

An investigation on the field plate technique in AlGaN/GaN power HEMTs follows. The crit-
ical geometrical variables controlling the field distribution in the channel are determined and
optimized for improved device reliability. The results are implemented in the actual design of
later device generations.

InAlN/GaN HEMTs have been recently proposed to provide higher polarization charges without
the drawback of high strain. Relying on experimental work a simulation study of InAlN HEMTs
is conducted. Using the calibrated setup, specific device effects are explored and the AC device
performance is estimated.

Only a few approaches to obtain normally-off device characteristics exist, as described in Chap-
ter 2. First, the trade-off between high-frequency performance and threshold voltage achieved
by a gate recess technique is analyzed. Another approach is a thin InGaN cap layer, which
introduces a polarization field which raises the conduction band of the AlGaN/GaN interface.
Relying on the experimental work of Mizutani et al. [18] a simulation study of the proposed
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Figure 5.1: SEM image of two HEMTs (IAF Freiburg).

devices is conducted. The characteristics of the devices are compared to those of structures
featuring the gate recess technique.

All of the presented simulation studies are based on experimental data from real devices. The
AlGaN/GaN structures were produced and measured at the Fraunhofer-Institute for Solid-State
Physics (IAF), while the InAlN/GaN structures were fabricated at the Institute for Solid-State
Electronics, TU Wien.

5.1 Depletion-Mode HEMTs

A traditional HEMT structure is conductive at zero gate bias voltage, due to the polarization-
induced charge at the barrier/channel interface. Consequently, D-mode transistors are well-
studied and have been further developed for several years. The major part of the devices
produced currently are therefore normally-off devices.

5.1.1 AlGaN/GaN Devices

All of the measured AlGaN/GaN devices share some basic properties like identical substrate,
layer sequence, and material quality. However, there are differences in the general geometry
and AlGaN layer composition in the particular structures. As an illustration of the device
surface geometry a scanning electron microscopy (SEM) image is shown in Fig. 5.1. The top
metalization is the gate, the middle one is the source, and the bottom one is the drain. The
active transistor area is the shallow channel between the source and drain metalization, with
the thin gate electrode running along. In this figure two transistors are shown.
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Table 5.1: Charge density [cm−2] for three AlGaN/GaN HEMTs.

Device A Device B Device C

channel/barrier 1.14×1013 1.22×1013 0.94×1013

barrier/cap −0.4×1013 −0.4×1013 −0.25×1013

cap/passivation −0.4×1013 −0.4×1013 −0.4×1013

5.1.1.1 Device Structures

The AlGaN/GaN HEMT technology is based on multi-wafer Metal Oxide Chemical Vapor De-
position (MOCVD) growth on 3-inch semi-insulating SiC substrates. The gate is e-beam defined
with different gate lengths (Lg=0.25 µm, 0.5 µm, and 0.6 µm). Device isolation is achieved by
mesa isolation. An AlxGa1−xN/GaN heterointerface is grown on top of a thick insulating GaN
buffer. All layers are unintentionally doped except for the supply layers in some of the devices.
A metal diffusion of the metal source and drain contacts reaching into the channel is assumed.
The positive charge (introduced by polarization effects) at the channel/barrier interface is com-
pensated by a commensurate negative surface charge at the barrier/cap interface. The charge
density values for the three devices are listed in Table 5.1. Using the methodology as described
in Section 4.5 theoretical values of 1.7×1013 cm−2 and 1.2×1013 cm−2 for the Al0.3Ga0.7N/GaN
interface and Al0.22Ga0.78N/GaN interface, respectively, are calculated. However, in real devices
several effects such as dislocations and surface states reduce the total sheet charge. Thus, lower
values are used in the simulations, adapted in order to achieve a density similar to the one
extracted from Hall measurements.

For good control of the sheet carrier concentration in the two-dimensional electron gas (2DEG),
the alloy composition and the abruptness of the AlGaN/GaN interface has to be determined.
Various methods such as high resolution X-ray diffraction, transmission electron microscopy,
and elastic recoil detection have been used [358], [366], [367]. A good estimate of the effective
channel thickness of the conducting region is required for the simulator. A nominal value for
the thickness of the 2DEG region has been found in the literature to be in the order of 2−3 nm,
see e.g. [368], depending on the Al mole fraction in the AlGaN layer. However, the effective
thickness of the conducting region may be wider than the 2DEG, albeit with a lower density. For
the purpose of calibrating the simulator to produce the same current density as in the measured
devices, various effective thicknesses of the defect-free conducting GaN layer were analyzed. A
value of 50 nm was used in all simulations throughout this chapter. Self-heating effects are
accounted for by using a properly adapted ambient temperature. The barrier height of the
Schottky contact to GaN was experimentally determined to be 1.0 eV at room temperature in
agreement with experiments by other groups [273].

Devices from three different HEMT generations are measured and simulated: first a device with
field-plate structure (Device A), next a device with shield-plate structure (Device B), and last
a state of the art device with T-gate only (Device C) [4]. The layer properties are summarized
in Table 5.2 and the geometry is shown in Fig. 5.2.

77





5.1. Depletion-Mode HEMTs

Table 5.2: Layer properties for three AlGaN/GaN HEMTs.

Device A Device B Device C

barrier thickness [nm] 17 17 22

Al composition [%] 30 30 22

δ doping yes yes no

cap thickness [nm] 5 5 3

Device A has gate length Lg = 0.6 µm, field-plate extension length LFP=0.6 µm, and gate width
100 µm. The Al composition in the AlGaN supply layer is 30%. The latter is δ-doped in order
to provide additional carriers and to improve access resistance. Contact resistances of 4 Ω mm
are assumed.

Device B is a Lg = 0.5 µm device featuring a source shield-plate. The gate is T-shaped. The Al
composition in the barrier layer is 30% with a δ doping, too.

The last device has a T-shaped gate with Lg = 0.25 µm and a gate width Wg=2×50 µm (taken
as 1×100 µm in the simulations). The Al composition in the supply layer is 22%, contact
resistance is 0.2 Ωmm.

5.1.1.2 Simulation Results

Using the same setup the three generations of AlGaN/GaN based HEMTs are simulated and
the results are compared to experimental data. In the following the results are discussed.

Device A: Fig. 5.3 compares the measured transfer characteristics (Vds = 12 V) with the
simulations using the two models described in Section 4.4.3. Both setups provide a good agree-
ment. The minor overestimation of the drain current at high gate voltage is due to either gate
leakage or real-space transfer [370]. HD Model B (Section 4.4.3) delivers a slightly higher drain
current. The reason is a small difference in the velocity characteristics at very low electric fields
(<50 kV/cm), which, however, are crucial for the steady state transport. Fig. 5.4 shows the out-
put characteristics. Again an overall good agreement is achieved with a pronounced self-heating
effect at high gate voltages.

Device B: The transfer characteristics is measured at Vds = 12 V but also at Vds = 50 V.
Fig. 5.5 compares the experiment with simulations, where the results agree very well. The
corresponding output curves are provided in Fig. 5.6.

Device C: Fig. 5.7 compares the measured transfer characteristics at Vds = 7 V with simula-
tions. The results achieved with electron mobility Model A match slightly better, however the
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Figure 5.3: Comparison of measured and simulated transfer characteristics
(Device A).
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(Device A).
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Figure 5.7: Comparison of measured and simulated transfer characteristics
(Device C).
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(Device C).
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Figure 5.9: Comparison of measured and simulated cut-off frequency (Device C).
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Figure 5.11: Simulated electron temperature and velocity along the channel.

model delivers a lower current at low VDS than measured (Fig. 5.8). One possible reason is a
higher electron velocity at lower fields in the real device due to low dislocation scattering effects.

AC simulations are performed to compare the calculated and experimental figures of merit e.g.
cut-off and maximum frequency. Fig. 5.9 shows the measured and simulated cut-off frequency
ft (again at Vds = 7 V. In order to account for the parasitics introduced by the measurement
equipment, the intrinsic parameters obtained in the simulation are transformed using a standard
two-port pad parasitic equivalent circuit. Both models provide a very good agreement with the
experiment.

Fig. 5.10 compares the measured and simulated (using Model B) extrinsic S-parameters at
Vgs = −1.5 V and Vds = 7 V. An excellent agreement is achieved for all parameters in the
frequency range 100 MHz−26 GHz.

The electron transport in the channel under the gate is studied at the same bias point. As the
electric field reaches its maximum under the drain side of the gate [371], the peak of the electron
temperature is also found there (the gate edge is at x = 2.25 µm in Fig. 5.11). Consequently,
in the same region a pronounced velocity overshoot is observed. Interestingly, temperature and
velocity profiles obtained using both models do not differ significantly.

5.1.2 High Temperature Simulations

Several groups have studied the high-temperature DC operation of AlGaN/GaN HEMTs on
different substrates (sapphire [372], [373], [374], SiC [373], and Si [374], [350]). AC measurements
at elevated temperatures, however, are sparse: e.g. the temperature dependence of the cut-off
frequency is compared to that of the transconductance by Akita et al. [375]. An investigation of
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the influence of high temperature on the microwave power performance of AlGaN/GaN HEMTs
is conducted by Arulkumaran et al. [376].

The theoretical studies of GaN-based transistors at higher temperature are also rare. There
are few analytical models developed [377], [378], [379], however, those are tailored for use in
circuit simulation, not for device optimization. To our knowledge there is only one work which
focuses solely on high-temperature HEMT device simulation [380], however, it relies on dated
experimental data [375] and does not feature AC performance.

Based on the temperature dependent material and model parameters as discussed in Chapter 4,
the simulator is calibrated with the Lg = 0.25 µm structure (Device C in the previous section)
serving as a calibration device [15]. HD electron mobility Model B is chosen for this study.
The already mentioned values for the interface charges (Table 5.1) are retained, as are the
other material and model parameters as e.g. the Schottky barrier height. However, it should
be mentioned that the changes in the barrier height with temperature (in the range under
investigation) are found to be negligibly small [381].

Using the same set of models and model parameters a Lg = 0.5 µm benchmark device is
simulated. All other device properties (layer thickness and composition and geometry) are the
same. The ambient temperatures at which the devices were measured and are simulated are
300 K, 365 K, and 425 K. For the gate-variation study, two more devices with Lg = 0.1 µm and
Lg = 0.15 µm are simulated. Also a fourth ambient temperature of 485 K is explored.

5.1.2.1 DC Results

Using the values for the polarization-induced interface charges from Table 5.1 a very good
agreement between measurement data and simulation results for the transfer characteristics of
the calibration device is achieved (Fig. 5.12). Our setup allows for a proper modeling of the drain
current also at elevated temperatures. As an example, Fig. 5.13 shows the output characteristics
at 425 K. Two curves are shown for Vgs = 2 V: without self-heating, which greatly overestimates
the current; with self-heating, which delivers a significantly better match, but requires a higher
computational effort. While others [382] have observed a significant threshold voltage (Vth)
shift, in our measurements such a shift is almost non-existent. As Vth depends on the carrier
density, carrier trap density and the Schottky barrier height [383], we can assume that trapping
effects in the devices are also temperature-independent in this range (the carrier density change
is also negligible).

Fig. 5.14 shows the lattice temperature in the device at Vds = 20 V and VGS2 bias. The area
where the lattice is heated from high-energy electrons, is the high-electric field region under the
drain side of the gate and the gate-extension.

The same simulations are performed for the benchmark device. Retaining the same interface
charge values, a good prediction of the threshold voltage is obtained (Fig. 5.15). Raising the
ambient temperature, once again yields a good agreement between simulation results and ex-
perimental data, also for the output characteristics (shown at 425 K in Fig. 5.16).
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Figure 5.19: S-parameters for the Lg = 0.25 µm device at 300 K.
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Figure 5.20: S-parameters for the Lg = 0.25 µm device at 425 K.

90



5.1. Depletion-Mode HEMTs

0
2

0.
5

1.
0

2.
0

5.
0

+j0.2

−j0.2

+j0.5

−j0.5

+j1.0

−j1.0

−j2.0

+j5.0

−j5.0

0.0 ∞

 

 
Measurement
Simulation

S12x4

S21/4

S22

S11

Figure 5.21: S-parameters for the Lg = 0.5 µm device at 300 K.

0.
2

0.
5

1.
0

2.
0

5.
0

+j0.2

−j0.2

+j0.5

−j0.5

+j1.0

−j1.0

−j2.0

+j5.0

−j5.0

0.0 ∞

 

 
Measurement
Simulation

S11

S22

S12x4
S21/4

Figure 5.22: S-parameters for the Lg = 0.5 µm device at 425 K.
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device with a source-gate distance 0.2 µm longer than the nominal value (LSG+0.2 µm), and
three devices with source-gate distances 0.2−0.6 µm shorter than the nominal value (LSG −
0.2/0.4/0.6 µm). In agreement with previous works, decreasing the source-gate distance results
in a higher peak transconductance (Fig. 5.29). Also with shorter distance a flatter peak is
achieved. These improvements are, however, at the cost of a transconductance collapse at lower
VGS. In order to find the source of this effect the impact of the carrier velocity and concentration
is studied separately as in (5.1).

The simulations show that the change of carrier concentration Δn/ΔVGS is roughly equal for
devices with shorter LSG, thus the different transconductance characteristics are due to the
different change of the electron velocity with gate bias Δv/ΔVGS. Fig. 5.30 shows the velocity
change in the real device (nominal LSG) and a device with a LSG 0.6 µm shorter for two gate
voltages Vgs = −1 V and Vgs = 1 V. The former corresponds to the peak gm, in which the
transconductance of the shorter device is higher. The reason is the higher Δv in the source-gate
region of the smaller device due to the considerably higher electric field. In the second point
(Vgs = 1 V) Δv in the shorter device is lower overall, causing the lower gm. It must be noted that
Δv is lower not only in the source-gate region due to reaching the maximum velocity earlier, but
also in the region under the gate. There the electric field decreases more rapidly in the shorter
structure, which results in the lower value of Δv.

These results show that the transconductance can be extensively tailored by appropriate scaling
of the source-gate distance. However, down-scaling of LSG is limited by breakdown effects.
Contrary to other studies, here the introduction of a channel implantation or a n++ cap layer is
not supported, as the higher donor concentration deteriorates the electron mobility. Last, it is
shown that with a carefully calibrated setup various effects can be successfully explored.

5.1.4 Optimization Techniques

A significant improvement of the device performance has been achieved by adopting the field
plate technique [68]. With its origins in the context of high-voltage p-n junctions [10] the main
purpose of the field plate is to reshape the electric field distribution in the channel and to
reduce its peak value on the drain side of the gate edge. The benefit is an increase of the
breakdown voltage and a reduced high-field trapping effect. Overall the power density could be
increased from 10 W/mm [389] to 40 W/mm [65]. Although sharing the same principle with
FETs/MESFETs the effect of the field plate on HEMTs has to be studied extensively with
account of the different transport mechanisms in the later devices.

5.1.4.1 Device Structures

The devices share a similar design with the already simulated structures (especially to Device A,
excluding the field plate). The gate is so far e-beam defined with a gate length of Lg = 150 nm,
300 nm, and 600 nm. Device isolation is achieved by mesa isolation. Fig. 5.31 gives an example
of a typical fully planar AlGaN/GaN HEMT. An Al0.3Ga0.7N/GaN heterointerface is grown on
top of a thick insulating GaN buffer. All layers are non-intentionally doped, except the δ-doping
which is introduced in the AlGaN supply layer to provide additional carriers and to improve
the access resistances. The maximum drain current density is larger than 900 mA/mm and the
transconductance is larger than 200 mS/mm at Vds = 7 V. The current gain cut-off frequency
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Figure 5.35: Simulated electric field along the channel of Lg = 600 nm HEMTs with
and without field plate for Vgs = 0 V and Vds = 7 V.

5.1.4.2 Simulation Results

The critical variables associated with the field plate for a given gate length Lg are the field
plate length LFP and the SiN thickness (see Fig. 5.31). While the gate length is crucial for the
transit time, the field plate length is the major factor for the size of the electrical field-reshaped
region [371]. The nitride thickness controls the onset voltage but has also significant influence
on the maximum electric field.

Calibration and Field Plate Optimization of Lg = 600 nm HEMTs: AlGaN/GaN
HEMTs with Lg = 600 nm nm have been used for device analysis and model calibration.
Fig. 5.33 shows measured (solid lines) and simulated (dashed lines) output characteristics of
Lg = 600 nm HEMTs. Modeling issues remain for Vgs = 1 V.

Fig. 5.34 compares measured (symbols) and simulated (lines) transfer characteristics of HEMTs
without and with field plate. Very good agreement between simulation and measured electrical
data is achieved for both devices. The difference caused by the field plate is better demonstrated
by the electrical field distribution in the channel as shown in Fig. 5.35. A 50% reduction of the
maximum electric field, located at the drain side of the gate edge, is achieved by the introduction
of the field plate. A second peak occurs at the field plate edge.

The choice of an optimum field plate length is made with respect to the desired electrical
properties [130]. Here, the aim is the highest reduction of the peak electric fields in the channel
for VGS=VFPS=−7 V, Vds = 60 V, thus securing a reliable device operation up to this bias.
The optimum field plate length LFP=Lg = 600 nm is found after variation of LFPin the range
200 nm-800 nm (see Fig. 5.36).
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Figure 5.36: Simulated electric field along the channel for various field plate lengths
LFP (Lg = 600 nm).
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Figure 5.37: Simulated electric field along the channel for various gate lengths
(LFP=Lg).
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Figure 5.38: Simulated electric field along the channel for various field plate lengths
LFP (Lg = 300 nm).
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Figure 5.39: Simulated electric field along the channel for various field plate lengths
LFP (Lg = 150 nm).
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dielectric permittivity of In0.2Al0.8N is εr=9.86, which is in a good agreement with the value
listed in [392]. The barrier height of the gate Schottky contact is 1 eV. The value of the sheet
charge density at the InAlN/GaN interface induced by the polarization effects is found to be
3.3×1013 cm−2 from the DC characteristics (simulation results for different values are given in
Fig. 5.42). A commensurate negative surface charge (as the device is not passivated, a low value
of 1013 cm−2 is assumed) at the top of the InAlN surface is also considered in the simulation.
Simulation results for the transfer characteristics assessing different charge values are shown in
Fig. 5.43. Self-heating effects are accounted for by using a thermal resistance of Rth=3 K/W at
the substrate thermal contact. Fig. 5.44 compares transfer characteristics without self-heating
effects and with different values of Rth. This value lumps the thermal resistance of the nucleation
layer and the sapphire substrate, and possible three-dimensional thermal effects.

The simulation exhibits good agreement with the experimental data under consideration of
Ohmic contact resistances RS=RD=1.3 Ωmm. The simulated output characteristics show a
good agreement with the experimental data (Fig. 5.45). By AC analysis of the device a cut-
off frequency ft≈7 GHz is obtained. This low value can be explained with the conservative
design of the device and the low carrier mobility in the channel (µ=230 cm2/Vs). Downscaled
devices are analyzed (Lg = 0.5/0.25 µm) and the effect of higher quality GaN material on the
AC performance is studied. In our simulation of a device with Lg = 0.25 µm reported in [391]
(carrier mobility µ=530 cm2/Vs) ft=36 GHz is reached.

5.2 Enhancement-Mode HEMTs

The possible approaches to obtain a normally-off device characteristics have been summarized
in Section 2.3. Here, two of them are studied: the recessed gate approach and the InGaN cap
layer approach. For the former experimental data from devices produced at the IAF Freiburg
are available, while for the latter, the data were extracted from corresponding publications. The
comparison is based on the same InGaN cap devices and experimental data provided in [49].
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Figure 5.41: Band alignment of the heterointerface.
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Figure 5.42: Transfer characteristics for different values of the polarization charge
density at the InAlN/GaN interface and −1013 cm−2 at the InAlN top
surface (Vds = 8 V).
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Figure 5.43: Transfer characteristics for different values of the total charges
(polarization and traps) at the InAlN top surface and
3.3×1013 cm−2 at the InAlN/GaN interface (Vds = 8 V).
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Figure 5.52: Simulated transfer characteristics for devices with different barrier
thickness tbar under the gate.
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Figure 5.53: Simulated transconductance for devices with different barrier thickness
tbar under the gate.
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Figure 5.54: Simulated cut-off frequency for devices with different barrier thickness
tbar under the gate.
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Figure 5.55: Simulated gate-source capacitance for devices with different barrier
thickness tbar under the gate.
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5.2.3 Comparison Gate Recess versus InGaN Cap Layer

For this comparison the same InGaN cap device is used as described in the previos section. The
gate recess structure and its fabrication is reported by Palacios et al. [49]. The 11 nm thick
GaN channel is grown on-top of a 1 nm thick In0.1Ga0.9N back-barrier. A 1 nm thick AlN layer
between the channel and the 25 nm Al0.33Ga0.67N is grown in order to improve the electron
mobility. After the AlGaN surface treatment a 12 nm gate recess is performed, resulting in a
gate-to-channel distance of 13 nm. The gate length Lg is 160 nm, source-gate distance is 0.6 µm,
and gate-drain distance is 0.9 µm.

5.2.3.1 Simulation Results

Fig. 5.61 shows the results for the transfer characteristics of both devices. After the calibration of
the sheet charges a good agreement is achieved. The InGaN/GaN device exhibits lower current.
However, a higher threshold voltage is achievable without recessing the InGaN cap layer [18].
The threshold voltage of the recess device can be increased, too, (Fig. 5.62) by increasing the
recess depth.

Fig. 5.63 compares the DC transconductance gm for both devices. The decrease in the measured
gm of the InGaN/AlGaN/GaN transistor at higher gate bias might be due to non-idealities in
the source and drain ohmic contacts, which are not considered in the simulation. As expected,
the recessed gate device exhibits a higher gm due to the much shorter gate length Lg and the
reduced gate-to-channel separation.
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Figure 5.58: Energy band diagrams of a HEMT with (dot-dashed line) and without
(solid line) InGaN layer.
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Figure 5.61: Comparison of the measured (symbols) and simulated (lines) transfer
characteristics at Vds = 5 V.
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Figure 5.62: Simulated transfer characteristics at Vds = 5 V for HEMTs with
different gate recess depths.
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Chapter 6

Conclusion and Outlook

THE objective of this work was to specify a profound simulation setup for the investigation
of GaN-based heterostructure devices and subsequently to study a number of structures.

Available material properties (both experimental and theoretical) were summarized with special
emphasis on electron transport characteristics. For the latter Monte Carlo simulations were
performed while accounting for recent findings (e.g. InN band structure). Based on this exten-
sive compilation and with respect to device peculiarities new models for the electron mobility
were developed and calibrated. All other model and material parameters were reexamined and
reevaluated according to the current state of knowledge. Relying on this setup several gener-
ations of AlGaN/GaN HEMTs were simulated and excellent predictive results were achieved
for both the DC and AC characteristics. An optimization study of the gate geometry was per-
formed, which had major influence on the design of subsequent transistor generations. Further
investigations included high temperature performance and down-scaling phenomena as well as
transconductance collapse. Two different approaches towards realizing normally-off operation
were examined supported by experimental data and compared: the recessed gate technique and
the InGaN cap layer technique. InAlN/GaN structures were also simulated in order to estimate
the advantages against common AlGaN/GaN devices.

All those studies showed that the simulation setup describes adequately numerous devices pro-
duced by different processes and featuring several material setups and geometries. The simula-
tions proved to allow valuable insights into device physics. This knowledge can be broadened by
gate leakage studies which require a modified Schottky contact model accounting for tunneling
effects from the channel.

Another possible direction for future work is the addition of proper treatment of quarternary
alloys to the simulator. Devices with an InAlGaN barrier have been proposed recently, as
the barrier layer can be grown lattice-matched to GaN and offers superb sheet charge density.
The simulation of such structures requires models for quarternary alloys to be developed and
calibrated.

HEMT performance is still confined by surface traps. This phenomenon is manifested mainly
by drain source current collapse or current lag in pulsed mode. The investigation of this effect
will require transient simulations and some additional time-variant sheet charge at the surface.

121



CHAPTER 6. CONCLUSION AND OUTLOOK

Last but not least the presented setup allows the simulation of heterostructure bipolar transistors
with some minor model expansion for hole transport. Such simulation studies can answer,
whether the reduced device performance is due to intrinsic problems or flawed Ohmic contacts.

Those exciting new investigations will help to further advance Nitride device technology. While
they can (and most probably will) offer excellent challenges (either due to the required additional
models or through reduced computational stability), this work can serve as a basis for those
focused studies.

122



Bibliography

[1] R. Ross, S. Svensson, and P. Lugli, Pseudomorphic HEMT Technology and Applications.
Dordrecht-Boston-London: Kluwer Academic Publisher, 1996.

[2] T. Mimura, “The Early History of the High Electron Mobility Transistor (HEMT),” IEEE
Trans.Microwave Theory and Techniques, vol. 50, no. 3, pp. 780–782, 2002.

[3] T. Mimura, S. Hiyamizu, T. Fujii, and K. Nanbu, “A New Field-Effect Transistor with
Selectively Doped GaAs/n-AlxGa1−xAs Heterojunctions,” Jpn.J.Appl.Phys., vol. 19, no. 5,
pp. L225–L227, 1980.

[4] T. Mimura, K. Joshin, S. Hiyamizu, K. Hikosaka, and M. Abe, “High Electron Mobility
Transitor Logic,” Jpn.J.Appl.Phys., vol. 20, no. 8, pp. L598–L600, 1981.

[5] J. Orton, The Story of Semiconductors. Oxford: Oxford University Press, 2004.

[6] C. Weisbuch and B. Vinter, Quantum Semiconductor Structures. San Diego: Academic
Press, 1991.

[7] K. Duh, C. Chao, P. Ho, A. Tessmer, J. Liu, Y. Kao, M. Smith, and M. Ballingall, “W-
Band InGaAs HEMT Low Noise Amplifiers,” IEEE Intl. Microwave Symp. Dig., vol. 1,
pp. 595–598, 1990.

[8] M. Khan, A. Bhattarai, J. Kuznia, and D. Olson, “High Electron Mobility Transistor
Based on a GaN-AlxGa1−xN Heterojunction,” Appl.Phys.Lett., vol. 63, no. 9, pp. 1214–
1215, 1993.

[9] S. Mohammad and H. Morkoc, “Base Transit Time of GaN/InGaN Heterojunction Bipolar
Transistors,” J.Appl.Phys., vol. 78, no. 6, pp. 4200–4205, 1995.

[10] F. Conti and M. Conti, “Surface Breakdown in Silicon Planar Diodes Equipped with Field
Plate,” Solid-State Electron., vol. 15, no. 1, pp. 93–105, 1972.

[11] R. Thompson, T. Prunty, V. Kaper, and J. Shealy, “Performance of the AlGaN HEMT
Structure With a Gate Extension,” IEEE Trans.Electron Devices, vol. 51, no. 2, pp. 292–
295, 2004.

123



BIBLIOGRAPHY

[12] K. Makiyama, T. Ohki, M. Kanamura, K. Imanishi, N. Hara, and T. Kikkawa, “High-fmax

GaN HEMT with High Breakdown Voltage over 100 V for Millimeter-Wave Applications,”
Phys.stat.sol.(a), vol. 204, no. 6, pp. 2054–2058, 2007.

[13] L. Shen, S. Heikman, B. Moran, R. Coffie, N. Zhang, D. Buttari, I. Smorchkova, S. Keller,
S. DenBaars, and U. Mishra, “AlGaN/AlN/GaN High-Power Microwave HEMT,” IEEE
Electron Device Lett., vol. 22, no. 10, pp. 457–459, 2001.

[14] N. Maeda, T. Saito, K. Tsubaki, T. Nishida, and N. Kobayashi, “Two-Dimensional Elec-
tron Gas Transport Properties in AlGaN/GaN Single- and Double-Heterostructure Field
Effect Transistors,” Mat.Sci.Eng.B, vol. 82, no. 1-3, pp. 232–237, 2001.

[15] M. Khan, Q. Chen, C. Sun, J. Yang, M. Blasingame, M. Shur, and H. Park, “En-
hancement and Depletion Mode GaN/AlGaN Heterostructure Field Effect Transistors,”
Appl.Phys.Lett., vol. 68, no. 4, pp. 514–516, 1996.

[16] Y. Cai, Y. Zhou, K. Chen, and K. Lau, “High-Performance Enhancement-Mode Al-
GaN/GaN HEMTs Using Fluoride-Based Plasma Treatment,” IEEE Electron Device Lett.,
vol. 26, no. 7, pp. 435–438, 2005.

[17] V. Kumar, A. Kuliev, T. Tanaka, Y. Otoki, and I. Adesida, “High Transconductance
Enhancement-Mode AlGaN/GaN HEMTs on SiC Substrate,” Electron.Lett., vol. 39,
no. 24, pp. 1758–1760, 2003.

[18] T. Mizutani, M. Ito, S. Kishimoto, and F. Nakamura, “AlGaN/GaN HEMTs With Thin
InGaN Cap Layer for Normally Off Operation,” IEEE Electron Device Lett., vol. 28, no. 7,
pp. 549–552, 2007.

[19] R. Quay, Gallium Nitride Electronics. Berlin-Heidelberg: Springer, 2008.

[20] D. Meharry, R. Lander, K. Chu, L. Gunter, and K. Beach, “Multu-Watt Wideband MMICs
in GaN and GaAs,” IEEE Intl. Microwave Symp. Dig., pp. 631–634, 2007.

[21] Y. Lee and Y. Jeong, “A High Efficiency Class-E GaN HEMT Power Amplifier for
WCDMA Applications,” IEEE Mircowave and Wireless Comp. Lett., vol. 17, no. 8,
pp. 622–624, 2007.

[22] K. Krishnamurty, J. Martin, B. Landberg, R. Vetury, and M. Poulton, “Wideband 400 W
Pulsed Power GaN HEMT Amplifiers,” IEEE Intl. Microwave Symp. Dig., pp. 303–306,
2008.

[23] N. Lopez, J. Hoversten, M. Poulton, and Z. Popovic, “A 65-W High-Efficiency UHF GaN
Power Amlifier,” IEEE Intl. Microwave Symp. Dig., pp. 65–68, 2008.

[24] S. Hong, Y. Woo, I. Kim, J. Moon, H. Kim, J. Lee, and B. Kim, “High Efficiency GaN
HEMT Power Amplifier Optimized for OFDM EER Transmitter,” IEEE Intl. Microwave
Symp. Dig., pp. 1247–1250, 2007.

[25] K. Yamanaka, K. Mori, K. Iyomasa, H. Ohtsuka, H. noto, M. Nakayama, Y. Kamo, and
Y. Isota, “C-Band GaN HEMT Power Amplifier with 220W Output Power,” IEEE Intl.
Microwave Symp. Dig., pp. 1251–1254, 2007.

124



BIBLIOGRAPHY

[26] T. Yamamoto, E. Mitani, K. Inoue, M. Nishi, and S. Sano, “A 9.5-10.5 GHz 60W Al-
GaN/GaN HEMT for X-Band High Power Application,” Proc. European Microwave In-
tegr. Circuit Conf., pp. 173–175, 2007.

[27] M. Kao, C. Lee, R. Hajji, P. Saunier, and H. Tserng, “AlGaN/GaN HEMTs with PAE of
53% at 35 GHz for HPA and Multi-Function MMIC Applications,” IEEE Intl. Microwave
Symp. Dig., pp. 627–629, 2007.

[28] J. Moon, D. Wong, M. Hu, P. Hashimoto, M. Antcliffe, C. McGuire, M. Micovic,
and P. Willadson, “55% PAE and High Power Ka-Band GaN HEMTs With Linearized
Transconductance via n+ GaN Source Contact Ledge,” IEEE Electron Device Lett.,
vol. 29, no. 8, pp. 834–837, 2008.

[29] R. Kemerley, H. Wallaca, and M. Yoder, “Impact of Wide Bandgap Microwave Devices
on DoD Systems,” Proc.IEEE, vol. 90, no. 6, pp. 1059–1064, 2002.

[30] J. Ender, H. Wilden, U. Nickel, R. Klemm, A. Brenner, T. Eibert, and D. Nussler,
“Progress in Phased-Array Radar Applications,” European Radar Conference, pp. 113–
117, 2004.

[31] Y. Mancuso, P. Gremillet, and P. Lacomme, “T/R- Modules Technological and Technical
Trends for Phased Array Antennas,” IEEE Intl. Microwave Symp. Dig., pp. 614–618, 2005.

[32] M. Ludwig, C. Buck, F. Coromina, and M. Suess, “Status and Trends for Space-Borne
Phased Array Radar,” IEEE Intl. Microwave Symp. Dig., pp. 1619–1622, 2005.

[33] T. Kachi, “GaN Power Devices for Automotive Applications,” in Tech.Dig. IEEE Com-
pound Semiconductor IC Symp., pp. 1–4, 2007.

[34] G. Steinhoff, M. Hermann, W. Schaff, L. Eastman, M. Stutzmann, and M. Eickhoff, “pH
Response of GaN Surfaces and its Application for pH-Sensitive Field-Effect Transistors,”
Appl.Phys.Lett., vol. 83, no. 1, pp. 177–179, 2003.

[35] B. Kang, F. Ren, B. Gila, C. Abernahty, and S. Pearton, “AlGaN/GaN-Based Metal-
Oxide-Semiconductor Diode-Based Hydrogen Gas Sensor,” Appl.Phys.Lett., vol. 84, no. 7,
pp. 1127–1130, 2004.

[36] G. Mueller, G. Kreotz, and J. Schalk, “New Sensors for Automotive and Aerospace Ap-
plications,” Phys.stat.sol.(a), vol. 185, no. 1, pp. 1–14, 2001.

[37] Y. Liu, P. Ruden, J. Xie, H. Morkoc, and K. Son, “Effect of Hydrostatic Pressure on the DC
Characteristics of AlGaN/GaN Heterojunction Field Effect Transistors,” Appl.Phys.Lett.,
vol. 88, pp. 013505–1–013505–3, 2006.

[38] M. Eickhoff, O. Ambacher, G. Kroetz, and M. Stutzmann, “Piezoresistivity of AlxGa1−xN
Layers and AlxGa1−xN/GaN Heterostructures,” J.Appl.Phys., vol. 90, no. 7, pp. 3383–
3386, 2001.

[39] M. Micovic, T. Tsen, M. Hu, P. Hashimoto, P. Willadsen, I. Milosavljevic,
A. Schmitz, M. Antcliffe, D. Zhender, J. Moon, W. Wong, and D. Chow, “GaN
Enhancement/Depletion-Mode FET Logic for Mixed Signal Applications,” Electron.Lett.,
vol. 41, no. 19, pp. 1081–1083, 2005.

125



BIBLIOGRAPHY

[40] A. Endoh, Y. Yamashita, K. Ikeda, M. Higashiwaki, K. Hikosaka, T. Matsui, S. Hiyamizu,
and T. Mimura, “Non-Recessed-Gate Enhancement-Mode AlGaN/GaN High Electron Mo-
bility Transistors with High RF Performance,” Jpn.J.Appl.Phys., vol. 43, no. 4B, pp. 2255–
2258, 2004.

[41] Y. Liu, T. Egawa, and H. Jiang, “Enhancement-Mode Quaternary AlInGaN/GaN HEMT
with Non-Recessed-Gate on Sapphire Substrate,” Electron.Lett., vol. 42, no. 15, pp. 884–
886, 2006.

[42] J. Moon, D. Wong, T. Hussain, M. Micovic, P. Deelman, H. Ming, M. Antcliffe, C. Ngo,
P. Hashimoto, and L. McCray, “Submicron Enhancement-Mode AlGaN/GaN HEMTs,”
in Device Research Conf.Dig., pp. 23–24, 2002.

[43] J. Moon, S. Wu, D. Wong, I. Milosavljevic, A. Conway, P. Hashimoto, M. Hu, M. Antcliffe,
and M. Micovic, “Gate-Recessed AlGaN-GaN HEMTs for High-Performance Millimeter-
Wave Applications,” IEEE Electron Device Lett., vol. 26, no. 6, pp. 348–350, 2005.

[44] S. Maroldt, C. Haupt, W. Pletschen, S. Mueller, R. Quay, O. Ambacher, C. Schippel,
and F. Schwierz, “Gate-Recessed AlGaN/GaN Based Enhancement-Mode High Electron
Mobility Transistors for High Frequency Operation,” Jpn.J.Appl.Phys., vol. 48, no. 4,
p. 04C083(3), 2009.

[45] H. Okita, K. Kaifu, J. Mita, T. Yamada, Y. Sano, H. Ishikawa, T. Egawa, and T. Jimbo,
“High Transconductance AlGaN/GaN-HEMT with Recessed Gate on Sapphire Substrate,”
Phys.stat.sol.(a), vol. 200, no. 1, pp. 187–190, 2003.

[46] W. Lanford, T. Tanaka, Y. Otoki, and I. Adesida, “Recessed-Gate Enhancement-Mode
GaN HEMT with High Threshold Voltage,” Electron.Lett., vol. 41, no. 7, pp. 449–450,
2005.

[47] T. Nanjo, N. Miura, T. Oishi, M. Suita, Y. Abe, T. Ozeki, S. Nakatsuka, A. Inoue,
T. Ishikawa, Y. Matsuda, H. Ishikawa, and T. Egawa, “Improvement of DC and RF
Characteristics of AlGaN/GaN High Electron Mobility Transistors by Thermally Annealed
Ni/Pt/Au Schottky Gate,” Jpn.J.Appl.Phys., vol. 43, no. 4B, pp. 1952–1929, 2004.

[48] J. Liu, Y. Zhou, J. Zhu, Y. Cai, K. Lau, and K. J. Chen, “DC and RF Characteris-
tics of AlGaN/GaN/InGaN/GaN Double-heterojunction HEMTs,” IEEE Trans.Electron
Devices, vol. 54, no. 1, pp. 2–11, 2007.

[49] T. Palacios, C. Suh, A. Chakraborty, S. Keller, S. DenBaars, and U. Mishra, “High-
Performance E-Mode AlGaN/GaN HEMTs,” IEEE Electron Device Lett., vol. 27, no. 6,
pp. 428–430, 2006.

[50] N. Ikeda, K. Kato, J. Li, K. Hataya, and S. Yoshida, “Normally-off Operation GaN HFET
Using a Thin AlGaN Layer for Low Loss Switching Devices,” Proc.MRS, vol. 831, pp. 355–
360, 2005.

[51] Y. Ohmaki, M. Tanimoto, S. Akamatsu, and T. Mukai, “Enhancement-Mode Al-
GaN/AlN/GaN High Electron Mobility Transistor with Low On-State Resistance and
High Breakdown Voltage,” Jpn.J.Appl.Phys., vol. 45, no. 44, pp. L1168–L1170, 2006.

126



BIBLIOGRAPHY

[52] Y. Cai, Y. Zhou, K. Lau, and K. Chen, “Control of Threshold Voltage of AlGaN/GaN
HEMTs by Fluoride-Based Plasma Treatment: From Depletion Mode to Enhancement
Mode,” IEEE Trans.Electron Devices, vol. 53, no. 9, pp. 2207–2215, 2006.

[53] M. Higashiwaki, T. Mimura, and T. Matsui, “Enhancement-Mode AlN/GaN HFETs Using
Cat-CVD SiN,” IEEE Trans.Electron Devices, vol. 54, no. 6, pp. 1566–1570, 2007.

[54] X. Hu, G. Simin, J. Yang, M. Khan, R. Gaska, and M. Shur, “Enhancement Mode Al-
GaN/GaN HFET with Selectively Grown pn Junction Gate,” Electron.Lett., vol. 36, no. 8,
pp. 753–754, 2000.

[55] S. Nakamura, M. Senoh, and T. Mukai, “Highly p-Typed Mg-Doped GaN Films Grown
with GaN Buffer Layers,” Jpn.J.Appl.Phys., vol. 30, Part 2, no. 10A, pp. L1708–L1711,
1991.

[56] A. Khan, J. Kuznia, D. Olson, W. Schaff, J. Burm, and M. Shur, “Microwave Performance
of a 0.25 µm Gate AlGaN/GaN Heterostructure Field Effect Transistor,” Appl.Phys.Lett.,
vol. 65, no. 9, pp. 1121–1123, 1994.

[57] K. Kasahara, H. Miyamoto, Y. Ando, Y. Okamoto, T. Nakayama, and M. Kuzuhara, “Ka-
Band 2.3 W Power AlGaN/GaN Heterojunction FET,” in IEDM Tech.Dig., pp. 677–680,
2002.

[58] M. Higashiwaki, T. Mimura, and T. Matsui, Millimeter-Wave GaN HFET Technology,
vol. 6894. 2008.

[59] K. Shinohara, I. Milosavljevic, S. Burnham, A. Corrion, P. Hashimoto, D. Wong, M. Hu,
C. Butler, A. Schmitz, P. Willadsen, K. Boutros, H. Kazemi, and M. Micovic, “60-nm
GaN/AlGaN DH-HEMTs with 1.0 Ω·mm Ron, 2.0 A/mm Idmax, and 153 GHz fT,” Device
Research Conf.Dig., pp. 167–168, 2009.

[60] J. Chung, W. Hoke, E. Chumbes, and T. Palacios, “AlGaN/GaN HEMT with 300-GHz
fmax,” IEEE Electron Device Lett., vol. 31, no. 3, pp. 195–197, 2010.

[61] P. Kordos, M. Mikulics, A. Fox, D. Gregusova, K. Cico, J. Carlin, M. Grandjean, J. Novak,
and K. Frohlich, “RF Performance of InAlN/GaN HFETs and MOSHFETs with ft×Lg

up to 21 GHz·µm,” IEEE Electron Device Lett., vol. 31, no. 3, pp. 180–182, 2010.

[62] J. Kuzmik, “Power Electronics on InAlN/(In)GaN: Prospect for a Record Performance,”
IEEE Electron Device Lett., vol. 22, no. 11, pp. 510–513, 2001.

[63] H. Sun, A. Alt, H. Benedickter, E. Feltin, J. Carlin, M. Gonschorek, N. Grandjean, and
C. Bolognesi, “100-nm-Gate (Al,In)N/GaN HEMTs Grown on SiC with ft=144 GHz,”
IEEE Electron Device Lett., vol. 31, no. 4, pp. 293–295, 2010.

[64] Y.-F. Wu, B. Keller, S. Keller, D. Kapolnek, S. Denbaars, and U. Mishra, “Measured
Microwave Power Performance of AlGaN/GaN MODFET,” IEEE Electron Device Lett.,
vol. 17, no. 9, pp. 455–457, 1996.

[65] Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm Double Field-
Plated GaN HEMTs,” in Device Research Conf.Dig., pp. 151–152, 2006.

127



BIBLIOGRAPHY

[66] Y. Wu, S. Wood, R. Smith, S. Sheppard, S. Allen, P. Parikh, and J. Milligan, “An
Internally-Matched GaN HEMT Amplifier with 550-Watt Peak Power at 3.5 GHz,” in
IEDM Tech.Dig., pp. 1–3, 2006.

[67] Y. Wu, B. Keller, S. Keller, D. Kapolnek, P. Kozodoy, S. Denbaars, and U. Mishra, “Very
High Breakdown Voltage and Large Transconductance Realized on GaN Heterojunction
Field Effect Transistors,” Appl.Phys.Lett., vol. 69, no. 10, pp. 1438–1440, 1996.

[68] N.-Q. Zhang, S. Keller, G. Parish, S. Heikman, S. DenBaars, and U. Mishra, “High Break-
down GaN HEMT with Overlapping Gate Structure,” IEEE Electron Device Lett., vol. 21,
no. 9, pp. 421–423, 2000.

[69] Y. Dora, A. Chakraborty, L. McCarthy, S. Keller, S. DenBaars, and U. Mishra, “High
Breakdown Voltage Achieved on AlGaN/GaN HEMTs with Integrated Slant Field Plates,”
IEEE Electron Device Lett., vol. 27, no. 9, pp. 713–715, 2006.

[70] T. Egawa, T. Suzue, and S. Selvaraj, “Breakdown Enhancement of AlGaN/GaN HEMTs
on 4-in Silicon by Improving the GaN Quality on Thick Buffer Layers,” IEEE Electron
Device Lett., vol. 30, no. 6, pp. 587–589, 2009.

[71] Y. Yamashita, A. Endoh, K. Shinohara, K. Hikosaka, T. Matsui, S. Hiyamizu, and
T. Mimura, “Pseudomorphic In0.52Al0.48As/In0.7Ga0.3As HEMTs with an Ultrahigh ft

of 562 GHz,” IEEE Electron Device Lett., vol. 23, no. 10, pp. 573–575, 2002.

[72] K. Shinohara, Y. Yamashita, A. Endoh, K. Hikosaka, T. Matsui, T. Mimura, and
S. Hiyamizu, “Ultrahigh-Speed Pseudomorphic InGaAs/InAlAs HEMTs with 400-GHz
Cutoff Frequency,” IEEE Electron Device Lett., vol. 22, no. 11, pp. 507–509, 2001.

[73] K. Lee, Y. Kim, Y. Hong, and Y. Jeong, “35-nm Zigzag T-Gate In0.52Al0.48As/-
In0.53Ga0.47As Metamorphic GaAs HEMTs With an Ultrahigh fmax of 520 GHz,” IEEE
Electron Device Lett., vol. 28, no. 8, pp. 672–675, 2007.

[74] K. Elgaid, H. McLelland, M. Holland, D. Moran, C. Stanley, and I. Thayne, “50-nm T-
Gate Metamorphic GaAs HEMTs with ft of 440 GHz and Noise Figure of 0.7 dB at 26
GHz,” IEEE Electron Device Lett., vol. 26, no. 11, pp. 784–786, 2005.

[75] K. Su, W. Hsu, C. Lee, T. Wu, Y. Wu, L. Chang, R. Hsiao, J. Chen, and T. Chi, “A
Novel Dilute Antimony Channel In0.2Ga0.8AsSb/GaAs HEMT,” IEEE Electron Device
Lett., vol. 28, no. 2, pp. 96–99, 2007.

[76] H. Lin, T. Yang, H. Sharifi, S. Kim, Y. Xuan, T. Shen, S. Mohammadi, and P. Ye,
“Enhancement-Mode GaAs Metal-Oxide-Semiconductor High-Electron-Mobility Transis-
tors with Atomic Layer Deposited Al2O3 as Gate Dielectric,” Appl.Phys.Lett., vol. 91,
no. 21, p. 212101, 2007.

[77] K. Lee, H. Lin, F. Lee, H. Huang, and Y. Wang, “Improved Microwave and Noise Perfor-
mance of InAlAs/InGaAs Metamorphic High-Electron-Mobility Transistor with a Liquid
Phase Oxidized InGaAs Gate without Gate Recess,” Appl.Phys.Lett., vol. 96, no. 20,
p. 203506, 2010.

128



BIBLIOGRAPHY

[78] L. McCarthy, P. Kozodoy, M. Rodwell, S. DenBaars, and U. Mishra, “AlGaN/GaN Het-
erojunction Bipolar Transistor,” IEEE Electron Device Lett., vol. 20, no. 6, pp. 277–279,
1999.

[79] F. Ren, C. Abernathy, J. V. Hove, P. Chow, R. Hickman, J. Klaasen, R. Kopf, H. Cho,
K. Jung, J. L. Roche, R. Wilson, J. Han, R. Shul, A. Baca, and S. Pearton, “300◦C
GaN/AlGaN Heterojunction Bipolar Transistor,” MRS Internet J. Nitride Semicond. Res.,
vol. 3, 1998.

[80] D. Lambert, D. Lin, and R. Dupuis, “Simulation of the Electrical Characteristics of
AlGaN/GaN Heterojunction Bipolar Transistors,” Solid-State Electron., vol. 44, no. 2,
pp. 253–257, 2000.

[81] D. Pulfrey and S. Fathpour, “Performance Predictions for n-p-n AlxGa1−xN/GaN HBTs,”
IEEE Trans.Electron Devices, vol. 48, no. 3, pp. 597–602, 2001.

[82] C. Monier, R. Fan, H. Jung, C. Ping-Chih, R. Shul, L. Kyu-Pil, Z. Anping, A. Baca, and
S. Pearton, “Simulation of npn and pnp AlGaN/GaN Heterojunction Bipolar Transistors
Performances: Limiting Factors and Optimum Design,” IEEE Trans.Electron Devices,
vol. 48, no. 3, pp. 427–432, 2001.

[83] E. Alekseev and D. Pavlidis, “DC and High-Frequency Performance of AlGaN/GaN Het-
erojunction Bipolar Transistors,” Solid-State Electron., vol. 44, no. 2, pp. 245–252, 2000.

[84] F. Ren, J. Han, R. Hickman, J. V. Hove, P. Chow, J. Klaassen, J. L. Roche, K. Jung,
H. Cho, X. Cao, S. Donovan, R. Kopf, R. Wilson, A. Baca, R. Shul, L. Zhang, C. Willison,
C. Abernathy, and S. Pearton, “GaN/AlGaN HBT Fabrication,” Solid-State Electron.,
vol. 44, no. 2, pp. 239–244, 2000.

[85] B. Shelton, J. Huang, D. Lambert, T. Zhu, M. Wong, C. Eiting, H. Kwon, M. Feng, and
R. Dupuis, “AlGaN/GaN Heterojunction Bipolar Transistors Grown by Metal Organic
Chemical Vapour Deposition,” Electron.Lett., vol. 36, no. 1, pp. 80–81, 2000.

[86] B. Shelton, D. Lambert, J. Jian, M. Wong, U. Chowdhury, G. Ting, H. Kwon, Z. Liliental-
Weber, M. Benarama, M. Feng, and R. Dupuis, “Selective Area Growth and Characteriza-
tion of AlGaN/GaN Heterojunction Bipolar Transistors by Metalorganic Chemical Vapor
Deposition,” IEEE Trans.Electron Devices, vol. 48, no. 3, pp. 490–494, 2001.

[87] L. McCarthy, I. Smorchkova, X. Huili, P. Kozodoy, P. Fini, J. Limb, D. Pulfrey, J. Speck,
M. Rodwell, S. DenBaars, and U. Mishra, “GaN HBT: toward an RF Device,” IEEE
Trans.Electron Devices, vol. 48, no. 3, pp. 543–551, 2001.

[88] J. Huang, M. Hattendorf, M. Feng, D. Lambert, B. Shelton, M. Wong, U. Chowdhury,
T. Zhu, H. Kwon, and R. Dupuis, “Temperature Dependent Common Emitter Current
Gain and Collector-Emitter Offset Voltage Study in AlGaN/GaN Heterojunction Bipolar
Transistors,” IEEE Electron Device Lett., vol. 22, no. 4, pp. 157–159, 2001.

[89] L. McCarthy, I. Smorchkova, P. Fini, M. Rodwell, I. Speck, S. DenBaars, and U. Mishra,
“Small Signal RF Performance of AlGaN/GaN Heterojunction Bipolar Transistors,” Elec-
tron.Lett., vol. 38, no. 3, pp. 144–145, 2002.

129



BIBLIOGRAPHY

[90] K. Kumakura, T. Makimoto, and N. Kobayashi, “pnp AlGaN/GaN Heterojunction Bipolar
Transistors Operating at 300◦C,” Phys.stat.sol.(a), vol. 194, no. 2, pp. 443–446, 2002.

[91] H. Xing, P. Chavarkar, S. Keller, S. DenBaars, and U. Mishra, “Very High Voltage Oper-
ation (> 330 V) with High Current Gain of AlGaN/GaN HBTs,” IEEE Electron Device
Lett., vol. 24, no. 3, pp. 141–143, 2003.

[92] H. Xing, D. Jena, M. Rodwell, and U. Mishra, “Explanation of Anomalously High Current
Gain Observed in GaN Based Bipolar Transistors,” IEEE Electron Device Lett., vol. 24,
no. 1, pp. 4–6, 2003.

[93] K. Kumakura, Y. Yamauchi, and T. Makimoto, “High Power Operation of pnp Al-
GaN/GaN Heterojunction Bipolar Transistors,” Phys.stat.sol.(c), vol. 2, no. 7, pp. 2589–
2592, 2005.

[94] K. Kumakura and T. Makimoto, “Carrier Transport Mechanisms of pnp AlGaN/GaN
Heterojunction Bipolar Transistors,” Appl.Phys.Lett., vol. 92, no. 9, p. 093504(3), 2008.

[95] K. Hsueh, Y. Hsin, J. Sheu, W. Lai, C. Tun, C. Hsu, and B. Lin, “Effects of Leakage
Current and Schottky-Like Ohmic Contact on the Characterization of Al0.17Ga0.83N/GaN
HBTs,” Solid-State Electron., vol. 51, no. 7, pp. 1073–1078, 2007.

[96] K. Kumakura and T. Makimoto, “High-Temperature Characteristics up to 590◦C of a
pnp AlGaN/GaN Heterojunction Bipolar Transistor,” Appl.Phys.Lett., vol. 94, no. 10,
p. 103502(3), 2009.

[97] T. Makimoto, K. Kumakura, and N. Kobayashi, “High Current Gains Obtained
by InGaN/GaN Double Heterojunction Bipolar Transistors with p-InGaN Base,”
Appl.Phys.Lett., vol. 79, no. 3, pp. 380–381, 2001.

[98] S. Mohammad, A. Salvador, and H. Morkoc, “Emerging Galium Nitride Based Devices,”
Proc.IEEE, vol. 83, no. 10, pp. 1306–1355, 1995.

[99] S. Chiu, A. Anwar, and S. Wu, “Base Transit Time in Abrupt GaN/InGaN/GaN HBT’s,”
IEEE Trans.Electron Devices, vol. 47, no. 4, pp. 662–666, 2000.

[100] T. Makimoto, K. Kumakura, and N. Kobayashi, “n-AlGaN/p-InGaN/n-GaN Heterojunc-
tion Bipolar Transistors for High Power Operation,” Phys.stat.sol.(c), vol. 0, no. 1, pp. 95–
98, 2003.

[101] T. Makimoto, K. Kumakura, and N. Kobayashi, “High Current Gain (> 2000) of
GaN/InGaN Double Heterojunction Bipolar Transistors Using Base Regrowth of p-
InGaN,” Appl.Phys.Lett., vol. 83, no. 5, pp. 1035–1037, 2003.

[102] T. Makimoto, Y. Yamauchi, and K. Kumakura, “High-Power Characteristics of
GaN/InGaN Double Heterojunction Bipolar Transistors,” Appl.Phys.Lett., vol. 84, no. 11,
pp. 1964–1966, 2004.

[103] J. Li, D. Keogh, S. Raychaudhuri, A. Conway, D. Qiao, and P. Asbeck, “Analysis of
High DC Current Gain Structures for GaN/InGaN/GaN HBTs,” Intl. J. of High Speed
Electronics and Systems, vol. 14, no. 3, pp. 825–830, 2004.

130



BIBLIOGRAPHY

[104] D. Keogh, P. Asbeck, T. Chung, J. Limb, D. Yoo, J. Ryou, W. Lee, S. Shen, and
R. Dupuis, “High Current Gain InGaN/GaN HBTs with 300◦C Operating Temperature,”
Electron.Lett., vol. 42, no. 11, p. 661(2), 2006.

[105] T. Chung, D. Keogh, J.-H. Ryou, D. Yoo, J. Limb, W. Lee, S.-C. Shen, P. Asbeck, and
R. Dupuis, “High Current Gain Graded GaN/InGaN Heterojunction Bipolar Transistors
Grown on Sapphire and SiC Substrates by Metalorganic Chemical Vapor Deposition,”
J.Cryst.Growth, vol. 298, pp. 852–856, 2007.

[106] S. Shen, Y. Lee, H. Kim, Y. Zhang, S. Choi, R. Dupuis, and J. Ryou, “Surface Leakage
in GaN/InGaN Double Heterojunction Bipolar Transistors,” IEEE Electron Device Lett.,
vol. 30, no. 11, pp. 1119–1121, 2009.

[107] A. Nishikawa, K. Kumakura, M. Kasu, and T. Makimoto, “Low-Temperature Character-
istics of the Current Gain of GaN/InGaN Double-Heterojunction Bipolar Transistors,”
J.Cryst.Growth, vol. 311, no. 10, pp. 3000–3002, 2009.

[108] K. Kumakura, A. Nishikawa, and T. Makimoto, “High Breakdown Field of pnp
GaN/InGaN/AlGaN DHBTs with AlGaN Collector,” Phys.stat.sol.(a), vol. 204, no. 6,
pp. 2037–2041, 2007.

[109] K. Brennan, E. Bellotti, M. Farahmand, H.-E. Nilsson, P. Ruden, and Y. Zhang, “Monte
Carlo Simulation of Noncubic Symmetry Semiconducting Materials and Devices,” IEEE
Trans.Electron Devices, vol. 47, no. 10, pp. 1882–1890, 2000.

[110] J. Albrecht, R. Wang, and P. Ruden, “Electron Transport Characteristics of GaN for High
Temperature Device Modeling,” J.Appl.Phys., vol. 83, no. 9, pp. 4777–4781, 1998.

[111] S. Yamakawa, R. Akis, N. Faralli, M. Saraniti, and S. Goodnick, “Rigid Ion Model of High
Field Transport in GaN,” J.Phys.:Condensed Matter, vol. 21, no. 17, p. 174206(16), 2009.

[112] M. Farahmand and K. Brennan, “Comparison between Wurtzite Phase and Zincblende
Phase GaN MESFETs Using a Full Band Monte Carlo Simulation,” IEEE Trans.Electron
Devices, vol. 47, no. 3, pp. 493–497, 2000.

[113] S. Yamakawa, S. Aboud, M. Saraniti, and S. Goodnick, “Influence of the ElectronPhonon
Interaction on Electron Transport in Wurtzite GaN,” Semicond.Sci.Technol., vol. 19, no. 4,
pp. S475–S477, 2004.

[114] F. Sacconi, A. Di Carlo, P. Lugli, and H. Morkoc, “Spontaneous and Piezoelectric Polar-
ization Effects on the Output Characteristics of AlGaN/GaN Heterojunction Modulation
Doped FETs,” IEEE Trans.Electron Devices, vol. 48, no. 3, pp. 450–457, 2001.

[115] T.-H. Yu and K. Brennan, “Theoretical Study of a GaN-AlGaN High Electron Mobil-
ity Transistor Including a Nonlinear Polarization Model,” IEEE Trans.Electron Devices,
vol. 50, no. 2, pp. 315–323, 2003.

[116] D. Herbert, M. Uren, B. Hughes, D. Hayes, J. Birbeck, R. Balmer, T. Martin, G. Crow,
R. Abram, M. Walmsley, R. Davies, R. Wallis, W. Phillips, and S. Jones, “Monte
Carlo Simulations of AlGaN/GaN Heterojunction Field-Effect Transistors (HFETs),”
J.Phys.:Condensed Matter, vol. 14, no. 13, pp. 3479–3497, 2002.

131



BIBLIOGRAPHY

[117] T. Sadi, R. Kelsall, and N. Pilgrim, “Investigation of Self-Heating Effects in Submi-
crometer GaN/AlGaN HEMTs Using an Electrothermal Monte Carlo Method,” IEEE
Trans.Electron Devices, vol. 53, no. 12, pp. 2892–2900, 2006.
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[276] E. Arslan, S. Altndal, S. Özcelik, and E. Ozbay, “Tunneling Current via Dislocations in
Schottky Diodes on AlInN/AlN/GaN Heterostructures,” Semicond.Sci.Technol., vol. 24,
no. 7, p. 075003, 2009.

[277] L. Yu, D. Qiao, L. Jia, S. Lau, Y. Qi, and K. Lau, “Study of Schottky Barrier of Ni on
p-GaN,” Appl.Phys.Lett., vol. 79, no. 27, pp. 4536–4538, 2001.

142



BIBLIOGRAPHY

[278] J. Jang, D. Kim, and T. Seong, “Schottky Barrier Characteristics of Pt Contacts to n-Type
InGaN,” J.Appl.Phys., vol. 99, no. 7, p. 073704, 2006.

[279] D. Qiao, L. Yu, S. Lau, J. Redwing, J. Lin, and H. Jiang, “Dependence of Ni/AlGaN
Schottky Barrier Height on Al Mole Fraction,” J.Appl.Phys., vol. 87, no. 2, pp. 801–804,
2000.

[280] L. Yu, D. Qiao, Q. Xing, S. Lau, K. Boutros, and J. Redwing, “Ni and Ti Schottky Barriers
on n-AlGaN Grown on SiC Substrates,” Appl.Phys.Lett., vol. 73, no. 2, pp. 238–240, 1998.

[281] Y. Liu, T. Egawa, H. Jiang, B. Zhang, H. Ishikawa, and M. Hao, “Near-Ideal Schottky
Contact on Quaternary AlInGaN Epilayer Lattice-Matched with GaN,” Appl.Phys.Lett.,
vol. 85, no. 24, pp. 6030–6032, 2004.

[282] D. Schroeder, Modelling of Interface Carrier Transport for Device Simulation. Wien:
Springer, 1994.

[283] T. Simlinger, H. Brech, T. Grave, and S. Selberherr, “Simulation of Submicron
Double-Heterojunction High Electron Mobility Transistors with MINIMOS-NT,” IEEE
Trans.Electron Devices, vol. 44, no. 5, pp. 700–707, 1997.

[284] S. Davydov, “Estimates of the Spontaneous Polarization and Permittivities of AlN, GaN,
InN, and SiC Crystals,” Phys.Sol.Stat., vol. 51, no. 6, pp. 1231–1235, 2009.

[285] A. Barker and M. Ilegems, “Infrared Lattice Vibrations and Free-Electron Dispersion in
GaN,” Phys.Rev.B, vol. 7, no. 2, pp. 743–750, 1973.

[286] S. Adachi, “Material Parameters of In1−xGaxAsyP1−y and Related Binaries,”
J.Appl.Phys., vol. 53, no. 12, pp. 8775–8792, 1982.

[287] S. Adachi, Properties of Semiconductor Alloys: Group-IV, III-V and II-VI Semiconduc-
tors. Chichester: Wiley, 2008.

[288] B. Kang, G. Louche, R. Duran, Y. Gnanou, S. Pearton, and F. Ren, “Gateless AlGaN/GaN
HEMT Response to Block Co-Polymers,” Solid-State Electron., vol. 48, no. 5, pp. 851–854,
2004.

[289] M. Yamaguchi, T. Yagi, T. Sota, T. Deguchi, K. Shimada, and S. Nakamura, “Brillouin
Scattering Study of Bulk GaN,” J.Appl.Phys., vol. 85, no. 12, pp. 8502–8504, 1999.

[290] M. Levinshtein, S. Rumyantsev, and M. Shur, Properties of Advanced Semiconductor Ma-
terials. New York-Chichester-Weinheim-Brisbane-Singapore-Toronto: John Wiley & Sons,
2001.

[291] G. Slack and T. McNelly, “Growth of High Purity AlN Crystals,” J.Cryst.Growth, vol. 34,
no. 2, 1976.

[292] E. Sichel and J. Pankove, “Thermal Conductivity of GaN, 25-360 K,” J.Phys.Chem. Solids,
vol. 38, no. 3, pp. 330–330, 1977.

[293] C. Mion, J. Muth, E. Preble, and D. Hanser, “Thermal Conductivity, Dislocation Density
and GaN Device Design,” Superlattices & Microstructures, vol. 40, no. 4-6, pp. 338–342,
2006.

143



BIBLIOGRAPHY

[294] D. Florescu, V. Asnin, F. Pollak, A. Jones, J. Ramer, M. Schurman, and I. Ferguson,
“Thermal Conductivity of Fully and Partially Coalesced Lateral Epitaxial Overgrown
GaN/Sapphire (0001) by Scanning Thermal Microscopy,” Appl.Phys.Lett., vol. 77, no. 10,
pp. 1464–1466, 2000.

[295] J. Zou, D. Kotchetkov, A. Balandin, D. Florescu, and F. Pollak, “Thermal Conductivity of
GaN Films: Effects of Impurities and Dislocations,” J.Appl.Phys., vol. 92, no. 5, pp. 2534–
2539, 2002.

[296] W. Liu and A. Balandin, “Thermal Conduction in AlxGa1−xN Alloys and Thin Films,”
J.Appl.Phys., vol. 97, no. 7, p. 073710(6), 2005.

[297] A. Jezowski, B. Danilchenko, M. Bockowski, I. Grzegory, S. Krukowski, T. Suski, and
T. Paszkiewicz, “Thermal Conductivity of GaN Crystals in 4.2–300 K range,” Solid-State
Comm., vol. 128, no. 2-3, pp. 69–73, 2003.

[298] W. Liu and A. Balandin, “Temperature Dependence of Thermal Conductivity
of AlxGa1−xN Thin Films Measured by the Differential 3 Omega Technique,”
Appl.Phys.Lett., vol. 85, no. 22, pp. 5230–5232, 2004.

[299] A. Jacquot, B. Lenoir, A. Dauscher, P. Verardi, F. Craciun, M. Stolzer, M. Gartner, and
M. Dinescu, “Optical and Thermal Characterization of AlN Thin Films Deposited by
Pulsed Laser Deposition,” Applied Surface Science, vol. 186, no. 1-4, pp. 507–512, 2002.

[300] G. Slack, R. Tanzilli, R. Pohl, and J. Vandersande, “The Intrinsic Thermal Conductivity
of AIN,” J.Phys.Chem. Solids, vol. 48, no. 7, pp. 641–647, 1987.

[301] G. Slack, L. Schowalter, D. Morelli, and J. Freitas, “Some Effects of Oxygen Impurities
on AlN and GaN,” J.Cryst.Growth, vol. 246, no. 3–4, pp. 287–298, 2002.

[302] S. Krukowski, A. Witek, J. Adamczyk, J. Jun, M. Bockowski, I. Grzegory, B. Lucznik,
G. Nowak, M. Wrblewski, A. Presz, S. Gierlotka, S. Stelmach, B. Palosz, S. Porowski,
and P. Zinn, “Thermal Properties of Indium Nitride,” J.Phys.Chem. Solids, vol. 59, no. 3,
pp. 289–295, 1998.

[303] S. Adachi, “Lattice Thermal Conductivity of Group-IV and III–V Semiconductor Alloys,”
J.Appl.Phys., vol. 102, no. 6, p. 063502, 2007.

[304] B. Abeles, “Lattice Thermal Conductivity of Disordered Semiconductor Alloys at High
Temperatures,” Phys.Rev., vol. 131, no. 5, pp. 1906–1911, 1963.

[305] V. Palankovski, R. Schultheis, and S. Selberherr, “Simulation of Power Heterojunction
Bipolar Transistors on Gallium Arsenide,” IEEE Trans.Electron Devices, vol. 48, no. 6,
pp. 1264–1269, 2001.

[306] B. Daly, H. Maris, A. Nurmikko, M. Kuball, and J. Han, “Optical Pump-and-Probe
Measurement of the Thermal Conductivity of Nitride Thin Films,” J.Appl.Phys., vol. 92,
no. 7, pp. 3820–3824, 2002.

[307] B. Pantha, R. Dahal, J. Li, J. Lin, H. Jiang, and G. Pomrenke, “Thermoelectric Properties
of InxGa1−xN Alloys,” Appl.Phys.Lett., vol. 92, no. 4, p. 042112, 2008.

144



BIBLIOGRAPHY

[308] S. Yamaguchi, R. Izaki, K. Yamagiwa, K. Taki, Y. Iwamura, and A. Yamamoto, “Thermal
Diffusivity and Thermoelectric Figure of Merit of Al1−xInxN Prepared by Reactive Radio-
Frequency Sputtering,” Appl.Phys.Lett., vol. 83, no. 26, pp. 5398–5400, 2003.

[309] R. Kremer, M. Cardona, E. Schmitt, J. Blumm, S. Estreicher, M. Sanati, M. Bockowski,
I. Grzegory, T. Suski, and A. Jezowski, “Heat Capacity of α-GaN : Isotope Effects,”
Phys.Rev.B, vol. 72, no. 7, p. 075209, 2005.

[310] B. Danilchenko, T. Paszkiewicz, S. Wolski, A. Jeżowski, and T. Plackowski, “Heat Ca-
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